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ABSTRACT 
 

Preclinical Evaluation of a New Glucokinase Activator, 

YH10561 as a Therapeutic Candidate for Type II 

Diabetes Mellitus 

 

 

Chong, Wonee 

 

Graduate School 

Seoul National University 

Academic Advisor: Ryu, Pan Dong, D.V.M. Ph.D 

 

 

Glucokinase (GK) is a subtype of hexokinase isozyme that phosphorylates  

glucose to glucose-6-phosphate. Glucokinase activators are currently being 

investigated as potential diabetes therapeutics due to their effects on the inhibition 

of hepatic glucose production and insulin secretion. In this study, I evaluated the 

aniti-diabetic efficacy, pharmacokinetics, and preclinical safety of YH10561, a 

novel glucokinase activator synthesized by Yuhan Research Institute. YH10561 

increased the glucokinase activity with a high potency (EC50 = 72.1 ~ 85.0 nM),  
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but was completely inactive against hexokinase I and hexokinase II (test up to 1 μ

M). In vitro, YH10561 concentration dependently activated glucose-dependent 

glucokinase activity and promoted insulin secretion. In the in vivo animal models, 

the YH10561 treatment (5 ~ 150 mg/kg) significantly improved glucose 

homeostasis in oral glucose tolerance test (OGTT) of normal, diet induced obese 

(DIO) and ob/ob mice. To investigate the pharmacokinetic characteristics of 

YH10561, pharmacokinetics and tissue distribution of YH10561 are assessed in 

various experimental animals and its in vitro metabolism and drug interaction 

potential are studied. YH10561 exhibited a high oral bioavailability with the value 

of 84% in rats and over 100% in mice and dogs. In mice, rat and dogs, the values 

of apparent terminal half-life is 2.6, 0.51 ± 0.06 and 3.7 ± 0.4 hours, respectively. 

In mice, linear pharmacokinetics was observed between oral doses of 5 to 150 

mg/kg and saturation of clearance was not observed. The volume of distribution 

was low in mice and rats (0.33-0.35 L/kg) and intermediate in dogs (0.92 L/kg). In 

vitro, YH10561 was not highly protein-bound (80%–91%). In mouse, rat and dog 

liver microsomes, YH10561 was relatively stable and did not inhibit major drug 

metabolizing enzymes at a high concentration (up to 25 μM). Based on the 

available in vitro and animal data, it can be concluded that YH10561 has 

favorable pharmacokinetic properties to develop as a clinical candidate. To 

evaluate the possible clinical adverse event, genotoxicity and the in vivo rat 

toxicity study were conducted. YH10561 was not genotoxic in the Ames test or 

micronucleus assays. In the in vivo rat toxicity study, YH10561 was administered 
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for single dose to 4 weeks. Major toxicological findings include focal erosion in 

the stomach, increased weight of the liver and decreased weight of the testis with 

histological changes. To confirm that toxicological changes in the testis are related 

to GKA pharmacology, histological changes in the testis of other glucokinase 

activators and YH10561 were compared. While PSN-GK1 showed similar 

changes in the testis, GKA-50 did not. These data indicate that testicular toxicity 

of YH10561 is chemical-specific and is not caused by its glucokinase activating 

mechanism.  

 

Taken together, these results demonstrate that YH10561 is a potent and 

effective compound for type 2 diabetes mellitus therapy with favorable oral 

pharmacokinetic characteristics. However, YH10561 has some toxicological 

limitations in terms of developing as a clinical candidate. These limitations are 

likely to be overcame if one finds other GKA back-up compounds without such 

toxicities.  

 

 

———————————————————————————————————— 
Keywords: glucokinase, glucokinase activator, type 2 diabetes mellitus, oral 
glucose tolerance test, preclinical drug development, liver, pancreas, insulin, 
pharmacokinetics, drug interaction, Ames, micronucleus test, mutagenicity, in 
vivo toxicity. 
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BACKGROUND 

 

1. Pathophysiology of type 2 diabetes mellitus  

Type 2 diabetes mellitus is a long term metabolic disorder characterized by high 

blood glucose concentration, insulin resistance in peripheral tissues, and relative 

shortage of insulin. Apparent symptoms of type 2 diabetes mellitus (T2DM) are 

increased thirst, frequent urination, weight loss, feeling tired, increased hunger, 

and sores that do not heal. Chronic exposure to a high concentration of blood 

glucose sometimes causes heart disease, strokes, diabetic retinopathy which can 

result in sight loss, kidney failure, and poor blood flow in the limbs which may 

require amputations. Under normal physiological conditions, blood glucose 

concentrations are maintained within a narrow range, despite broad fluctuations in 

supply and demand, through a precisely regulated and dynamic interaction 

between tissue insulin sensitivity and insulin secretion (DeFronzo, 1988). In type 

2 diabetes, this homeostasis mechanism is breakdown because of peripheral tissue 

insulin resistance and inadequate insulin secretion by pancreatic beta cells. Insulin 

resistance leads to a reduced glucose transport into muscle cells, elevated glucose 

production in the liver, and increased catabolism of fat. β-cell dysfunction is one 

of the most important susceptible factors not only in the pre-diabetes people but 

also in the T2DM patients. A clinical study of obese adolescents shows that β-cell 

dysfunction develops early in the pathologic process and does not necessarily 
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follow the stage of insulin resistance (Bacha et al, 2010).  Susceptibility to 

T2DM may also be affected by genetic factors such as incretin hormones, which 

are released from gut endocrine cells and stimulate insulin secretion in response to 

ingested food. For instance, decreased beta-cell function has been associated with 

a variant in the gene that codes the receptor of gastric inhibitory polypeptide 

(GIP) (Saxena et al, 2010). 

 

2. Epidemiology of type 2 diabetes mellitus  

T2DM is the most common form, accounting for approximately 90–95% of all 

diabetes patients (Geiss et al., 2014) and is a rapidly growing public epidemic 

affecting over 300 million people worldwide. Multiple lifestyle factors are 

believed to contribute to the risk of developing T2DM. The prevalence of diabetes 

on the country level has been directly linked to sugar exposure (Basu et al.,2012). 

Regular physical activity has also been associated with increased insulin 

sensitivity and glucose tolerance, conferring a protective effect against developing 

type 2 diabetes (Kriska et al., 2001). Over the last century, increased urbanization 

and technological advances have led to a considerable reduction in physical 

activity of humans. Such increases in sedentary behavior, combined with the 

widespread availability and affordability of high-calorie, high-sugar foods, are 

contributing not only to the obesity epidemic, but also to the increasing number of 

type 2 diabetic people all over the world. Body mass index (BMI) and risk of type 

2 diabetes have been shown to have a strong dose-response relationship (Guh et 
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al., 2009). In addition, abdominal adiposity is associated with various metabolic 

and immune disturbances that contribute to insulin resistance and insulin secretory 

defects; adipose tissue acts as an active endocrine and immune organ which 

consequently causes insulin dysfunction (Scheen and Van Gaal, 2014). The 

increase in diabetes prevalence has paralleled the rate of the increase in obesity in 

the US, albeit with a 10-year lag (Naser et al., 2006). Globally, obesity has nearly 

doubled since 1980, with prevalence rising from 4.8% to 9.8% in 2012 in males 

and from 7.9% to 13.8% in females (WHO, 2015). As the global obesity epidemic 

continues unabated, it is obvious that this will influence the dynamics of diabetes 

and account for a significant proportion of projected future increases. The total 

number of prevalent T2DM patients is expected to increase in major advanced 

countries (see Fig. 1). Across the forecast period (2015–2035), Datamonitor 

Healthcare expects Spain to show the most notable growth of type 2 diabetes 

prevalent cases; the number of cases will increase from 4.0 million to 5.2 million, 

representing a 28.6% increase. The US is also forecasted to show a notable growth 

of total type 2 diabetes prevalent cases (29.1 million to 37.0 million cases; 27.2% 

increase). These changes are due to population demographics; during this period, 

Spain and the US are expected to see a large increase in the population aged over 

60 years old, among whom prevalence proportions of type 2 diabetes are the 

highest (United Nations, 2015). At the same time, Japan is expected to undergo 

the lowest growth in total type 2 diabetes prevalent cases (6.6 million to 6.7 

million cases from 2015 to 2035; 1.0% increase). 
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3. Current treatment and market overview for type 2 diabetes mellitus 

The first line of oral therapy for T2DM is metformin and the second lines of 

oral therapies are sulfonylureas, dipeptidyl peptidase-4 inhibitors and 

thiazolidinediones in combination with metformin (Lebovitz, 2005). However, 

currently available anti-diabetic agents have a limited long-term efficacy and 

trade-offs in efficacy and safety/tolerability. Therefore, the clinical need for 

improved T2DM therapies remains high and diabetes patients are eager to have 

novel therapeutic options to safely achieve a tight glycemic control. The market of 

antidiabetic drugs for T2DM will grow steadily until 2024 (see Fig. 2) and the 

market value will increase from $24.7bn in 2015 to $43.1bn in 2024. This growth 

will be driven by an increasing patient population and by the use of more 

expensive therapies at second and third lines. In 2015, sulfonylureas and 

thiazolidinediones were extensively used at second and third lines of therapy. 

Despite their limited efficacy and unfavorable side-effect profiles, these classes 

continue to be used, mainly due to their oral administration and cost-effectiveness. 

However, SGLT-2 inhibitors and glucagon-like peptide-1 (GLP-1) agonists will 

increasingly replace sulfonylureas and thiazolidinediones at second and third lines. 

Due to weight-reducing effects, SGLT-2 inhibitors and GLP-1 agonists will be 

used instead of older classes. SGLT-2 inhibitors are also expected to be used at 

first line in addition to metformin in a large proportion of type 2 diabetes patients 

at the high risk of heart failure. As newer, proprietary classes, these products are 

priced at a premium to the genericized classes, thus resulting in increased sales 
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revenues (see Fig. 3). 

 

4. Glucokinase plays an important role in the regulation of carbohydrate 

metabolism 

Glucokinase (GK) is a hexokinase isozyme (hexokinase IV, hexokinase D) with 

465 amino acids (molecular weight = 50 kD). Glucokinase facilitates 

phosphorylation of glucose to glucose-6-phosphate (G6P), which is the first step 

of glycogen synthesis and glycolysis. Compared to other hexokinases, 

glucokinase has a lower affinity for glucose and is expressed in the cells of liver, 

pancreas, gut, and brain of humans and most other mammalians. Due to this 

reduced affinity for glucose, the activity of glucokinase substantially varies with 

the concentration of glucose. Furthermore, unlike other hexokinases, glucokinase 

activity is not suppressed by its product, glucose-6-phosphate and distinctively, 

glucokinase shows moderate cooperativity with glucose with a Hill coefficient 

(nH) of about 1.74 (Ralph,2008; Matschinsky, 1996). Due to this moderate 

cooperativity, classical Michaelis-Menten kinetics do not apply to the kinetic 

interaction of glucokinase with glucose (Heredia et al, 2006). Therefore, instead 

of using a Km for glucose, a half-saturation level (S0.5), which is the concentration 

at which the enzyme is 50% saturated and active, is used for activity of 

glucokinase. Glucokinase acts as a glucose sensor regulating hepatic glucose 

metabolism to provide approximately 95% of the hexokinase activity in 

hepatocytes. In addition, glucokinase activity serves as a key control for glucose 
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dependent insulin secretion in the islet beta cells (Matschinsky et al, 1998). 

