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Abstract

Despite advances in the management of type 2 diabetes mellitus (T2DM), one-third of patients with diabetes do not achieve
the desired glycemic goal. Considering this inadequacy, many agents that activate glucokinase have been investigated over
the last two decades but were withdrawn before submission for marketing permission. Dorzagliatin is the first glucokinase
activator that has been granted approval for T2DM, only in China. As overstimulation of glucokinase is linked with patho-
physiological disturbances such as fatty liver and cardiovascular issues and a loss of therapeutic efficacy with time. This
review aims to highlight the benefits of glucokinase activators vis-a-vis the risks associated with chronic enzymatic activation.
We discuss the multisystem disturbances expected with chronic activation of the enzyme, the lessons learned with glucoki-
nase activators of the past, the major efficacy and safety findings with dorzagliatin and its pharmacological properties, and
the status of other glucokinase activators in the pipeline. The approval of dorzagliatin in China was based on the SEED and
the DAWN trials, the major pivotal phase III trials that enrolled patients with T2DM with a mean glycosylated hemoglobin
of 8.3-8.4%, and a mean age of 53—-54.5 years from multiple sites in China. Patients with uncontrolled diabetes, cardiac
diseases, organ dysfunction, and a history of severe hypoglycemia were excluded. Both trials had a randomized double-blind
placebo-controlled phase of 24 weeks followed by an open-label phase of 28 weeks with dorzagliatin. Drug-naive patients
with T2DM with a disease duration of 11.7 months were enrolled in the SEED trial while the DAWN trial involved patients
with T2DM with a mean duration of 71.5 months and receiving background metformin therapy. Compared with placebo,
the decline in glycosylated hemoglobin at 24 weeks was more with dorzagliatin with an estimated treatment difference of
— 0.57% in the SEED trial and — 0.66% in the DAWN trial. The desired glycosylated hemoglobin (< 7%) was also attained at
more than two times higher rates with dorzagliatin. The glycemic improvement was sustained in the SEED trial but decreased
over 52 weeks in the DAWN trial. Hyperlipidemia was observed in 12-14% of patients taking dorzagliatin versus 9-11%
of patients receiving a placebo. Additional adverse effects noticed over 52 weeks with dorzagliatin included an elevation
in liver enzymes, hyperuricemia, hyperlacticacidemia, renal dysfunction, and cardiovascular disturbances. Considering the
statistically significant improvement in glycosylated hemoglobin with dorzagliatin in patients with T2DM, the drug may
be given a chance in treatment-naive patients with a shorter disease history. However, with the waning therapeutic efficacy
witnessed in patients with long-standing diabetes, which was also one of the potential concerns with previously tested
molecules, extended studies involving patients with chronic and uncontrolled diabetes are needed to comment upon the
long-term therapeutic performance of dorzagliatin. Likewise, evidence needs to be generated from other countries, patients
with organ dysfunction, a history of severe hypoglycemia, cardiac diseases, and elderly patients before extending the use of
dorzagliatin. Apart from monitoring lipid profiles, long-term safety studies of dorzagliatin should involve the assessment of
serum uric acid, lactate, renal function, liver function, and cardiovascular parameters.
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Considering the unmet need to achieve the desired gly-
cemic goal, glucokinase activators such as dorzagliatin
may be considered in the diabetes armamentarium.

When administered, extended surveillance is required for
adverse effects such as liver dysfunction, dyslipidemia,
hyperuricemia, hyperlacticacidemia, renal dysfunction,
and a rise in blood pressure.

Extended studies involving patients of different ethnici-
ties and patients with chronic and uncontrolled diabetes
mellitus and organ dysfunction are needed to comment
upon the long-term therapeutic performance of dorzagli-
atin.

1 Introduction

Type 2 diabetes mellitus (T2DM) is characterized by pro-
gressive beta-cell dysfunction, insulin resistance, and ensu-
ing hyperglycemia. As per 2021 estimates of the Interna-
tional Diabetes Federation, around 10.5% of the global
adult population aged 20—79 years have diabetes, and nearly
1.5 million deaths per year are attributed to the disease [1,
2]. Diabetes is often accompanied by other components
of the metabolic syndrome such as hypertension, obesity,
dyslipidemia, and fatty liver. Patients with diabetes are at
increased risk of cardiovascular diseases such as heart fail-
ure and ischemic heart disease, which are also the major
cause of mortality in diabetes [3]. Apart from this, microvas-
cular complications in the form of nephropathy, retinopathy,
and neuropathy add to the disease burden and poor quality
of life.

The drugs used in the management of diabetes address
the hyperglycemic component with a target of achieving gly-
cated hemoglobin (HbAlc) < 7%. Metformin and sulfonylu-
reas are the mainstays of oral therapy in patients with newly
diagnosed diabetes, though many patients eventually require
insulin therapy. With claims of cardiovascular benefit, newer
drugs such as injectable glucagon-like peptide-1 (GLP-1)
agonists and sodium-glucose cotransporter-2 inhibitors are
also being preferred as the initial therapy in patients with
diabetes. However, despite recent advances in the treatment,
more than one-third of patients with diabetes do not achieve
the desired HbAlc goal [4-6]. Additionally, insulin, sul-
fonylureas, and insulin-promoting agents produce weight
gain and hypoglycemia, which contributes significantly to
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cardiovascular mortality [6-9]. The need for frequent insu-
lin injections and adverse effects such as urinary infections
with sodium-glucose cotransporter-2 inhibitors, and gastro-
intestinal problems with GLP-1 analogs are other limiting
factors that affect treatment adherence and interfere with the
achievement of glycemic goals [10-14].