Glucokinase activator (GKA) is expectedly worked with a dual mechanism for 

lowering blood glucose concentration by the facilitated glucose uptake in the liver 

and insulin secretion from pancreatic beta cells (see Fig. 4). Therefore, 

glucokinase has been an attractive target for anti-diabetic therapy. Indeed, many 

glucokinase activators (GKA) have been developed and have shown the ability to 

lower the blood glucose in several animal models of T2DM (Matschinsky FM, 

2013). GKAs have also shown the effect of reducing the fasting and postprandial 

glucose levels in the patients with T2DM and healthy volunteers (Matschinsky 

FM, 2009, Bonadonna RC et al, 2010). Representative small molecule GKAs are 

shown in Figure 5 

 

5. Hypothesis and purposes 

Since Grimsby reported small molecule allosteric GKAs in 2003, a 

phenylacetamide series of activators including clinical candidate 2 have been 

identified. Furtheremore, various other GKAs have been reported, such as 

benzamides and imidazolylacetamide.  In 2009, Banyu scientists reported the co-

crystal structure of glucokinase-compound 1 complex that revealed the binding 

mode at an allosteric site of glucokinase. Using previous structural information, 

Yuhan made various GKA compounds that were rationally modified for further 

improvements to the compound-target binding motifs. In the present study, we 

report the discovery and development of YH10561, a benzamide gulcokinase 
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activator, as a potential preclinical candidate for the treatment of T2DM. 
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Fig. 1. Trends in total prevalent cases of type 2 diabetes in the US, Japan, and 

five major EU markets, by country, 2015–35 
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Fig. 2. Type 2 diabetes sales across the US, Japan, and five major EU 
markets, by country, 2015–24 (Source: Datamonitor Healthcare) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



１０ 

 

 
Fig. 3. Type 2 diabetes sales across the US, Japan, and five major EU 

markets, by drugs, 2015–24. (Source: Datamonitor Healthcare) 
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Fig. 4. Mechanism of dual action of GKA in hepatocyte and in pancreatic β-
cell (GK = glucokinase, GKA = glucokinase activator, GKRP = glucokinase 
regulatory protein, GLUT2 = type 2 glucose transporters) (Park., 2012)  
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Fig. 5. Chemical structures of glucokinase activators used in preclinical and 
clinical studies. Blank compound has no code name or commercial name.  
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ABSTRACT 

Glucokinase (GK) is a subtype of hexokinase isozyme that phosphorylates 

glucose to glucose-6-phosphate. Glucokinase activators are currently being 

investigated as potential diabetes therapeutics due to their effects on inhibition of 

hepatic glucose production and insulin secretion. The present study evaluated the 

efficacy and mechanisms of action of a novel glucokinase activator, YH10561. 

YH10561 selectively activated glucokinase with EC50 less than 100 nM without 

activating  hexokinase I and hexokinase II. In vitro, YH10561 concentration 

dependently activated glucokinase and prompted insulin secretion. In the in vivo 

animal models, YH10561 treatment improved glucose homeostasis in oral glucose 

tolerance test (OGTT) of normal, diet-induced obese (DIO), and ob/ob mice. 
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INTRODUCTION 

Type 2 diabetes mellitus is characterized by the impaired ability of tissues to 

uptake and store glucose in response to insulin and insulin resistance (Schenk et al, 

2008). To compensate for this reduced responsiveness, the pancreatic β cells 

over-secrete insulin and cause hyperinsulinemia. Over time, the β cells lose their 

ability to compensate and this point insulin levels decrease irrespective of blood 

glucose levels (Donath et al, 2005), leading to hyperglycemia. The current 

standard of cares for type 2 diabetes can be categorized into three main classes: 

(1) biguanides, which primarily inhibit gluconeogenesis; (2) insulin sensitizers, 

which enhance insulin working; and (3) insulin or insulin secretagogues, which 

increase insulin levels in blood (Moller, 2012). Refractory cases of T2DM mostly 

require a combinatorial therapy (Riddle, 2008), in this context developing 

effective and safe pharmacotherapy with a new mode of action is crucial to help 

patients maintain optimal blood glucose levels. 

Glucokinase (GK) is an enzyme that phosphorylates glucose to glucose-6-

phosphate in the presence of ATP (Matschinsky, 2009). Glucose enters cells via 

glucose transporters in the cell membrane, and it can freely diffuse out in the cell 

unless it is phosphorylated by glucokinase or other hexokinases (Bouche et al, 

2004). This phosphorylation can keep glucose inside of the cell and it is the first 

process of glycogen synthesis and glycolysis (Matschinsky et al, 2011). Different 

ly from other hexokinases, which are ubiquitously expressed throughout most 



１６ 

 

cells and tissues, GK is mainly expressed in the liver, pancreas, intestine and brain 

of rodents and humans (Matschinsky, 2009). In addition, compared to other 

hexokinases, GK is not inhibited by its product, glucose-6-phophate (Matschinsky, 

2009). These features make GK serve as a glucose sensor to regulate cellular 

metabolism in response to the changes in the blood glucose level (Matschinsky et 

al, 2011). For example, GK is the rate-limiting enzyme of glucose metabolism that 

can regulate glucose-stimulated insulin secretion in pancreatic β cells. In the 

liver, due to its restricting effect on intracellular free glucose, activation of GK 

decreases hepatic glucose production or facilitates glucose uptake. 

The pharmaceutical companies have synthesized many small molecule 

compounds that increase GK activity by binding to a distinct site from the 

glucose-binding site of GK (Matschinsky et al, 2011). These glucokinase 

activators (GKAs) showed an improved glucose homeostasis in preclinical animal 

models and in human diabetic patients (Sarabu et al, 2012; Futamura, 2012). 

In the present study, a novel GKA, YH10561, was characterized the in vitro and 

in vivo preclinical diabetic models to understand the mechanism of action of 

Yuhan’s preclinical drug candidate, YH10561.  
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MATERIALS and METHOD 

1. Glucokinase Enzymatic Assay 

An enzymatic glucokinase assay using purified recombinant human pancreatic 

and hepatic glucokinase was used to evaluate the enzyme activity of YH10561. 

Glucokinase activity was assessed spectrometrically by a coupled reaction with 

glucose-6-phosphate dehydrogenase (G6PDH) (Fyfe et al, 2005). Briefly, GK 

catalyzes glucose phosphorylation to generate glucose-6-phosphate, which is 

oxidized by G6PDH with the concomitant reduction of NADPH. The resultant 

NADPH is then monitored via an increase in the rate of absorbance at 340 nm 

using a plate reader (Spectra-Max 384 plus, Molecular Devices, CA, USA). 

YH10561 was prepared in DMSO and the assay was conducted in 96-well plates 

in a final volume of 100 μL containing 25 mM HEPES pH 7.4, 5 mM glucose, 25 

mM KCl, 1 mM MgCl2, 1 mM ATP, 1 mM dithiothreitol (DTT), 1 mM NADP, 2.5 

U/mL G6PDH and YH10561. The fold activation of the enzyme was assessed by 

comparing observance density (O.D.) with controls (glucokinase activation in 

DMSO only was considered as 100%). For EC50 determination, 12 different 

concentrations of the compounds were tested in the assay, and the fold changes in 

activity versus controls were fitted to a sigmoidal curve using a dose–response 

variable slope model in GraphPad Prism 5 (GraphPad software, USA). 
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2. Hexokinase selectivity assay 

The protocol of this assay is similar to glucokinase activation assay, 

Glucokinase or hexokinase 1 and 2 activity was measured using a kinetic, coupled 

reaction. The glucose-6-phosphate was generated by glucokinase and it was used 

as the substrate for glucose-6-phosphate dehydrogenase to generate 6-

phosphoglucono-d-lactone. The latter reaction converts NADP+ to NADPH and 

NDAH is measured by absorbance at 340 nm. EC50 values for glucokinase was 

determined in the presence of 25 mM HEPES pH 7, 25 mM KCl, 1 mM MgCl2, 5 

mM D(+)-glucose, 1 mM ATP, 1 mM beta-NADP, 1 mM DTT, 2.5 U/ml G6PDH, 

100 ng/well glucokinase. EC50 values for hexokinase was determined in the 

presence of 25 mM HEPES pH 7, 25mM KCl, 1 mM MgCl, 0.25 mM D(+)-

glucose, 1 mM ATP, 1 mM beta-NADP, 1 mM DTT, 2.5 U/ml G6PDH, 100 

ng/well hexokinase 1 or 2. YH10561 was treated for 90 min at 2.5 nM ~ 10 μM. 

 

3. Glucose concentration dependent kinetics evaluation  

The protocol of this assay is similar to glucokinase enzymatic assay, but the 

glucose concentration was different. Maximal velocity and S0.5 were determined 

in the identical buffer solution with glucose ranging 12-point concentration-

response curve beginning with a high concentration of 50 mM and YH10561 was 

treated 100 nM and 10 μM. The values of Vmax and S0.5 were determined by 

GraphPad Prism 5 (GraphPad software, USA). 
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4. Insulin secretion assay 

An insulin secretion assay was performed using MIN6 cell line, a mouse 

pancreatic beta cell line. MIN6 cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM, 25 mM glucose, Invitrogen) with 15% fetal calf serum 

(FCS), penicillin/streptomycin (100 units/ml, 0.1 mg/ml), 2 mM L-glutamine, and 

5 μl/L 2-mercaptoethanol. MIN6 cells were incubated in T-75 flask at 37°C in a 

5% CO2 humidified incubator. Cells were cultured in 96-well plates until full 

confluency, and the medium was changed every 3 day. On the very day of 

experiment, growth medium was removed, and the cells were washed twice with 

glucose-free Krep-Rringer-HEPES (KRH) buffer. Cells were pre-incubated for1 

hour in 5% CO2 at 37°C in KRH buffer (1 mM glucose). Incubation medium was 

removed, and the cells were washed once in glucose-free KRH. The cells were 

then incubated for 1hour in KRH containing the appropriate treatment. For all 

experiments, incubation medium was collected, and the amount of secreted insulin 

was determined using ELISA (Mercodia, U.K.). 