Considering these issues, glucokinase (GCK) located in
the liver and the pancreas and known to have crucial roles
in glucose homeostasis was being viewed as a potential tar-
get in diabetes management. Though the research on GCK
activators (GKAs) started in the late 1990s, it took more
than two decades for a molecule to reach the approval stage.
Many compounds were investigated in pre-clinical and clini-
cal phases but failed to get approval from regulatory bodies
or were withdrawn by the manufacturers before filing for
licensing owing to safety and efficacy concerns [15-17].
Dorzagliatin is the only GKA that has received approval for
diabetes therapy in China in 2022. Through this review, we
discuss the physiological roles of GCK in human metabo-
lism, the link between GCK defect and hyperglycemia, and
the clinical-pharmacological properties of dorzagliatin that
led to its approval. The shortcomings noticed with previous
GKAs, the negative side of GCK overactivation, and thera-
peutic parameters to be monitored with dorzagliatin are also
highlighted, along with other GKAs in the pipeline.

2 Physiological Roles of GCK
2.1 GCKin the Liver and Pancreas

Glucokinase, also known as hexokinase IV, is present
mainly in the liver and beta cells of the pancreas. In the
latter, the enzyme acts as a ‘glucose sensor’ or ‘glucose
receptor’ and brings about glucose phosphorylation. This
leads to the production of ATP and inhibition of ATP-
sensitive K* channels, which in turn promotes insulin
release by opening calcium channels (Fig. 1) [15]. The
enzyme is termed a ‘gatekeeper’ in liver cells where glu-
cose phosphorylation culminates in glycogen synthesis
[15, 18]. Various conformations of the enzyme have been
identified such as super open, open, and closed, where the
super open state implies the inactive form of the enzyme,
which has to be converted to closed and open forms to
be activated [17]. The enzyme does not follow Michae-
lis—Menten kinetics and is not saturated by the product
glucose-6-phosphate. It has a lower affinity for glucose
compared with other hexokinases present in major body
sites. The substrate concentration at which the reaction
velocity of GCK is half the maximum (K 5) is 7-8 mmol/L
[15, 16]. Consequently, at lower blood glucose levels, the
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Fig. 1 Physiological roles of glucokinase (GCK) and pathophysiolog-
ical consequences of GCK overactivation (created with BioRender.
com under license). AMP adenosine monophosphate, ATP adenosine
triphosphate, CoA coenzyme A, GKRP glucokinase regulatory pro-

enzyme stays in inactive super open forms and is activated
to open and closed forms in the fed state. The enzyme car-
ries a further lower affinity for glucose in the liver, thus
necessitating the presence of a higher concentration of
glucose in hepatocytes for full activation. Apart from the
organ-specific role, the regulation of GCK is also differ-
ent in the liver. The enzyme at low blood glucose levels
stays in the nucleus of hepatocytes in a bound state with
GCK regulatory protein (GKRP) and is released from the
nucleus after dissociation from GKRP at higher levels of
blood glucose. In the pancreas, the enzyme is also pre-
sent in alpha cells where it regulates glucagon release at
higher blood glucose levels. The enzyme is activated by
glucose and fructose-1-phosphate and inhibited by fruc-
tose-6-phosphate [18].

2.2 GCKin the Brain and Intestine

Glucokinase in trace amounts is present in hypothalamic
neurons where it acts as a glucose sensor. Coordination
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between the hypothalamus and the autonomic nervous sys-
tem plays a crucial role in maintaining the body’s metabo-
lism. Knowledge of connections between the hypothala-
mus and the autonomic nervous system is, however, scant.
Glucose signaling in these ‘glucose excited’ cells matches
that of pancreatic beta cells. Increased glucose-6-phosphate
stimulates neurotransmitter release by enhancing calcium
entry into the neurons. Some neurons, however, are inhib-
ited by glucose through signaling involving adenosine
monophosphate-activated protein kinase and cystic fibrosis
transmembrane conductance regulator channels [19, 20].
However, which neurons in the hypothalamus are ‘glucose
excited’ or ‘glucose inhibited’ is poorly understood [18].
Glucokinase expression has been noted in neuropeptide Y,
proopiomelanocortin, and gamma amino butyric acid neu-
rons of the hypothalamus. The GCK stimulation in the latter
inhibits glucagon release from the vagus nerve [21]. Glu-
cokinase activity has been documented in pituitary extracts,
follicle-stimulating hormone, and luteinizing hormone cells,
and the enzyme can influence glucose metabolism through
modulation of sex steroids [18]. Considering the glucose
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regulatory complexities between the brain and periphery,
the neuronal effects of GCK stimulation are an interesting
area to be explored.

Glucokinase has also been documented in enteroen-
docrine L cells where it is believed to modulate incretin
release. However, the role of GCK as a glucose sensor in
intestinal cells has been challenged in some studies [22,
23]. Incretin release from the intestinal cells might be inde-
pendent of GCK [23] and glucose homeostasis at present is
believed to be determined predominantly by the hepatic and
pancreatic GCK [15].

2.3 Role of GCK in Beta-Cell Proliferation

In addition to stimulating insulin release, GCK might trig-
ger the proliferation of beta cells and can prevent beta-cell
apoptosis [16], though the evidence is limited to a few
pre-clinical studies. Mice with insufficiency of GCK have
impaired beta-cell mass and reduced expression of insulin
receptor substrate-2 (IRS2) [16]. Glucokinase activation by
a small molecule-based GKA has been shown to upregulate
IRS2 and enhance the levels of pancreatic duodenal home-
obox (pdx1), a transcriptional activator required for beta-cell
proliferation [24]. Glucokinase haplo-insufficient mice also
show reduced expression of phosphoinositide-dependent
kinase 1 and cyclin D2 genes, which is improved by GKAs
[24, 25]. In db/db mice, which is a classic animal model of
T2DM and insulin resistance, no effect of GKAs was seen
on the expression of Pdx1 and IRS2. Interestingly, GKA pre-
ceded by the administration of exendin-4, a GLP-1 analog,
enhanced Pdx1 and IRS2 gene expression. In this line, the
combined use of GKA and GLP-1 analogs has been sug-
gested as an efficient approach for improving insulin release
and beta-cell mass [25].

3 GCK and Diabetes Link

Glucokinase dysfunction in diabetes has been validated
through genetic studies and animal models of diabetes and
obesity. Heterozygous loss-of-function mutation in the GCK
gene is responsible for maturity-onset diabetes of young
(MODY?2) and homozygous loss of function causes per-
manent neonatal diabetes [26]. Activating mutations in the
GCK gene, though less common, cause persistent hyperin-
sulinemic hypoglycemia in infants and adults [27, 28]. Most
of these mutations lie in the allosteric site away from the
substrate binding site of GCK [16].

The role of GCK mutations in T2DM is unestablished
at present. However, there is some evidence of defective
hepatic GCK in diabetes from pre-clinical and clinical stud-
ies [29-32]. As GCK causes insulin release from pancreatic
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beta cells, selective disruption of a pancreas-specific GCK
isoform reduces insulin secretion in response to glucose
[25]. In animal models of obesity and insulin resistance,
GCK activity may initially be increased but decreases sub-
sequently with the development of diabetes [32]. Low lev-
els of GCK in the cytoplasm because of poor dissociation
from GKRP have been demonstrated in Zucker diabetic
fatty rats [33]. Defective GCK activity not only hampers
hepatic glycogen synthesis but inhibits the autoregulatory
role of glucose in suppressing endogenous glucose produc-
tion in hepatocytes [33]. In this context, inhibition of GCK
interferes with hepatic glucose uptake and enhances endog-
enous glucose production. Activation of GCK by sorbitol
and fructose-1-phosphate, however, enhances glucose uptake
and suppresses endogenous glucose production [33]. Over-
expression of GCK increases liver glycogen and imparts
resistance to fatty diet-induced diabetes [34]. Likewise, res-
toration to overcompensation of GCK has been shown to
normalize blood glucose in diabetic fatty rats [32, 35]. Thus,
pancreatic and hepatic GCK play a crucial role in maintain-
ing glucose homeostasis by modulating pathways related to
insulin release, hepatic glucose uptake, glycogen synthesis,
and glucose production. Consequently, activation of GCK by
small molecule-based GKAs has been endorsed as a poten-
tial approach in the treatment of diabetes.

4 Negative Side of GCK Activation
4.1 Metabolic Disturbances of GCK Overactivation

Notwithstanding the usefulness of GCK, increased GCK
activity is not devoid of adverse consequences. This is exem-
plified by the metabolic disturbances seen with the gain-of-
function mutations of the GCK gene. Glucokinase expres-
sion in the liver is associated with increased expression of
fatty acid synthase and acetyl CoA carboxylase, enzymes
involved in lipogenesis (Fig. 1). Continuous GCK activa-
tion produces pyruvate, which is converted to acetyl CoA,
a precursor of fatty acid synthesis. Thus, GCK activation
is expected to produce fatty liver [36]. The gain in GCK
activity due to a loss-of-function mutation in the GKRP
gene (GCKR rs780094 and rs1260326-P446L variant) can
cause low blood glucose and high blood triglyceride levels
[37, 38]. The P446L variant blunts the fructose-6-phos-
phate-mediated inhibition of GCK via GKRP, decreases
the nuclear localization of GCK, and reduces GKRP-GCK
interactions [38, 39]. Interestingly, the same variant has been
associated with high blood glucose levels after glucose chal-
lenge in some studies [40]. Hyperglycemia, hypertriglyceri-
demia, insulin resistance, and weight gain are also evident
with the long-term expression of GCK [41]. Adenoviral
vector-mediated expression of the GCK gene lowers blood
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glucose but is dose-dependently associated with an increase
in plasma triglycerides, lactate, and free fatty acids in ani-
mals. A high expression may also cause significant suppres-
sion of insulin, the mechanism of which is still unclear [35].
Another ambiguous area is how the suppressed activity of
hepatic GCK in diabetes would explain the hypertriglyceri-
demia of diabetes.