 

5. Animals 

Male C57BL/6 mice at 8 weeks of age were obtained from OrientBio Inc 

(Sung-Nam, Republic of Korea). Ob/ob mice at 8 weeks of age were obtained 

from Charles River Laboratories (Yokohama, Japan). Animals were housed on a 

12 hour light and dark cycle and food were fed ad libitum except during the 

experiment. All procedures were carried out in accordance with the guidelines of 
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the Institutional Animal Care and Use Committee of Yuhan Research Institute 

 

6. Oral Glucose Tolerance Test (OGTT) in normal mice 

Anti-diabetic effects of the compounds were evaluated by a glucose tolerance 

test (OGTT) using normal mice. Eight-week old male C57BL/6 mice were fasted 

overnight (with free access to water) before performing the test. The mice were 

orally administered with YH10561 or vehicle alone (0.5% methylcellulose 

solution). After 30 min, the mice were administered with an oral glucose 

challenge (2 g/kg). Blood glucose concentrations were measured by GlucoDr 

AMG-3000 (Allmedicus Inc., Republic of Korea) just prior to and following the 

glucose challenge (30, 60, 90, 120 and 180 min) from the tail tip. The area under 

the curve (AUC) values of the time–glucose curve were calculated from the blood 

glucose concentration – time profile. 

 

7. Basal glucose lowering effect 

Anti-diabetic effects of the GKA compounds were evaluated by a basal glucose 

lowering test using normal mouse.  Eight-week old male C57BL/6 mice were 

fasted overnight (with free access to water) before performing the test. The mice 

were orally administered with YH10561 and other anti-diabetic drugs. Blood 

glucose concentrations were measured by GlucoDr AMG-3000 (Allmedicus Inc., 

Republic of Korea) just prior to and following the glucose challenge (0, 30, 60, 

120, 180 and 240 min) from the tail tip. AUC values of the time–glucose curve 
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were calculated from the data. 

 

8. OGTT in diet-induced obese (DIO) mouse model 

Anti-diabetic effects of the compounds were evaluated by a glucose tolerance 

test (OGTT) using DIO mouse diabetes mellitus model. Four-week-old C57BL6 

male mice were fed a high-fat diet (60% of calories from fat, Research Diets) 

enriched with saturated fatty acids. After 8weeks of high-fat diet feeding, DIO 

mice were sorted into groups on the basis of body weight and blood glucose levels. 

DIO mice were fasted overnight (with free access to water) before performing the 

OGTT test. The mice were orally administered with YH10561 or other anti-

diabetic drugs. After 30 min, the mice were administered with an oral glucose 

challenge (2 g/kg). Blood glucose concentrations were measured by GlucoDr 

AMG-3000 (Allmedicus Inc., Republic of Korea) just prior to and following the 

glucose challenge (30, 60, 90, 120 and 180 min) from the tail tip. AUC values of 

the time–glucose curve were calculated from the data. 

 

9. Ob/ob mouse model 

Eight-week old ob/ob mice were sorted into groups on the basis of body weight 

and blood glucose levels. The mice were gavaged once a daily with YH10561 or 

other anti-diabetic drugs for 28 days. OGTT was conducted at day 1 and day 28 

and the OGTT protocol is same to above.  
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10. Statistical analysis 

Data were statistically analyzed by Levene’s test. If variance is homogenous, 

one way ANOVA was performed with the following Student’s t-test. If variance is 

heterogenous, Rank-transformation was followed and Levene’s test was re-

performed using transformed data. If variance is homogenous, one way ANOVA 

was performed with the following Student’s t-test. 
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RESULT 

1. YH10561 activates pancreatic and hepatic glucokinase with similar 

potency 

YH10561 activates both pancreatic glucokinase and hepatic glucokinase with 

concentration dependency (Fig. 1). YH10561 is a potent activator of glucokinase 

which Emax value is about 280% and EC50 value is 72 ~ 85 nM (Table 1). Since 

YH10561 has similar potency to pancreatic and hepatic glucokinase, it could work 

pancreas and liver at the same concentration, simultaneously. 

 

2. YH10561 is selective activator of glucokinase 

YH10561 activated glucokinase (hexokinase 4) but did not activate hexokinase 

1 and 2 (Fig. 2, with >100 x selectivity). While glucokinase expressed mainly in 

liver and pancreas, hexokinase 1 and 2 expressed ubiquitously on the body. So, 

these data incidate that YH10561 works selectively with liver and pancreas.  
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Fig. 1. Concentrations dependent pancreatic and hepatic glucokinase 
activities of YH10561. YH10561 is a potent activator of pancreatic and hepatic 
glucokinase (GK) with similar potency. Results represent mean ± standard 
deviation (S.D.) from triplicate experiments. 
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Table 1. Comparison of enzymatic activity of YH10561 to pancreatic vs. hepatic 
glucokinase 

 

Enzyme activity 

EC50 (nM) Emax (%) 

Pancreatic GK 72.1 274.3 

Hepatic GK 85.0 283.6 
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Fig. 2. Glucokinase selectivity of YH10561 compared to other hexokinase. 
YH10561 activated glucokinase with concentration dependent manner, but did not 
activate hexokinase 1 and 2 which expressed ubiquitously on the body. Results 
represent mean ± S. D. from triplicate experiments. 
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3. YH10561 decreases S0.5 value and makes glucokinase sensitive to low 

glucose concentration 

Glucose dose responses of GK activity were performed with or without of 

YH10561. Curves and the resulting S0.5 and Vmax are presented in Fig. 3 and Table 

2, respectively. When blood glucose concentration is high, glucokinase activity is 

also high and vice versa. Vmax was clearly increased in the presence of YH10561 

with concentration dependent manner. GKA also reduced glucokinase kinetic 

parameters S0.5 in a glucose-dependent manner. S0.5 is substrate concentration 

when the velocity of enzyme is 1/2 Vmax. Therefore, decrease of S0.5 by 

YH10561 treatment means YH10561 makes glucokinase sensitive at relatively 

low glucose concentration.  More than 1 of H value which is cooperativity 

parameter means positive cooperativity. So, YH10561 and glucokinase have 

positive correlation. 
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Fig. 3. Glucokinase activity vs. concentration plot in the absence (black line) 
and the presence (red and green line) of YH10561. Results are represented Mean 
and S.D. from triplicate experiments. 

 

 

 

Table 2. Effect of YH10561 on glucokinase activity parameter 

 

Enzyme Kinetics 

S0.5 Vmax Hill coefficient 

Control 8.06 8.80 1.71 

YH10561 0.1 μM 3.50 10.19 1.63 

YH10561 1.0 μM 1.27 11.42 1.25 
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4. YH10561 promotes insulin secretion in pancreatic β cell line 

Effects of YH10561 on insulin secretion from MIN6 clonal mouse pancreatic 

beta cells (Miyazaki et al, 1990) were measured at basal and raised glucose 

concentrations (Fig. 4). Like pancreatic beta cells, these cells exclusively express 

the liver-type glucose transporter (GLUT2, also known as SLC2A2) (Leturque et 

al, 2006), which allows normal glucose-sensing where glucose phosphorylation, 

not transport, is rate-limiting (Tal et al, 1992). At 5 mM glucose, YH10561 

increased insulin secretion 6.9-fold. It also produced stimulations above the 

effects of raised glucose at 10, 15 and 20 mM, but the fold increase values were 

lower at higher glucose concentrations 
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Fig. 4 Effects of YH10561 on insulin secretion in MIN6 clonal pancreatic 

beta cells. Insulin secretion in MIN6 pancreatic beta cells in the presence of 
glucose at the range of 5 to 25 mM and indicated concentrations of YH10561. 
Results are represented mean and S.D. from triplicate experiments. 

 

 

 

 

 

 

 

 

 



３１ 

 

5. YH10561 decreases oral glucose excursion in normal mice 

To examine the anti-diabetic effect in vivo, oral glucose tolerance test (OGTT) 

was conducted with the administration of YH10561 and metformin (positive 

control drug) in normal mice. Following a 16 hour fasting period, a single-dose 

oral administration of YH10561 at 5, 15, 50 and 150 mg/kg 30 min before that of 

glucose induced a dose-dependent and significant suppression of increases in 

plasma-glucose (Fig. 5 A & B). Mean inhibition rates of YH10561 at a dose of 5, 

15, 50 and 150 mg/kg are 14.2 %, 19.9%, 29.6% and 40.8%, respectively. Mean 

inhibition rate of metformin at a dose of 300 mg/kg is 29.9%. Sinec the equivalent 

efficacy dose of YH10561 to the dose of metformin (300 mg/kg) is 50 mg/kg, 

YH10561 is considered more potent than metformin. 

 

6. YH10561 lowers basal blood glucose level in normal mice 

Basal blood glucose lowering effect was evaluated in normal C57BL/6 mice. 

YH10561, metformin and glimepiride significantly decreased basal blood glucose 

level by 29.0 %, 16.1% and 23.3 % compared to vehicle, respectively (Fig. 6). 

Sitagliptin did not decrease basal glucose level, significantly. 
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Fig. 5. Effects of YH10561 by oral administration on OGTT in C57BL/6 
mice. 8-week old male C57BL/6 mice were fasted overnight, administered a 
single oral dose of vehicle (0.5% methylcellulose) or YH10561 (5, 15, 50, and 
150 mg/kg), and given glucose by oral gavage (2 g/kg) 30 min after dose. (A) 
Blood glucose levels were determined at the indicated times using a GlucoDr. 
from tail-bled samples. (B) Blood glucose area under the curve (AUC) values for 
baseline-180 min. Data are expressed as the mean ± SEM (n=7/group). 
Significantly different from control *;p<0.05, **;p<0.01 and ***; p<0.001 
(Student t-test). 
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Fig. 6. Basal glucose-lowering effects of YH10561 in C57BL/6 mice. 8-week 
old male C57BL/6 mice were fasted overnight, administered a single oral dose of 
vehicle (0.5% methylcellulose), YH10561 (50 mg/kg), metformin (300 mg/kg), 
glimepiride (1 mg/kg) and sitagliptin (30 mg/kg). The dose of each compounds 
was selected considering clinical dose and body surface area between mouse and 
human. Blood glucose area under the curve (AUC) values for baseline-240 min. 
Data are expressed as the mean ± SEM (n=7/group). Significantly different from 
control *;p<0.05, **;p<0.01 and ***; p<0.001 (Student t-test). 
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7. YH10561 increases glucose tolerance in high fat diet induced obese (DIO) 

C57BL/6 mice 

Since high fat diet group shows low glucose tolerance by intake of oral glucose 

compared to normal diet group, it is considered that DIO model is well established 

(Fig. 7). Oral treatment of YH10561 increased glucose clearance in DIO mice. 

Blood glucose levels, as determined by the area under the glucose concentration 

curve (AUC), were significantly reduced by 49.5% by administration of 30 mg/kg 

of YH10561 compared to the vehicle. GKA-50, PSN-GK1 and Ro-28-1675, other 

glucokinase activators, also significantly reduced blood glucose AUC value by 

54.7%, 52.6 % and 46.6%, respectively. So, I identified YH10561 has equivalent 

in vivo potency to other glucokinase activators. Merformin and sitagliptin , which 

are used in clinic, reduced blood glucose AUC value by 66.7% and 36.9%. 

Therefore, YH10561 has considerable efficacy in high fat diet induced obese 

mouse model. 