As a corollary to the pre-clinical studies and genetic pol-
ymorphism studies, higher rates of hypoglycemia, hyper-
triglyceridemia, and fatty liver were witnessed in clinical
trials of small-molecule GKAs [42-47]. However, some
heterozygous-activating mutations in GCK genes such as p.
Val389Leu cause an aberrant release of insulin and hypogly-
cemia without causing hypertriglyceridemia and fatty liver,
lending hope to the molecules designed for GCK activation
[28].

4.2 Other Perturbations Arising from Continuous
GCK Activation

Apart from hypoglycemia, hypertriglyceridemia, and the
risk of hepatic steatosis, GCK activation can manifest in
several other forms. Continuous activation of glycolysis by
GCK produces pyruvate and lactic acid (Fig. 1). Elevated
lactate levels interfere also with uric acid excretion in the
proximal tubules of the kidney [48]. In this regard, the
rs1260326 (P446L) variant associated with increased GCK
activity has been linked with the modulation of uric acid
excretion and hyperuricemia [49]. Further, glucose-6-phos-
phate participates in the hexose monophosphate shunt,
and by increasing the uric acid precursor, phosphoribosyl
pyrophosphate enhances uric acid production [50]. Increased
GCK reduces the level of adenosine monophosphate and
thereby suppresses adenosine monophosphate-activated
protein kinase. The latter is a suppressor of urate crystal-
induced inflammation in vitro and in vivo [51]. Thus, con-
tinuous GCK activation can create a state of hyperuricemia
by enhancing the production and interfering with the excre-
tion of uric acid. These pre-clinical findings have further
been corroborated by increased trends of uric acid levels
witnessed over 52 weeks in the major trials of dorzagli-
atin, which are discussed in the subsequent sections [52,
53]. Additionally, the risk of gluconeogenesis and insulin
resistance by GCK-mediated suppression of adenosine
monophosphate-activated protein kinase should be weighed
against the benefits of GCK activation. The enhanced levels
of adenosine through the hexose monophosphate shunt can
produce bradycardia in susceptible patients. Higher rates of
bradycardia were evident with another GKA, globalagliatin
[45], and are described below in the section on other GKAs.

Mutations in GKRP genes such as rs1260326 T allele
and rs1799884 T alleles causing GCK activation have been

linked with macroalbuminuria, a fall in glomerular filtra-
tion, and end-stage renal disease in Chinese patients with
diabetes [54]. The rs1799884 T allele is also associated
with high blood pressure. An increase in blood pressure
was evident with GKAs such as MK-0941 in early clini-
cal trials [42]. Some other polymorphisms activating GCK
such as rs780093 have been linked with an elevated risk of
coronary heart disease in older individuals [55]. Other than
this, polymorphisms involving the GKRP gene might also
influence high-density lipoprotein levels [56]. Thus, phar-
macological modulation of GCK can influence metabolic
and cardiorenal outcomes. Though no statistically significant
differences were observed in pivotal trials of dorzagliatin,
numerically higher rates of proteinuria and a small increas-
ing trend of blood creatinine and blood pressure were evi-
dent with long-term use of dorzagliatin [52, 53]. An increase
in blood urea and uric acid was encountered in a phase |
trial of globalagliatin [45]. The clinical significance of these
laboratory changes needs to be understood through long-
term real-world studies.

5 Search Methodology

A literature search was performed in PubMed/MEDLINE
using ‘HMS5552° AND ‘diabetes’, ‘dorzagliatin® AND
‘diabetes’, and ‘Sinogliatin’ AND ‘diabetes’. The authors
UK and BKP performed the literature search related to
dorzagliatin between February 2023 and mid-April 2023.
A search was also performed on ClinicalTrials.gov, using
the keywords ‘HMS5552° or ‘dorzagliatin’. A total of 18
studies were found. Of these, the majority (n = 11) were
phase I studies, two were phase II studies, and three stud-
ies were phase III clinical trials. Status-wise, the major-
ity (n = 15) have been completed, but results were avail-
able for only six. Out of these six studies, the efficacy
and safety findings of five studies [52, 53, 57-59] are dis-
played in Table 1. The phase I study by Xu et al. on the
pharmacokinetics of dorzagliatin is described separately
under the section on pharmacokinetics. For other GKAs, a
literature search was performed in MEDLINE using ‘glu-
cokinase’ AND ‘diabetes,” ‘glucokinase activator’ AND
‘diabetes’ and ‘GKA’ AND ‘diabetes’. A search was per-
formed on ClinicalTrials.gov using ‘diabetes’ in ‘condition
or disease’ and ‘glucokinase’ or ‘glucokinase activator ‘or
‘GKA’ in the ‘Other terms’. The authors UK and TIM per-
formed the literature search related to other GKAs between
June 2023 and mid-August 2023. To extract the clinical
evidence on individual GKAs, a manual reference search
was performed from the published review papers, and the
names of GKAs retrieved from published reviews were
also searched in ClinicalTrials.gov.
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6 Findings of Major Clinical Trials
on Dorzagliatin (Sinogliatin/ HMS5552)

6.1 SEED Trial (NCT03173391)

This was a phase III, multi-center, randomized, double-
blind, placebo-controlled trial of 24 weeks duration, which
was followed by an open-label phase lasting for another
28 weeks. The trial focused on the efficacy and safety of
dorzagliatin (HMS5552) as monotherapy in drug-naive
Chinese adults with T2DM. A total of 463 patients were
randomized in a 2:1 ratio to the treatment and placebo
arms, respectively. Mean HbAlc of patients was 8.4% at
baseline. Change in HbA1c at 24 weeks compared to base-
line was the primary efficacy endpoint while the percent-
age of patients showing a reduction in HbAlc to < 7%,
an improvement in fasting plasma glucose (FPG) and
postprandial glucose (PPG), and the safety profile of the
drug were the secondary measures. A total of 351 patients
completed the open-label phase.

Compared with placebo, a statistically significant esti-
mated treatment difference of — 0.57% was evident in
HbA 1c with dorzagliatin at 24 weeks. A reduction in HbAlc
to < 7% was achieved in 42.5% of patients of the dorzagli-
atin arm and 17.3% of patients of the placebo group. Around
29.4% of patients in the dorzagliatin group and 13.3% in
the placebo group showed a reduction in HbAlc to < 7%
without hypoglycemia and weight gain. A reduction in
HbAlc was evident as early as 4 weeks and was sustained
over 52 weeks. The time for HbAlc to decline to < 7% was
12.1 weeks in the dorzagliatin arm and not assessable in the
placebo arm. While PPG showed an improvement in the
treatment arm, improvement in FPG was less discernible
with the GKA. No significant difference was observed in
adverse events (AEs) between the dorzagliatin (77%) and
placebo (67%) groups. Upper respiratory tract infections
(URTTIs) and hyperlipidemia were the two most common
AEs in both groups. Close to 12% of patients in the dorzagli-
atin group developed hyperlipidemia. Clinically significant
hypoglycemia (less than 3 mmol/L) was noticed in 0.3%
of participants in the dorzagliatin group and none in the
placebo group. Serious AEs were reported in a few patients
(4%), but none was considered related to the drug. A mild
decline in renal function, an elevation of serum uric acid
and liver enzymes, and a marginal rise in blood pressure
were other safety concerns noticed over 52 weeks with dor-
zagliatin [53].

6.2 DAWN Trial (NCT03141073)

This phase III trial evaluated the efficacy and safety of dor-
zagliatin in Chinese patients with T2DM with a median
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duration of illness close to 6 years and who were already
taking metformin therapy at 1.5 g twice-daily (BID) dose.
Similar to the SEED trial, the trial had a randomized, dou-
ble-blind, placebo-controlled phase of 24 weeks, followed
by an open-label phase of 28 weeks. The dorzagliatin arm
had 382 participants and 385 participants were included in
the placebo group. Mean HbAlc of patients was 8.3%. A
total of 646 participants successfully completed the open-
label phase. The primary efficacy endpoint was a decline in
HbAlc at 24 weeks compared to baseline. Secondary end-
points included: the percentage of patients with a HbAlc
reduction to below 7%, changes in FPG and PPG, and AEs.
A statistically significant reduction in HbAlc was evident
with dorzagliatin at 24 weeks with an estimated treatment
difference of — 0.66%. Compared to 10.7% of patients
achieving HbAlc < 7% in the placebo group, a higher
percentage (44.4%) of patients in the dorzagliatin group
achieved the desired HbAlc. A reduction in HbAlc with-
out hypoglycemia and weight gain was achieved at more
than three times higher rates with dorzagliatin. A decline in
HbAlc was visible as early as 4 weeks similar to the find-
ings of the SEED trial. Though the trial results mention that
glycemic improvement was sustained, the improvement in
HbAlc, FPG, and PPBG decreased with time over 52 weeks.
Additionally, an improvement in blood glucose was seen
more in the post-prandial levels and was less significant
in the fasting state. Upper respiratory tract infections and
hyperlipidemia were the common AEs, but no significant
difference was observed between the groups in overall rates
of AEs. Hyperlipidemia and hyperuricemia were noticed
respectively in 14% and 10% of patients taking dorzagliatin.
Serious AEs were reported in 5% of patients taking the GKA
but none was considered as related to the drug. Significant
hypoglycemia (< 3 mmol/L) was noticed in 0.8% of par-
ticipants in the dorzagliatin group and none in the placebo
arm. Long-term monitoring showed a mild decline in renal
function and an increase in the levels of serum uric acid and
liver enzymes, similar to the findings of the SEED trial [52].

6.3 NCT02561338

This was a randomized, double-blind, placebo-controlled,
phase 1II clinical trial that aimed to investigate the efficacy,
safety, and tolerability of dorzagliatin in Chinese patients
with T2DM. The study was conducted for 12 weeks and
involved participants who were either drug naive or treated
with metformin or an a-glucosidase inhibitor. Dorzagliatin
was tested in four different dose regimens of 75 mg once
daily, 100 mg once daily, 50 mg BID, and 75 mg BID. The
primary outcome was a reduction in HbAlc at 12 weeks
compared with baseline. Secondary outcomes included: the
percentage of patients with a HbAlc reduction to below
7%, a decline in FPG and PPG, and AEs. The maximum
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reduction in HbA1c was observed in the 75-mg BID group
with a decrease of 1.12% compared with baseline. Partici-
pants achieving HbA1c levels below 7% without weight gain
and hypoglycemia were significantly higher in the 50-mg
BID and 75-mg BID groups. Though PPG declined signifi-
cantly, FPG did not show an improvement at any dose of
dorzagliatin compared to placebo. Serious AEs were noticed
in around 2% of participants of the GKA group but were
not related to the drug. Common AEs were hyperuricemia
(6-12%), upper respiratory tract infection (2-12%), dizzi-
ness (4-8%), and hypoglycemia (4—6%). No clinically sig-
nificant disturbances were observed in liver function, renal
function, and lipid levels (data not mentioned in the pub-
lished version for lipid levels and renal function) [57].