 

8. Effect of YH10561 is potentiated by repeated administration on OGTT in 

diabetic ob/ob mice 

To examine the long-term effect of YH10561 on in vivo diabetic mice model, 

YH10561 was administered orally once a daily for 4 weeks to ob/ob mice. All 

study period, mice did not show any adverse events or change of body weight 

related with drug administration (Fig. 8). On day 1, YH10561 decreased 

AUCglucose(0-3hr) dose-dependently by 13.9% and 35.3% respectively (Fig. 9). Other 
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reference drugs also decreased AUCglucose(0-3hr). This effect was similar to other 

animal model (OGTT in normal and DIO mice). On day 28, the effect of GKAs 

including YH10561 was increased compared to day 1. But the effect of metformin 

did not change by repeated treatment. This result means that repeated dose of 

YH10561 potentiates the glucose lowering effect on OGTT 
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Fig. 7. Effects of YH10561 by oral administration on OGTT in diet-induced 
obese C57BL/6 mice. Four-week-old C57BL/6 male mice were fed a high-fat diet 
(60% of calories from fat, Research Diets) enriched with saturated fatty acids for 
8 weeks. Twelve-week old male C57BL/6 mice were fasted overnight, 
administered a single oral dose of vehicle (0.5% methylcellulose) or YH10561 (30 
mg/kg), GKA-50 (30 mg/kg), PSN-GK1 (30 mg/kg), Ro-28-1675 (30 mg/kg), 
metformin (30 mg/kg) and sitagliptin (100 mg/kg). Glucose was given by oral 
gavage (2g/kg) 30 min after drug dose. (A) Blood glucose levels were determined 
at the indicated times using a GlucoDr. from tail-bled samples. (B) Blood glucose 
area under the curve (AUC) values for baseline-180 min. Data are expressed as 
the mean ± SEM (n=7/group). Significantly different from control *;p<0.05, 
**;p<0.01 and ***; p<0.001 (Student t-test).  
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Time (days)  
Fig. 8. Body weight change of ob/ob mouse during study period 
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Fig. 9. Effects of YH10561 by single oral administration on OGTT in ob/ob 
C57BL/6 mice. Eight-week old male ob/ob C57BL/6 mice were fasted overnight, 
administered a single oral dose of vehicle (0.5% methylcellulose) or YH10561 (15, 
50 mg/kg), GKA-50 (15 mg/kg), PSN-GK1 (15 mg/kg) and metformin (150 
mg/kg) . Glucose was given by oral gavage (2 g/kg) 30 min after drug dose. (A) 
Blood glucose levels were determined at the indicated times using a GlucoDr. 
from tail-bled samples. (B) Blood glucose area under the curve (AUC) values for 
baseline-180 min. Data are expressed as the mean ± SEM (n=7/group). 
Significantly different from control *;p<0.05, **;p<0.01 and ***; p<0.001 
(Student t-test). 
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Fig. 10. Effects of 28-day repeated oral administration of YH10561 on 
OGTT in ob/ob C57BL/6 mice. The male ob/ob C57BL/6 mice were administered 
oral dose once a daily for 28 days. On day 28, mice were fasted overnight and 
administered a single oral dose of vehicle (0.5% methylcellulose) or YH10561 (15, 
50 mg/kg), GKA-50 (15 mg/kg), PSN-GK1 (15 mg/kg) and metformin (150 
mg/kg). Glucose was given by oral gavage (2g/kg) 30 min after drug dose. (A) 
Blood glucose levels were determined at the indicated times using a GlucoDr. 
from tail-bled samples. (B) Blood glucose area under the curve (AUC) values for 
baseline-180 min. Data are expressed as the mean ± SEM (n=7/group). 
Significantly different from control *;p<0.05, **;p<0.01 and ***; p<0.001 
(Student t-test). 
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Discussion 

Glucokinase is the glucose sensor for glucose-stimulated insulin release from 

β-cells and is the rate-limiting step in the glucose responsiveness of glucose 

sensitive cells. Therefore, glucokinase plays a major role in regulating 

carbohydrate metabolism in human, and defects of glucokinase gene disturb 

glucose homeostasis. 

Recently, several activators of glucokinase have been described in the literature 

(Daniel et al, 2007), and the potential use of these agents, GKAs, in the 

therapeutic management of type 2 diabetes has been identified (Leighton et al, 

2005; Sarabu et al, 2005; Matschinsky et al, 2006). Yuhan research institute also 

discovered many potent glucokinase activators, that have recently been shown to 

have a significant blood glucose–lowering effect in the in vivo mouse model (Park 

et al, 2013; Park et al, 2014). YH10561 was also included in this group of 

compounds. Since the mechanism of YH10561 includes the modulation of insulin 

release, the effect of YH10561 on the regulated release of insulin was examined 

using the MIN6 cells. In vivo efficacy of YH10561 was also confirmed in several 

diabetic animal models. In this series of animal experiments, normal, diet-induced 

obese (DIO), and genetic ob/ob mice were used to show that YH10561 is a novel 

modulator of insulin release and blood glucose level.  

Therefore, YH10561 is a potent activator of glucokinase in vitro, its EC50 value 

is under 100 nM for pancreatic and hepatic glucokinase. Considering that 
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YH10561 has similar potency to pancreatic and hepatic glucokinase, it is possible 

that patients could be treated with one clinical dose to work on both organs: liver 

and pancreas. 

A hexokinase is an enzyme that phosphorylates hexoses and converts to hexose 

phosphate. In almost all animals, glucose and glucose-6-phosphate are the most 

important substrates and its product of hexokinases. Hexokinase can transfer an 

inorganic phosphate group from ATP to a substrate (John, 2003). There are four 

major mammalian hexokinase isozymes that are different in subcellular locations 

and enzyme kinetics with respect to different substrates and environments, and 

physiological function. They are called hexokinases I, II, III, and IV. Hexokinases 

I, II, and III are also called "low-Km" isozymes because of a high affinity for 

glucose of these enzyme (below 1 mM); however, mammalian hexokinase IV, also 

called glucokinase, differs from other hexokinases in kinetics and functions. 

Glucokinase is present in the liver, pancreas, small intestine, hypothalamus in 

brain and perhaps some other neuroendocrine cells, and is one of most important 

regulatory pathways in the carbohydrate metabolism. In the β cells of the 

pancreatic islets, it works as a glucose sensor to regulate insulin release, and also 

regulates glucagon release in the α cells. In hepatocytes of the liver, glucokinase 

senses the changes of glucose levels and maintain the glucose level  by 

increasing or reducing glycogen synthesis. In the present study, YH10561 is 

proven to be highly selective for the glucokinase enzyme over its hexokinase 

isoforms I and II, meaning that YH10561 is a promising compounds for diabetes 
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mellitus without other side effects.  

YH10561 markedly increases insulin secretion from MIN6 cells, most notably 

at lower glucose concentrations, where basal secretion is lower. However, effects 

are also observed at 10 and 15 mM glucose, values that are more typical of the 

diabetic condition. Here, concentration-responses for YH10561 are left-shifted, 

suggesting that, at higher glucose concentrations, lower doses would still provide 

insulin secretion. The fact that higher YH10561 concentrations are required to 

stimulate secretion at lower glucose concentrations may provide GKAs with an 

inbuilt safety mechanism that glucose-insensitive sulfonylureas (Light, 2002) do 

not have. However, at 20 mM glucose, YH10561 does not considerably increase 

insulin secretion. 

In the present study, the efficacy of YH10561 was examined in normal, diet 

induced obese and ob/ob mice. Overall, our data are consistent with previous 

reports of other GKAs and with the known mechanism of GK (Fyfe et al, 2007; 

Grimsby et al, 2003; Eiki et al, 2011). 

The oral glucose tolerance test (OGTT) is a most commonly used procedure 

that was originally developed as a tool of classifying carbohydrate tolerance. 

However, since plasma glucose and insulin responses of this test also reflect the 

ability of pancreatic β cells to secrete insulin and the sensitivity of tissues to 

insulin (Reaven et al, 1993), the OGTT has been frequently used to evaluate the β 

cell function and insulin resistance (Huang et al, 1998). Fasting plasma glucose 
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concentrations have been used as an index of insulin resistance, and the changes 

in plasma glucose have been used as an index of cell function (Haffner et al, 

1997). 

Single administration of YH10561 improved glucose tolerance of oral glucose 

tolerance test in normal and diet induced obese mice and lowered the basal blood 

glucose concentration. These findings support the theory that GKAs could be a 

promising therapeutic target for the patients with type 2 diabetes.  

Since anti-diabetic drugs were used for long term in clinical patients, the in vivo 

efficacy was evaluated with 4-week repeated administration of YH10561 in ob/ob 

mice. Ob/ob mice are leptin mutant mice and a model of severe obesity, insulin 

resistance and diabetes (Haluzik, 2004); they serve as the commonly used animal 

model for the evaluation of antidiabetic and insulin-sensitizing drugs. 

In the present study, YH10561 showed a dose-dependent reduction of blood 

glucose levels in OGTT and these effects were potentiated by 4-week repeated 

dose. Although these effects were also observed for GKA-50 and PSN-GK1, 

glucokinase activators, metformin did not potentiate hypoglycemic efficacy. These 

findings also demonstrate that YH10561 could be a promising therapeutics for the 

patients with type 2 diabetes. 

Since GK is expressed in both liver and pancreatic islets, the glucose lowering 

effect by activation of GK could result from the promotion of insulin secretion, 

inhibition of hepatic glucose production, or both. Our data indicate that YH10561 

regulates both pathways in the glucose metabolism. Interestingly, the insulin 
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secretagogue effect of YH10561 appears to be dependent on the blood glucose 

levels. 

YH10561 has no effect on hexokinase I and II which expressed muscle or other 

peripheral tissues, the glucose excursion after glucose challenge is most likely due 

to hepatic and pancreatic activity.  

Taken together, the results of the present study suggest that YH10561 is a 

potent and selective glucokinase activator and could lower the glucose level in 

blood which makes it a promising and effective anti-diabetic drug in clinic. In 

spite of the beneficial effects of YH10561 on various metabolic parameters, 

significant concerns remain about the overall safety of GKA agents. For instance, 

the tendency of GKAs to cause hypoglycemia has been reported in clinical trials 

and thus remains an obvious concern (Meininger et al, 2011). The concern of 

hypoglycemia must be further evaluated in humans by clinical trials. 
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ABSTRACT 

The present study investigated the pharmacokinetics and tissue distribution of 

YH10561 in various experimental animals and assessed its in vitro metabolism 

and drug interaction potential. YH10561 exhibited a high oral bioavailability 

(with the value of 84% in rats and over 100% in mice and dogs). In mice and dogs, 

elimination was prolonged, with an apparent terminal half-life of 2.6 and 3.7 h, 

respectively. In mice, linear pharmacokinetics was observed between oral doses of 

5 to 150 mg/kg. The volume of distribution was low in mice and rats (0.33-0.35 

L/kg) and intermediate in dogs (0.92 L/kg). In vitro, YH10561 was not highly 

protein-bound (80%–91%). In mouse, rat and dog liver microsomes, YH10561 

was relatively stable and did not inhibit major drug metabolizing enzymes at a 

high concentration (up to 25 μM). Based on the in vitro and animal data, 

YH10561 demonstrates favorable pharmacokinetic properties to develop as a 

clinical candidate for T2DM. 
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INTRODUCTION 

Glucokinase activators (GKAs) are small-molecule agents that enhance the 

catalytic activity of glucokinase, a unique hexokinase isoform that plays a pivotal 

role in glucose-sensing by pancreatic β cells and glucose metabolism by 

hepatocytes (Grimsby et al., 2003; Matschinsky et al., 2006). Glucokinase activity 

is allosterically modifiable; binding between a GKA and glucokinase stabilizes the 

enzyme in a conformational state with a substantially higher affinity for glucose 

(Kamata et al., 2004). Most GKAs also increase the maximum velocity of glucose 

phosphorylation (Matschinsky, 2009). Through these actions, GKAs markedly 

increase insulin release by pancreatic β cells and uptake of glucose by 

hepatocytes at physiological glucose concentrations (Grimsby et al., 2003; 

Matschinsky, 2009). Therefore, there is a considerable interest in the development 

of GKAs as agents that may provide a novel form of pharmacotherapy for type 2 

diabetes (Sarabu et al., 2008, 2011; Matschinsky, 2009; Matschinsky et al, 2010). 

Absorption, distribution, metabolism and elimination (ADME) studies of drug 

candidates are important for drug discovery and development (Spalding et al, 

2000; Alavijeh et al, 2004). The ADME parameters obtained from the in vitro and 

in vivo models must be necessary for the prediction of drug behaviors in humans 

and are crucial for the decision to advance, hold or terminate a drug candidate. 

YH10561 was selected from a series of molecules designed to optimize the in 

vitro and in vivo efficacy and pharmacokinetic properties (metabolic stability, oral 
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bioavailability and plasma half-life). It is a specific and selective glucokinase 

activator (EC50 < 100 nM). 

The present study investigated the pharmacokinetics and tissue distribution of 

YH10561 in mice, rats and dogs and assessed its in vitro protein binding and 

metabolism in animal species and humans. In order to predict drug interaction, 

CYP450 inhibition study was undertaken 
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MATERIALS and METHOD 

1. Plasma protein binding 

The extent of plasma protein binding of YH10561 was determined at 37˚C 

using an ultrafiltration method. The compound was spiked in heparinized plasma 

collected from mice, rats, dogs and humans, and the mixture was prepared in 

duplicate at 10 μM. After incubating the mixture at 37˚C for 30 min, an aliquot of 

0.5 ml was transferred to the Amicon Centrifree micropartition device (Millipore, 

Bedford, MA) followed by centrifugation at 10,000 g for 15 min to generate 

ultrafiltrate (MicroMax, International Equipment Company, U.S.A.). The unbound 

fraction in plasma was calculated from the ratio of ultrafiltrate to plasma 

concentrations.  

 

2. Microsomal stability 

The oxidative metabolism of YH10561 was evaluated in pooled liver 

microsomes of mice, dogs and humans. The liver microsomes were purchased 

from BD Biosciences (Woburn, MA). The incubation mixture (3 ml) was prepared 

in triplicate for each species in a 0.1 M potassium phosphate buffer (pH 7.4) 

containing 10 μM YH10561, 0.5 mg/ml microsomes, 1.64 mM glucose-6- 

phosphate and 0.17 unit/ml glucose-6-phosphate dehydrogenase. The 

concentration of dimethyl sulfoxide (DMSO) in the incubation mixture was 0.1%. 

After a 5 min pre-incubation at 37˚C, the reaction was initiated by adding beta-

NADPH (0.78 mM final concentration). Aliquots of 0.25 ml were taken at 0, 15, 
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30 and 60 min, and placed into 3 volumes of ice-cold acetonitrile (containing an 

internal standard) to terminate the reaction. The samples were vortexed and 

centrifuged at 10,000 g for 10 min to collect supernatant for sample analysis.  

 

3. Animals 

Male ICR mice and SD rats at 8 weeks of age were obtained from OrientBio 

Inc (Sung-Nam, Republic of Korea). Beagle dogs at 6 months of age were 

obtained from Beijing Marshall Biotechnology Co. Ltd. (Beijing, China). Animals 

were housed on a 12 h: 12 h light:dark cycle with the lights on at 06:00 h and 

were fed ad libitum except during the experiment. All procedures were carried out 

in accordance with the guidelines of the Institutional Animal Care and Use 

Committee of Yuhan Research Institute 

 

4. Pharmacokinetics in mice 

Male ICR mice (20–22 g, 8 weeks old) were used in the pharmacokinetic 

studies of YH10561 and fasted 18 hours before study. In the studies described 

below, the compound was dosed in a 0.5% methylcellulose suspension for oral 

administration and 40% dimethylformamide in saline for intravenous injection 

unless noted otherwise. Plasma samples were harvested from blood (0.4–0.5 ml) 

collected from the abdominal vein and stored at -70˚C until analysis. In an 

intravenous (i.v.) study, a dose of 5 mg/kg was administered via tail vein to four 

animals for each time point, and plasma samples were collected before dosing and 
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0.08, 0.25, 0.5, 1, 1.5, 2, 3, 5 and 7 h after dosing. In an oral (p.o.) study, 5 , 15, 50 

and 150 mg/kg doses were administered to fasted animals , and plasma samples 

were obtained before dosing and 0.25, 0.5, 1, 1.5, 2, 3, 5 and 7 h after dosing.  

 

5. Pharmacokinetics in rats 

Male Sprague-Dawley rats (200–250 g) were used in the pharmacokinetic 

studies of YH10561 and fasted 18 hours before study. Plasma samples were 

harvested from blood (0.2–0.3 ml) collected from the jugular vein and stored at -

70˚C until analysis. In an intravenous (i.v.) study, a dose of 5 mg/kg was 

administered via tail vein to three animals and serial plasma samples were 

collected before dosing and 0.08, 0.0.25, 0.5, 1, 1.5, 2, 3, 5 and 7 h after dosing 

and replace with same volume of saline. In an oral (p.o.) study, 15 mg/kg doses 

were administered to fasted animals and plasma samples were obtained before 

dosing and 0.25, 0.5, 1, 1.5, 2, 3, 5 and 7 h after dosing.  

 

6. Pharmacokinetics in dogs.  

Male beagle dogs (10 ~ 12 kg) were used in the pharmacokinetic studies of 

YH10561 and fasted 18 hours before study. Plasma samples were harvested from 

blood (about 1 ml) collected from the cephalic vein and stored at -70˚C until 

analysis. In an intravenous (i.v.) study, a dose of 1 mg/kg was administered via 

cephalic vein (opposite side of blood collection) to three animals and serial 

plasma samples were collected before dosing and 0.08, 0.0.25, 0.5, 1, 1.5, 2, 3, 5 
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and 7 h after dosing and replace with same volume of saline. In an oral (p.o.) 

study, 15 mg/kg doses were administered to fasted dogs with gastric tube and 

plasma samples were obtained before dosing and 0.25, 0.5, 1, 1.5, 2, 3, 5 and 7 h 

after dosing.  

 

7. Pharmacokinetic changes in mouse by YH10561 salt forms 

Male ICR mice (20–22 g) were used in the pharmacokinetic studies of 

YH10561 and its salts. Study protocol is same to the mouse pharmacokinetics. 

 

8. CYP450 inhibition studies 

The ability of YH10561 to inhibit the major drug-metabolizing CYP450 

enzymes was investigated with pooled human liver microsomes (Gentest, USA). 

The incubation was conducted at 37˚C in 250 μL of incubition mixture containing 

human liver microsomes (0.25 mg/ml), Tris–HCl buffer (pH 7.4, 100 mM), MgCl2 

(10 mM), KCl (10 mM), NADPH (1 mM), and cocktail of CYP450 marker 

substrates (phenacetin 50 μM, S-mephenytoin 100 μM, dextromethopham 5 μM, 

midazolam 5 μM, tolbutamide 100 μM). The final concentrations of DMSO for 

the incubation conditions were 1.0% (v/v). Incubation was pre-heated for 5 min at 

37˚C prior to the addition of NADPH to initiate the reactions. Following 

incubation for 15 min at 37˚C, reaction was terminated using 750 μL ice-cold 

acetonitrile containing internal standard (chlorpromide, 1μM). Precipitated protein 

was removed by centrifugation at 10,000g for 10 min. Samples were analyzed by 
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the validated LC-MS/MS method. All experiments were performed in duplicate. 

The IC50 values of the each CYP450 enzyme were determined to evaluate the 

capability of YH10561 as direct-acting inhibitor. Human liver microsomes were 

incubated with CYP450 marker substrates in the presence and absent of YH10561 

(at concentrations ranging from 1 to 25 μM) to determine the IC50 values.  

 

9. Tissue distribution 

Male Sprague-Dawley rats (200–250 g) were used in the tissue distribution 

studies. YH10561 (5 mg/kg) was given by intravenous injection from the cannula. 

One hour after drug administration, the animals were sacrificed by cervical 

dislocation. The liver, kidney, lung, stomach, large intestine, spleen and muscle 

were excised, washed in 4˚C normal saline and dry with filter paper. An accurately 

weighed amount of tissue was added to 4 volume of PBS (pH 7.4) and 

homogenized. YH10561 (100 mg/kg) was given by oral gavage administration. 2, 

4 and 8 hours after drug administration, the animals were sacrificed by cervical 

dislocation. Next procedure is same to above. The concentration of YH10561 in 

homogenate was analyzed by LC-MS/MS system. 

 

10. Sample analysis 

Samples from in vitro and in vivo studies were analysed by LC-MS/MS. The 

HPLC system was used Agilent 1100 series(Agilent, USA) and mass spectrometer 

system was used Qtrap4000 (Applied Biosystems, USA). A Inertsil ODP-SP (2.1 
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x 50 mm, 5 μM, YMC, japan) column was used at 30˚C. The mobile phase 

consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic 

acid in acetonitrile) at a flow rate of 0.2 ml/min.  

 

11. Statistical analysis 

Data were statistically analyzed by Levene’s test. If variance is homogenous, 

one way ANOVA was performed with the following Student’s t-test. If variance is 

heterogenous, Rank-transformation was followed and Levene’s test was re-

performed using transformed data. If variance is homogenous, one way ANOVA 

was performed with the following Student’s t-test. 
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RESULT 

1. Plasma protein binding rate of YH10561 is relatively high 

YH10561 exhibited relatively high plasma protein binding rate in various 

species. At 10 μM of YH10561, plasma protein binding rate was 91.0%, 80.4%, 

89.4% and 79.9% in humans, mice, rats and dogs, respectively. Plasma protein 

binding rate among species are similar with no significant difference.  