6.4 Dorzagliatin and the Incretin Axis

The role of GCK in enteroendocrine cells is scarcely
explored. In a recently published study on a limited number
of patients (n = 15) with obesity and T2DM, dorzagliatin
apart from increasing the C-peptide levels also increased
the total GLP-1 and the active GLP-1 [60]. Though authors
attributed the GLP-1 increasing action as unique to dorzagli-
atin, larger studies are required to affirm the role of GKAs in
enhancing incretin and incretin-mediated pathways.

6.5 Remarks on Clinical Trials of Dorzagliatin

A significant improvement in HbAlc compared with pla-
cebo, a statistically insignificant difference in adverse effects
such as dyslipidemia, and liver function derangement in the
double-blinded phase and the uncommon occurrence of
clinically significant hypoglycemia might be the reasons
that led to the approval of dorzagliatin as a new therapeutic
avenue in the diabetes armamentarium. Whereas activation
of pancreatic GCK by dorzagliatin aims to improve the insu-
lin release from pancreatic beta cells, the activation of GCK
in the liver improves glucose uptake indirectly and sup-
presses endogenous glucose production. Additional actions
include an improvement in beta-cell mass and an increment
in incretin response, both of which need validation from
larger future studies.

The pivotal clinical trial of dorzagliatin (SEED trial)
was conducted in Chinese patients with T2DM with a dis-
ease duration of 11.7 months. The results showed around
2.4 times higher rates of glycemic control (HbAlc < 7%)
with dorzagliatin compared with placebo [53]. Desired
HbA 1c without AEs such as hypoglycemia and weight gain
was also attained at more than two times higher rates with
dorzagliatin. In both phase III trials, the glycemic improve-
ment was evident as early as the fourth week of the start of
therapy with the maximum response coming at week 12.
The improvement was sustained over 52 weeks in the SEED

trial but waned with time in the DAWN trial that enrolled
patients with long-standing diabetes (~ 6 years) and tak-
ing metformin [52]. Reasons for the decline in the thera-
peutic efficacy of dorzagliatin are not known but perhaps
reflect the development of saturation in the activation kinet-
ics of GCK. Suppression of the adenosine monophosphate
kinase enzyme might be another factor interfering with the
therapeutic performance of the compound. Fasting insulin
decreased during the initial 24 weeks with dorzagliatin in
the DAWN trial and an improvement in HOMA-f, a measure
of beta-cell function, was measured only over the 24 weeks.
Additionally, whether the drug performance is affected by
the duration of diabetes warrants further evaluation. Sec-
ondary drug failure is already a known phenomenon with
insulin secretagogues such as sulfonylureas [61, 62]. Longer
studies involving patients with newly diagnosed and long-
standing diabetes are needed to understand the long-term
performance of dorzagliatin with respect to the duration of
T2DM. Another striking but common observation was dis-
cordance in the improvement of FPG and PPG. An improve-
ment in blood glucose was more evident in PPG [52, 53, 57]
with FPG showing only a modest difference.

There were other interesting observations pertaining to
efficacy and safety endpoints in phase III trials. The decline
in body weight was less compared with placebo and sys-
tolic blood pressure showed a small increasing trend over
52 weeks with dorzagliatin in the SEED trial [52, 53].
Though the DAWN trial showed a decline in body weight
with dorzagliatin at 52 weeks [52], the reduction in body
weight was less compared with placebo in the double-
blind phase. A small rising trend in blood pressure was
also observed in the placebo group of the DAWN trial after
being shifted to dorzagliatin. Apart from this, liver enzymes,
serum uric acid, and creatinine levels increased, and glo-
merular filtration decreased with time.

Broader exclusion criteria were a major shortcoming of
the published trials. Patients with baseline liver and kid-
ney disease, anemia, immunosuppression, psychiatric dis-
ease, major cardiovascular disease, history of frequent or
severe hypoglycemia, and a history of diabetic ketoacidosis
or hyperosmolar coma were excluded. Likewise, the repre-
sentation of elderly patients and frail elderly patients was
inadequate. The mean HbAlc of the enrolled patients was
around 8.3-8.4% and severe diabetes was inadequately rep-
resented. Data specific to these subsets are therefore needed
before extrapolating the results to the general population
with T2DM.

Both phase III studies failed to provide comparative data
against placebo over 52 weeks as patients were switched to
the open-label phase after 24 weeks. While no significant
lipid abnormalities or liver function derangements were
observed compared to placebo, the increasing trends of
plasma liver enzymes, triglycerides, uric acid, and creatinine
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levels and cardiovascular changes in the form of a rise in
blood pressure, witnessed over 52 weeks were not high-
lighted in the major findings. The clinical significance of
these safety issues should be ascertained from active sur-
veillance of patients prescribed dorzagliatin in the post-
marketing period.