 

2. YH10561 is stable in liver microsomes 

Table 1 and Figure 1 depict the percentages of compound remaining-time 

profiles of YH10561 after incubations in human, dog and mouse liver microsomes. 

The rank order of the species was dogs > mice > human (Table 1). As YH10561 is 

relatively stable in liver microsomes, it is expected that YH10561 may have long 

plasma concentration half-life and low amount of metabolite which is appropriate 

properties for new drug development. 

 

3. YH10561 has optimal pharmacokinetic profiles for oral drug in the mouse 

The pharmacokinetic parameters of YH10561 following intravenous (5 mg/kg) 

and oral (5, 15, 50, 150 mg/kg) administration to mice are summarized in Table 1 

and 2. Following intravenous injection, the plasma concentrations of YH10561 

displayed a mono-exponential decline, with a terminal half-life of 2.64 hour (Fig. 

2). The volume of distribution at steady state (Vdss) value in mice (0.33  
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Table 1. Metabolic stability of YH10561 in mouse, dog and human liver 
microsomes 

 

Microsomal stability (remaining %) 

15 min 30 min 60 min 

Mouse 83 79 73 

Dog 86 87 83 

Human 77 70 61 
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Fig. 1. Oxidative metabolism of YH10561 in mouse, dog, and human liver 

microsomes (n=3, mean ± S.E.M.) 
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L/kg) was lower than the volume of total body water (0.67 l/kg) but greater than 

the volume of extracellular fluid (0.30 l/kg) (Davies, 1993), suggesting some 

extravascular distribution. The oral bioavailability of YH10561 at 5, 15, 50 and 

150 mg/kg doses was > 100% which means complete intestinal absorption (Table 

3). Linear pharmacokinetics was observed between oral doses of 5 to 150 mg/kg. 

  

4. YH10561 has high oral bioavailability but short half-life in the rat 

The pharmacokinetic parameters of YH10561 following intravenous (5 mg/kg) 

and oral (15 mg/kg) administration to rats are summarized in Table 3 and 4. 

Following intravenous injection, the plasma concentrations of YH10561 displayed 

a mono-exponential decline, with a terminal half-life of 0.51 hour (Fig. 4). The 

Vdss value in rats was 0.35 L/kg and this result is similar to the mice. 

The oral bioavailability of YH10561 at 15 mg/kg doses was >100%. The Cmax and 

AUC values were 9.0 ± 1.5 μg/ml and 19.0 ± 5.1 μg/ml, respectively (Table 4). 

 

5. YH10561 has optimal pharmacokinetic profiles for oral drug in the dog 

The pharmacokinetic parameters of YH10561 following i.v. (1 mg/kg) and p.o. 

(15 mg/kg) administration to dogs are summarized in Table 5 and 6. After i.v. 

administration, the plasma concentrations of YH10561 exhibited a mono-

exponential decline, with a terminal half-life of 3.7 h (Fig. 5). Similar to mice and 

rats, the Vdss in dogs (0.47 l/kg) was relatively low. In dogs, YH10561 was slowly 

absorbed (Tmax value is 1.7 ±0.3 hours), with an oral bioavailability of 83.8 % 
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(Table 6 & 7). After oral administration, Cmax and AUC values are 9.6 ± 1.0 μg/ml 

and 29.6 ± 2.9 μg.hr/ml, respectively. 
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Table 2. Pharmacokinetic parameters of YH10561 after intravenous injection at a 
dose of 5 mg/kg to mice 

PK parameter 
AUC (µg․hr/ml) Kel T1/2 MRT Vdss Cl 

AUC0-7hr AUC0-inf (1/hr) (hr) (hr) (L/kg) (L/hr/kg) 

YH10561 33.20 40.72 0.26 2.64 2.22 0.33 0.15 
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Fig. 2. Plasma concentration-time profiles of YH10561 after intravenous 
injection to mice (n=4). Each bar represents S.E.M. 
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Table 3. Pharmacokinetic parameters of YH10561 after oral administration at a 
dose of 5, 15, 50 and 150 mg/kg to mice 
 

 

Cmax Tmax AUClast BA 

(µg/ml) (hr) (µg․hr/ml) (%) 

YH10561 5 mg/kg 11.55 0.50 37.01 >100 

15 mg/kg 34.56 0.50 123.40 >100 

50 mg/kg 107.02 0.50 476.92 >100 

150 mg/kg 212.11 1.00 1176.88 >100 
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Fig. 3. Plasma concentration-time profiles of YH10561 after oral 

administration to mice (n=4). Each bar represents S.E.M. 
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Table 4. Pharmacokinetic parameters of YH10561 after intravenous injection at a 
dose of 5 mg/kg to rats 
 

PK par- 

ameter 

AUC (µg․hr/ml) Kel T1/2 MRT Vdss Cl 

AUC0-7hr AUC0-inf (1/hr) (hr) (hr) (L/kg) (L/hr/kg) 

YH10561 6.2±0.4 6.3±0.4 1.4±0.2 0.51±0.06 0.43±0.04 0.35±0.02 0.81±0.06 

 

 

Table 5. Pharmacokinetic parameters of YH10561 after oral administration at a 
dose of 15 mg/kg to rats 
 

PK  

parameter 

Cmax Tmax AUClast BA 

(µg/ml) (hr) (µg․hr/ml) (%) 

YH10561 9.0 ± 1.5 1.5 ± 0.3 19.0 ± 5.1 102 
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Fig. 4. Plasma-time profiles of YH10561 after intravenous and oral 

administration to rats (n=3). Each bar represents S.E.M. 
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Table 6. Pharmacokinetic parameters of YH10561 after intravenous 
injection at a dose of 1 mg/kg to dogs 
 

PK parameter 
AUC (µg․hr/ml) Kel T1/2 MRT Vdss Cl 

AUC0-4hr AUC0-inf (1/hr) (hr) (hr) (L/kg) (L/hr/kg) 

YH10561 2.316 2.600 0.2 3.7 1.1 0.92 0.39 

 

 

Table 7. Pharmacokinetic parameters of YH10561 after oral administration at a 
dose of 15 mg/kg to dogs 
 

PK parameter 
Cmax Tmax AUClast BA 

(µg/ml) (hr) (µg․hr/ml) (%) 

YH10561 9.635 1.7 29.121 83.8 
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Fig. 5. Plasma-time profiles of YH10561 after intravenous and oral 

administration to dogs (n=6). Each bar represents S.E.M. 
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6. Pharmacokinetic properties of YH10561 salt forms are similar in the 

mouse 

Pharmacokinetics of YH10561 and its eight salt-form was compared in mice 

and its results were depicted in table 8 and fig. 6. Pharmacokinetics of all salt 

forms of YH10561 did not considerably different to YH10561 (free base).  

 

7. YH10561 has low drug-drug interaction potential 

The potential for drug–drug interactions of YH10561was examined by in vitro 

CYP inhibition studies in human liver microsomes. IC50 values of CYP isozyme 

activities by YH10561 and other GKA reference drugs were determined with 

adding the specific substrate to the incubation mixture (Table 9). YH10561 

exhibited weak potential of CYP inhibition. The IC50 values for CYP1A2, 

2C9,2C19, 2D6, 3A4 were all above 25 μM. The data, in conjunction with 

potentially low therapeutic concentrations (EC50 value for GK is under 100 nM), 

suggest that YH10561may have a low potential of altering the clearance of other 

co-administered drugs in clinic. 

 

8. Metabolic profiles in mice, rats, dogs, monkeys and human. 

The metabolic profiles of YH10561 in the mouse, rat, dog, monkey and human 

pooled microsomes were investigated (Fig.7). The parent drug YH10561 was 

eluted around 11.5 min and two major metabolites were respectively detected at 
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7.6 and 9.1 min in four species tested but not observed in mouse. Microsomal 

biotransformation pattern of YH10561 showed qualitative similarities of four 

species tested, but differences were observed in the metabolic profiles of the 

mouse. 
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Table 8.  Comparison of YH10561 (free base) and its salt forms. 
Pharmacokinetic parameters were compared after oral administration at 50 mg/kg 
as freebase to mice.  
 

 

Cmax Tmax AUClast 

(µg/ml) (hr) (µg․hr/ml) 

[Batch 1] 
   

Free base 108.5 0.5 317.3 

Hydrochloride salt 95.1 0.5 268.1 

Sulfate slat 105.7 0.5 318.7 

Mesylate salt 110.7 0.5 347.0 

Oxalate salt 125.6 0.5 402.5 

 

 

Cmax Tmax AUClast 

(µg/ml) (hr) (µg․hr/ml) 

[Batch 2] 
   

Free base 100.2 0.5 344.4 

Sodium salt 79.0 1.0 275.6 

Phosphate salt 128.3 0.5 427.1 

Benzenesulfonate salt 100.1 0.5 335.2 

Nitrate salt 132.3 0.5 424.6 
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Fig. 6. Plasma-time profiles of YH10561 and its salts form after oral 

administration to mice (n=4). Each bar represents S.E.M. 
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Table 9. Inhibition of CYP metabolism in human liver microsomes by YH10561 
 

GKA 

compounds 

CYP subtype IC50 (μM) 

1A2 2C9 2C19 2D6 3A4 

YH10561 >25 >25 >25 >25 >25 

GKA-50 >25 >25 >25 >25 >25 

PSN-GK1 >25 6.1 >25 >25 >25 

Ro-28-1675 >25 8.0 >25 >25 >25 
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A. Mouse 

B. Rat 

C. Dog 

D. Monkey 

E. Human 

 

Fig. 7. Extracted ion chromatograms of YH10561 and its oxidative 
metabolites obtained after full-scan data acquisition 
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9. Tissue distribution 

One hour after an intravenous bolus injection of YH10561 (5 mg/kg), it 

distributed all tissues investigated (Fig. 8). The highest concentrations were found 

in the liver, followed by the kidney. Tissue distribution also investigated 2, 4 and 8 

hour after an oral administration of YH10561 at a dose of 100 mg/kg (Fig. 9 & 

10). At one hour, the highest concentrations were found in the liver, followed by 

the stomach. At 8 hour, the highest concentrations were found in stomach, 

followed by liver, small intestine and large intestine. Because most tissue 

concentrations of YH10561 declined by time course, drug accumulation 

possibility is low. Overall, YH10561 distributed highly in the liver but relatively 

low in the pancreas both are target organ of glucokinase activator.  
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Fig. 8. Concentrations of YH10561 in various tissues at 1 hour after an 

intravenous injection at a dose of 5 mg/kg in rats. Each bar represents the mean ± 
SD (n=3). 
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Fig. 9. Concentrations of YH10561 in various tissues at 2, 4 and 8 hour after 

an oral administration at a dose of 100 mg/kg in rats. Each bar represents the 
mean ± SD (n=3). 
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Fig. 10. Each tissue concentration-time profiles of YH10561 after oral 

administration at a dose of 100 mg/kg to rats (n=3). Each point represents Mean 
± S.E.M. 
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Discussion 

YH10561 is a novel glucokinase activator that increases insulin secretion in 

pancreas and inhibits hepatic glucose production. Various preclinical 

pharmacokinetic and in vitro metabolism studies were conducted on YH10561 in 

order to provide a comprehensive profile of this promising compound. The 

obtained knowledge allowed us to take multiple and mechanistic approaches to 

predict human pharmacokinetic parameters and profiles of YH10561. The efforts 

are critical to the drug development program, so that a novel orally bioavailable 

glucokinase activator with an adequate half-life for once-daily dosing and low 

potential for drug-drug interactions could be identified  

In the present study, 40% dimethyl formamide and 0.5% methylcellulose were 

used as vehicles for intravenous and oral administration, respectively. Several 

results of our laboratory suggest that dimethyl formamide and methylcellulose do 

not significantly affect the pharmacokinetics of Yuhan compounds including 

YH10561.  

To predict the metabolic clearance of YH10561 in animals and humans, the 

stability of YH10561 was evaluated first using liver microsomes. As the liver is a 

major metabolism organ in most xenobiotics, unstability in liver microsomes may 

increase the possibility of short half life of the drug. Therefore, YH10561 has 

preferred stability in all tested animal and human liver microsomes . 

In animals, the percentage of dose absorbed for YH10561 is generally high in 
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all tested species and its value was 114–144%, 102% and 84% in mice, rats and 

dogs, respectively. Differently from the consistency in the extent of oral 

absorption, half-life of YH10561 was varied across the species which value was 

2.64. 0.51 and 3.7 hours, respectively. The observed rapid clearances of rats may 

be partially explained by the extrahepatic metabolism and/or elimination of the 

compounds by another mechanism; however, a further study is needed to clarify 

this. However, half-life values of YH10561 in mice and dogs were long, so it is 

reasonable to assume that half-life of YH10561 in humans are long to adequate 

once a daily dose. 

In cytochrome P450 inhibition assays, YH10561 demonstrated little activity, 

with IC50s of > 25 μM with the 5 major CYP isozymes. These in vitro studies 

indicated that the potential for drug–drug interactions of YH10561 was lower in 

clinical trials and its IC50 values is equal to GKA-50 and superior to other tested 

GKA compounds.  

With a wide range of available pharmaceutically acceptable salts, the correct 

choice of salt form and method of production is of a vital importance. Proper 

selection of salts of ionizable compounds could improve the oral exposure or 

stability of the compound (Selbo et al, 2011; Chiang et al, 2009). Since YH10561 

has high oral bioavailability, it is difficult to improve oral absorption by salt 

change. For this reason, this study was conducted to prepare a back-up compound 

(chemical or formulation stability, patent strategy). 
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Drugs entering the body transform to metabolites via Phase I and Phase II 

metabolic pathways. Sometimes, the metabolites formed from Phase I reactions 

are more likely to be chemically reactive or pharmacologically active and, 

therefore, are more likely to need safety evaluation (Baillie et al, 2002).   

If at least drug metabolites are present at adequate exposure levels (equal to or 

greater than human exposure) in the tested species when determined during a 

toxicology test, the contribution of metabolites to the overall toxicity assessment 

can be established. Therefore, the metabolic profile test is important to select 

animal species for toxicity evaluation. Metabolic profiles of YH10561 in rats, 

dogs and humans are similar, therefore, rat and dog is appropriate species to 

evaluate the toxicity of YH10561. 

It is noteworthy that YH10561was higher in the liver than other tissue after 

intravenous and oral administration. Since the liver is one of the most important 

target organ of glucokinase activator (Matschinsky et al, 2011), a high distribution 

of YH10561 in the liver is a strong point to develop YH10561 as a new drug. 

However, the concentration of YH10561 declined rapidly, so the appropriate dose 

regimen must be further considered. 

In the present study, YH10561 was characterized as an orally available 

compound with proper half-life and metabolically stable. It was well distributed in 

all tissues, especially the liver and had a low drug interaction potential. The 

overall preclinical pharmacokinetic profile supported the selection and 

development of YH10561 as a promising clinical candidate for T2DM. 
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Non-clinical safety evaluation of YH10561 
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ABSTRACT 

To evaluate the possible clinical adverse event, the genotoxicity and the in vivo 

rat toxicity study were conducted. YH10561 was not genotoxic in the Ames test or 

micronucleus assays. In the in vivo rat toxicity study, YH10561 was administered 

for single dose to 4 weeks. Our major toxicological findings include efocal 

erosion in the stomach, increase weight of the liver, and decreased weight of testis 

with histological changes. To confirm that toxicological changes in the testis are 

related to GKA pharmacology, histological changes in testis of other glucokinase 

activators and YH10561 were compared. While PSN-GK1 showed similar 

changes in the testis, GKA-50 did not. These data indicate that that testicular 

toxicity of YH10561 is chemical-specific and it can be overcome by developing 

other GKA back-up compounds 
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INTRODUCTION 

The characteristics of type 2 diabetes mellitus (T2DM) include elevated fasting 

plasma glucose, insulin resistance, abnormally elevated hepatic glucose 

production, and reduced glucose-stimulated insulin secretion (Pfefferkorn et al., 

2012). The standard of care for T2DM is metformin, followed by sulfonylureas, 

dipeptidyl peptidase-4 inhibitors, and thiazolidenediones as second line oral 

therapies (Pfefferkorn et al., 2012). As disease progress continuously, the patients 

require injectable agents such as glucagon-like peptide-1 analogs and insulin. 

However, even with these treatment options, many patients fail to adequately 

maintain glycemic control which places them at risk for diabetic complications. 

Thus, there is a growing needs for new pharmacotherapies with improved efficacy 

and safety to help the patients achieve their treatment goals (Coghlan and 

Leighton, 2008). 

Glucokinase activators are a promising new target for the treatment of T2DM. 

GK is the enzyme responsible for the conversion of glucose to glucose-6-

phosphate, and it functions as a key regulator of glucose homeostasis. In the liver, 

GK regulates hepatic glucose production whereas in the pancreas it functions as a 

regulator for beta-cell glucose stimulated insulin secretion (Cardenas, 1995). GK 

is also found in the the glucose sensing neurons in the ventromedial hypothalamus 

where it regulates the counter-regulatory response to hypoglycemia (Dunn-

Meynell et al., 2002). However, two potential clinical concerns arise with the 
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concept of GK activation as a therapy for T2DM. These include the risk of 

hypoglycemia by over-stimulating islet β-cell glucokinase and the increased 

plasma or hepatic triglycerides by over-stimulating liver GK (Matschinsky, 2013).  

In the previous study, we identified YH10561 is a selective and potent full GK 

activator (Chapter 1). Since YH10561 is being developed as a novel GKA 

compound, several preclinical toxicity studies were performed to assess the safety 

of YH10561. 
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MATERIALS and METHOD 

1. Bacterial reverse mutation assay (Ames test) 

Two tester strains of Salmonella typhimurium TA98 and TA100 were used. The 

strains were tested both in the absence and in the presence of metabolic activation 

by an Aroclor 1254 induced rat liver post-mitochondrial fraction (MolTox™ S-9, 

obtained from Molecular Toxicology Incorporated, Boone, NC, USA), in two 

separate experiments. Final plate concentrations of the positive controls in tests 

without metabolic activation were 0.1 μg/ml and 2 μg/ml 2-nitrofluorene. Final 

plate concentrations of positive control for tests with metabolic activation were 5 

μg/ml 2-aminoanthracene. Test concentrations for the study were 5, 10, 25, 50, 

100 and 250 μg/plate. Three independent repeat plate pre-incubation test were 

performed.  

 

2. Animals 

Male ICR mice and SD rats were obtained from OrientBio Inc (Sung-Nam, 

Republic of Korea). Beagle dogs at 6 months of age were obtained from Beijing 

Marshall Biotechnology Co. Ltd. (Beijing, China). Animals were housed on a 12 

h: 12 h light:dark cycle with the lights on at 06:00 h and were fed ad libitum 

except during the experiment. All procedures were carried out in accordance with 

the guidelines of the Institutional Animal Care and Use Committee of Yuhan 

Research Institute 
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3. In vivo micronucleus test in mice 

Male and female ICR mice at 8 weeks old (20–22 g) were used in this study. 

The experiments were carried out according to previously reported study with 

minor modification (Ledebur et al, 1973). For the genotoxic assessment, 

YH10561 was orally administered at a dose of 250, 500 and 1000 mg/kg in male 

and 75, 150, 300 mg/kg in female. High dose was determined by preliminary 

study that no death was observed by drug administration. The animals were 

euthanized by cervical dislocation 24 and 48 h after the administration of 

YH10561, and their bone marrow cells were flushed from both femurs in fetal calf 

serum. After centrifugation (300× g, 5 min), the bone marrow cells were smeared 

on glass slides, coded for blind analysis, air-dried, and fixed with absolute 

methanol for 5 min at room temperature. The smears were stained with Giemsa, 

dibasic sodium phosphate and monobasic sodium phosphate to detect 

micronucleated polychromatic erythrocytes (MNPCE). For each animal, four 

slides were prepared and polychromatic erythrocytes (PCE) were counted to 

determine the frequency of MNPCE using light microscopy. Genotoxicity and 

antigenotoxicity were assessed by the frequency of MNPCE, whereas cytotoxicity 

and anticytotoxicity were evaluated by the PCE and normochromatic erythrocytes 

(NCE) ratio (PCE/NCE).  

 

4. Safety of systemic exposure by single oral administration in rats 

The single doses of YH10561 at the dose of 2000 mg/kg were given orally to 
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male and female Sprague-Dawley rats (112.3~173.4). Animals were observed for 

viability and clinical signs on the day of dosing and daily thereafter for 14 days. 

Body weights were recorded on the day of dosing and day 1, day 3, day 7 and day 

14 after dosing. Macroscopic examinations were performed on day 14 at the time 

of death.  

 

5. Safety of systemic exposure by 14-day consecutive oral administration in 

rats 

To evaluate the sub-chronic toxicity of YH10561 and determine the dose of 28-

day repeated-administration toxicity test, the drug was administered daily via oral 

gavage to rats for 14 days and to assess the reversibility, persistence, or delayed 

occurrence of any effects after a 2-week recovery. The doses chosen for this study 

were based on single oral administration toxicity study and OGTT efficacy study. 

Rats were administered at a dose of 150, 400 and 1000 mg/kg by oral gavage 

daily for 14 days. Doses were based on the most recently recorded body weight. 