7 Pharmacokinetics of Dorzagliatin

The pharmacokinetic properties of dorzagliatin were tested
in a placebo-controlled phase I trial in healthy individuals
with a mean age of 24.2 years. The drug was administered
in six different doses with a range from 5 to 50 mg. The
maximum plasma concentration following a single oral
administration of dorzagliatin 50 mg was 582 ng/mL and
depending on the doses, the median time to reach the peak
plasma concentration varied from 1.25 to 2.5 h. The elimina-
tion half-life ranged from 4.48 to 7.51 h in healthy subjects
and around 13-15 h in diabetic patients [58, 63]. The drug
has a plasma clearance of around 12 L/h. The biliary route
seems to be the major route of elimination as less than 11%
of the administered drug was excreted in urine. The role of
cytochrome P450 enzymes in the metabolism of dorzagliatin
is unclear, but minor metabolites are produced by oxidation,
hydrolysis, and a reduction of the drug [63]. No change in
the volume of distribution, clearance, and elimination half-
life of the drug was observed in patients with end-stage renal
disease. As such, no dosage modification has been advised
in diabetic patients with kidney disease [64].

8 Interactions of Dorzagliatin with Other
Oral Antihyperglycemic Agents

Studies assessing the drug interactions between dorzagli-
atin, and other oral antihyperglycemic agents are currently
limited. Dorzagliatin has been tested for efficacy and safety
in patients with T2DM uncontrolled on metformin with no
mention of pharmacokinetic interactions between the two
drugs [52]. Though metformin remains unmetabolized and
is less prone to drug interactions, the effect of dorzagliatin
on the bioavailability of metformin should be ascertained.
In this regard, a phase I trial (NCT02597400) is ongoing.
Another trial assessing drug interactions between dorzagli-
atin and empagliflozin (NCT03790787) is also completed
but without results. In a study conducted on a limited
number of diabetic patients, pharmacokinetic changes of
dorzagliatin addition to sitagliptin were evaluated. No sig-
nificant effect was observed in the area under the concentra-
tion—time curve and the maximum concentration of either
drug when used in combination [60]. The pharmacological
parameters of dorzagliatin should also be evaluated in the
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presence of strong cytochrome inducers such as rifampicin
and cytochrome inhibitors such as isoniazid, diltiazem, and
itraconazole. In this context, some phase I trials have been
completed but results are not available (NCT04080596 and
NCT04080609).

9 Lessons Learned from GKAs in the Past

The evidence related to the GKAs of the past and those
expected to gain marketing approval in the future are
described below and in Table 2 [42—-47, 65-70]. Piragliatin,
a dual activator of GCK in the liver and beta cells of the pan-
creas, was the first GKA that made entry into clinical trials in
2010. However, the drug could not progress to the phase of
approval owing to high rates of hypoglycemia [47, 69]. Sub-
sequently, many other compounds were developed but only
a few of them have produced favorable efficacy and safety
results. High rates of hypoglycemia, hypertriglyceridemia,
and fatty liver were the main safety concerns with GKAs
such as AMG 151/ARRY-403 and MK-0941, which neces-
sitated early termination of clinical trials [42, 43]. MK-0941
also failed to produce a sustained glycemic improvement
[42]. In various unpublished trials of MK-0941 in diabetic
patients (NCT00824616, NCT00792935, NCT00511472,
and NCT00511667), higher rates of hypoglycemia, tremors,
dizziness, and gastrointestinal disturbances such as nausea
and constipation were evident. A lack of persistent glycemic
control and higher rates of hypoglycemia were the reason
for the termination of trials of some dual GKAs such as
AZD1656 and AZD6370 [17, 44, 65]. Therapeutic failure
observed with some of the GKAs has occurred in the settings
of long-standing diabetes as patients enrolled were having
diabetes for a mean duration varying from 6 to 12 years [42,
44, 65]. Considering that high rates of hypoglycemia and
hepatic steatosis are observed with many dual-acting GKAs,
some hepatic selective GKAs were developed that spare the
GCK of beta cells and have a lower risk of hypoglycemia.
In this regard, a lower risk of hypoglycemia and hypertri-
glyceridemia has been shown with some hepato-selective
GKAs such as Pfizer’s PF-04991532 and vTv Therapeutics’
TTP 399 [70]. Dual GKAs have also been categorized as
partial activators, which cause a reduction in K, and full
activators, which enhance the V,,, of GCK. Examples of
full GKAs include MK-0941 and dorzagliatin while PB-201
(previously PF-04937319), and possibly, AZD1656 activate
GKA partially [17, 71]. The safety and efficacy findings of
GKAs, however, have not displayed a consistent relation-
ship with the degree of enzymatic activation. For example,
PF-04937319, a partial GKA has produced variable results
with a low risk of hypoglycemia in some studies to a signifi-
cantly higher rate of hypoglycemia in other studies [46, 67].
Further, the dose—response relationship of AEs has also not
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been confirmed and some AEs such as hypertriglyceridemia
occurred even at lower doses of the compounds. Though
HbAlc showed an improvement, no consistent change
and rather, an increasing trend of fasting glucose has been
observed with hepato-selective GKAs such as PF-04991532
and dual activators such as PF-04937319, AZD1656, and
AZD6370 [44, 46, 66, 72]. In this regard, even dorzagliatin,
which is a dual full activator of GCK has failed to produce a
significant improvement in fasting blood glucose. That the
improvement in HbA1c is largely determined by a decrease
in post-prandial and not fasting blood glucose has also been
reproduced in a systematic review of limited studies involv-
ing four GKAs: PF-04937319, MK-0941, AZD1656, and
dorzagliatin [71]. These conflicting safety and efficacy find-
ings necessitate further research to validate the tissue selec-
tivity hypothesis and the extent of enzymatic activation as
determinants of clinical outcomes with GKAs.

10 Other GKAs in the Pipeline

Some other GKAs are being tested in various phases of
clinical trials. LY 2608204 (Globalagliatin, SY-004, Eli
Lilly) has been investigated in many phase I trials. A sig-
nificantly higher percentage of individuals in the treat-
ment arm developed AEs [45, 73]. Apart from hypogly-
cemia and hypertriglyceridemia, other events noticed at
higher rates included hyperuricemia, sinus bradycardia,
and elevations in blood urea [45]. The GKA, TMG-123,
has demonstrated a sustained and better glycemic con-
trol than metformin or glibenclamide (glyburide) without
disturbing liver enzymes and lipid levels in animal stud-
ies. Clinical studies on this compound, however, have not
been started [74]. PB-201 (previously PF-04937319 by
PegBio-Pfizer), a partial activator of GCK as mentioned
above, is being investigated in a phase III multicentric
trial in China (NCT05102149). This 52-week trial involves
treatment-naive patients with T2DM and aims to compare
therapeutic outcomes with PB-201, vildagliptin, and pla-
cebo. TTP-399 by vTv Therapeutics, recently named as
cadisegliatin, is so far the only liver selective GKA that
has shown significant improvement in HbAlc compared
with placebo and equivalent to a dipeptidyl peptidase-IV
inhibitor. The risk of hypoglycemia and hypertriglyceri-
demia is also low with TTP-399. Glycemic improvement
is, however, noticed after 3 months of drug intake. At a
higher dose of 800 mg, this GKA showed additional ben-
efits such as weight loss in individuals with a baseline
body weight of > 100 kg, a modest decline in fasting blood
glucose, a decline in fasting glucagon, and an increment
in high-density lipoprotein-cholesterol [70]. The com-
pound has also been evaluated in patients with type 1 DM
(NCTO03335371) and results have been favorable in terms

prandial blood glucose, SAEs serious adverse events, SGPT serum glutamate pyruvate transaminase, TRAEs treatment-related adverse events, URTI upper respiratory tract infection, U7/ urinary

AEs adverse events, T2DM type 2 diabetes mellitus, FPG/FBG fasting plasma/blood glucose, GFR glomerular filtration rate, GIT gastrointestinal tract, GKA glucokinase activator, PPBG post-
tract infection, | decrease, 1 increase

3> 3 times the upper limit of normal, "mentioned in ClinicalTrials.gov

Table 2 (continued)
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of an improvement in HbAlc with lower rates of hypogly-
cemia [75]. The ongoing trials shall throw more light on
the future of TTP-399 and related agents.

11 Conclusions

Considering the progressive beta-cell dysfunction of T2DM
and the failure to achieve the desired glycemic target in a
considerable percentage of patients, activation of GCK
seems a justifiable therapeutic avenue. However, the first two
decades of GCK activation witnessed unfavorable outcomes
in the form of a lack of significant efficacy, inconsistent gly-
cemic improvement, and adverse effects such as hypoglyce-
mia, liver function disturbances, and dyslipidemia. Dorzagli-
atin, so far, is the only compound that has gained marketing
approval in patients with T2DM, and only in China. A sig-
nificant improvement in HbAlc compared with placebo,
a statistically insignificant difference in adverse effects in
the double-blinded phase, and the uncommon occurrence
of clinically significant hypoglycemia might be the reasons
that led to the approval of this molecule. TTP-399 is another
compound that inspires hope in diabetes therapeutics. Worth
observing, however, is whether an improvement in the gly-
cemic index noticed within weeks of dorzagliatin initiation
will persist or wane with time in the context of the duration
and severity of diabetes. Currently, it seems, dorzagliatin
and other GKAs may be attractive options for the initial
period of managing T2DM. Apart from enhancing insulin
release and glucose uptake in the liver, other projected roles
of dorzagliatin such as the modulation of incretin release
should be verified in larger pre-clinical and clinical studies.
A non-Chinese population should be recruited to understand
ethnicity-related differences in drug disposition and phar-
macodynamics. Sufficient evidence needs to be generated
from subsets such as elderly patients, individuals with organ
dysfunction, cardiac diseases, and uncontrolled diabetes
before extending dorzagliatin use to all patients with T2DM.
Whether the decline in the therapeutic action of GKAs is
related to the suppression of adenosine monophosphate
kinase or the duration of diabetes is worth evaluating. Drug
interactions between dorzagliatin and other antidiabetic
agents as well as with cytochrome P450 enzyme modula-
tors should be evaluated. Long-term safety studies should
incorporate the assessment of serum uric acid, lactate, renal
function, liver function, and periodic cardiovascular moni-
toring in addition to blood glucose levels and lipid profiles.
The fate of dorzagliatin lies in real-world studies.
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