Body weights were recorded for all animals once during the predose phase, and 

twice for week during the dosing phase, and for toxicity animals only on Days 1, 

8, and 14 of the recovery phase. Clinical signs were checked twice daily (a.m. and 

p.m.) for mortality, abnormalities, and signs of pain or distress. All animals were 

fasted 18 hours before sacrifice, blood samples for hematology and clinical 

chemistry were collected via abdominal vein under light isoflurane anesthesia. 
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6. Safety of systemic exposure by 28-day consecutive oral administration in 

rats 

To evaluate the chronic toxicity of YH10561, the drug was administered daily 

via oral gavage to rats for 28 days and to assess the reversibility, persistence, or 

delayed occurrence of any effects after a 2-week recovery. The doses chosen for 

this study were based on 14-day repeated oral administration toxicity study and 

OGTT efficacy study. Rats were administered at a dose of 100, 200 and 400 

mg/kg by oral gavage daily for 28 days. Doses were based on the most recently 

recorded body weight. Body weights were recorded for all animals once during 

the predose phase, and before dosing on Days 1, 8, 15, 22, and 28 of the dosing 

phase, and for toxicity animals only on Days 1, 8, and 14 of the recovery phase. 

Clinical signs were checked twice daily (a.m. and p.m.) for mortality, 

abnormalities, and signs of pain or distress. All animals were fasted 18 hours 

before sacrifice, blood samples for hematology and clinical chemistry were 

collected via abdominal vein under light isoflurane anesthesia. 

 

7. Testicular change by GKA compounds in ob/ob mice model 

Eight weeks old ob/ob mice were sorted into groups on the basis of body 

weight and blood glucose levels. The mice were gavaged once a daily with 

YH10561 or other anti-diabetic drugs for 28 days. Histological analysis of testis is 

conducted at 28 days. 
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8. Statistical analysis 

Data were statistically analyzed by Levene’s test. If variance is homogenous, 

one way ANOVA was performed with the following Student’s t-test. If variance is 

heterogenous, Rank-transformation was followed and Levene’s test was re-

performed using transformed data. If variance is homogenous, one way ANOVA 

was performed with the following Student’s t-test. 
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RESULT 

1. Ames test 

The Ames assay was performed to assess the mutagenic potential of YH10561 

in two Salmonella typhimurium strains. No evidence of toxicity was noted in the 

study without pre-incubation or with pre-incubation of S9 fraction (Table 1). The 

mean numbers of revertant colonies on negative control plates were all considered 

within acceptable levels, and the number of revertants was significantly elevated 

by the positive control treatments. So, YH10561 demonstrated no evidence of 

mutagenicity in this assay.  

 

2. In vivo micronucleus test in mice 

Table 2 and table 3 show the results of cytotoxic and genotoxic activities in the 

bone marrow of mice treated with YH10561 based on MNPCE and PCE/NCE 

frequency. As expected, the negative control group (0.5% methylcellulose) 

exhibited low MNPCE frequency, whereas the positive control group showed a 

significant increase in MNPCE compared to the negative control group (p < 0.05), 

confirming the sensitivity of the micronucleus test. In the genotoxicity analysis, 

the groups which received YH10561 exhibited no significant difference compared 

to negative controls in males and females. These results indicate that YH10561 

showed no genotoxic effect. 
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Table1. The number of revertants per plate after pre-incubation with various 
concentrations of YH10561 with (+S9) and without (-S9) metabolic activation. 
 

 

Values are mean, Standard deviation and number of plates, respectively. 

 
 
 
 



９２ 

 

Table 2. The number of PCE, NCE and MNPCEs observed in bone marrow cells 
of male ICR mice after oral administration of YH10561. 
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Table 3. The number of PCE, NCE and MNPCEs observed in bone marrow cells 
of female ICR mice after oral administration of YH10561. 
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3. Safety of systemic exposure by single oral administration in rats 

Single oral doses at 2000 mg/kg of YH10561 caused no lethality in rats. Body 

weight of the group received YH10561 was not different to control group until 14 

days after dosing (Fig. 1).There are no remarkable clinical sign related with drug 

administration. Histological examination was not conducted. 

 

4. Safety of systemic exposure by 14-day consecutive oral administration in 

rats 

14-day repeated oral doses at 150, 400 and 1000 mg/kg of YH10561 caused no 

lethality in rats. Body weights significantly decreased in male and female rats at 

middle and high dose (Fig. 2). There are no remarkable change by drug in 

hematology and clinical biochemistry. In middle and high doses, the weight of 

liver and pancreas was increased by drug administration (Table 4 and Table 5). In 

the histological analysis, there are abnormal change was observed by test drug 

(Table 6). In the female groups of 400 mg/kg and 1000 mg/kg, focal erosion with 

reactive squamous cell hyperplasia was observed at forestomach. In the male 

group of 1000 mg/kg and female group of 400 mg/kg and 1000 mg/kg, focal 

erosion was observed in grandular stomach. There are also histological changes in 

liver and pancreas, but these changes are considered no toxicological meaning. 
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A. Male 

 

B. Female 

 
Fig. 1. Body weight changes in male and female rats by single oral drug 

administration. Significant change by drug administration was not observed. 
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A. Male 

 
B. Female 

 
Fig. 2. Body weight changes in male and female rats by 14 day repeated drug 

administration.  
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Table 4. Noteworthy difference in organ weights compared to control group in 
male rats by 14 day repeated drug administration. Each value represents mean ± 
SD. 
 

Sex

Organ Dose (mg/kg) 0 150 400 1000

Liver Absolute (g) 9.37 ± 0.47 10.82 ± 1.30 10.50 ± 0.69 10.10 ± 1.08

Relative (%) 3.21 ± 0.14 3.81 ± 0.26** 4.20 ± 0.26** 4.54 ± 031**

Pancreas Absolute (g) 1.37 ± 0.10 1.55 ± 0.07 1.53 ± 0.16 1.60 ± 0.14

Relative (%) 0.47 ± 0.04 0.55 ± 0.05 0.61 ± 0.04** 0.72 ± 0.08**

Body weight 292.2 ± 7.3 283.0 ± 18.4 250.4 ± 13.6** 222.3 ± 12.8**

Male

 
 

 

 

Table 5. Noteworthy difference in organ weights compared to control group in 
female rats by 14 day repeated drug administration. Each value represents mean 
± SD. 
 

Sex

Organ Dose (mg/kg) 0 150 400 1000

Liver Absolute (g) 5.76 ± 0.22 6.49 ± 0.42 7.2 ± 0.44* 8.64 ± 1.02*

Relative (%) 3.24 ± 0.16 3.89 ± 0.24* 4.76 ± 0.30** 5.80 ± 0.46**

Pancreas Absolute (g) 0.98 ± 0.17 1.19 ± 0.13 1.30 ± 0.18 1.46± 0.28**

Relative (%) 0.55 ± 0.10 0.71 ± 0.08 0.86 ± 0.10** 0.97 ± 0.13**

Body weight 178.2 ± 7.1 167.2 ± 7.0 151.3 ± 5.1** 148.8 ± 10.6**

Femle
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Table 6. Incidence and severity of remarkable findings in the stomach by 14 day 
repeated drug administration in the rat  
 
Tissue/Finding Sex

Dose (mg/kg) 0 150 400 1000 0 150 400 1000
Number examined 5 5 5 5 5 5 5 5

Forestomach
  Erosion, focal with reactive squamous
  cell hyperplasia, mainly limiting ridge

Total number affected 0 0 0 0 0 0 1 4
Minimal 0 0 0 0 0 0 1 1

Mild 0 0 0 0 0 0 0 3
  Thickening, focal

Total number affected 0 0 0 0 0 0 0 1
Minimal 0 0 0 0 0 0 0 1

Number examined 5 5 5 5 5 5 5 5
Grandular stomach
  Erosion, focal 

Total number affected 0 0 0 1 0 0 1 1
Minimal 0 0 0 1 0 0 1 0

Mild 0 0 0 0 0 0 0 1

Male Female
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5. Safety of systemic exposure by 28-day consecutive oral administration in 

rats 

Twenty eight-day repeated oral doses at 100, 200 and 400 mg/kg of YH10561 

caused no lethality in rats. Body weights significantly decreased in male and 

female rats with dose dependently (Fig. 3). There are no remarkable change by 

drug in hematology and clinical biochemistry. The weight of liver and testis was 

changed by drug administration, and detailed results are showed in Table 7. In the 

histological analysis, there are abnormal change was observed in stomach, testis 

and epididymis by test drug (testis and epididymis are male only). In the groups of 

400 mg/kg in male and female, focal erosion was observed like preceding 2-week 

results (Table 8). In testis, inhibited spermiation, atrophy of seminiferous tubule, 

appearance of multinucleated giant cell, vacuolation, degeneration of 

spermatocyte and spermatid, and proliferation of interstitial cell were observed in 

various dose level (Table 9 and Fig. 4). In epididymis, increased cell debris and 

oligospermia were observed (Table 9) 

 

6. Testicular change by GKA compounds in ob/ob mice model 

To investigate the cause of testicular toxicity in 4 week repeated dose toxicity, 

histological analysis of 4 week repeated dose efficacy study in ob/ob mice was 

conducted. Like the result of rat toxicity, testis toxicity was observed in the group 

of YH10561 and PSK-GK1 dose. However, GKA-50 did not cause testis toxicity 

(Fig. 5). The potency and testis distribution of GKA-50 is not different to other 
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GKAs including YH10561. Therefore, it is considered that the testis toxicity of 

YH10561 is chemical specific toxicity, not mechanism based toxicity.  
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A. Male 

 

B. Female 

 
Fig. 3. Body weight change in male and female rats by 4-week repeated drug 

administration.  
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Table 7. Noteworthy difference in organ weights compared to control group in 
male rats by 4-week repeated drug administration. Each value represents mean ± 
SD. 
 

Sex

Organ Dose (mg/kg) 0 100 200 400

Liver Absolute (g) 11.26 ± 1.28 11.61 ± 0.94 12.56 ± 1.66 12.07 ± 1.56

Relative (%) 3.00 ± 0.15 3.51 ± 0.26* 3.77 ± 0.35** 3.98 ± 026**

Testis Absolute (g) 3.04 ± 0.19 2.90 ± 0.21 2.70 ± 0.31 1.99 ± 0.53**

Relative (%) 0.82 ± 0.11 0.88 ± 0.08 0.81 ± 0.11 0.65 ± 0.14

Body weight 374.2 ± 29.9 331.0 ± 6.6* 332.6 ± 19.9* 303.3 ± 29.6**

Sex

Organ Dose (mg/kg) 0 100 200 400

Liver Absolute (g) 6.43 ± 0.27 6.59 ± 0.52 7.22 ± 0.66 8.47 ± 1.07**

Relative (%) 2.87 ± 0.11 3.14 ± 0.12* 3.62 ± 0.17* 4.56 ± 0.44*

Body weight 224.5 ± 13.0 209.6 ± 15.2 199.2 ± 13.9* 185.3 ± 7.5**

Male

Female

 

 

 

Table 8. Incidence and severity of remarkable findings in the stomach in 4-week 
rat toxicity study 
 
Tissue/Finding Sex

Dose (mg/kg) 0 100 200 400 0 100 200 400
Number examined 5 5 5 5 5 5 5 5

Forestomach
  Erosion/ulcer, limiting ridge

Total number affected 0 0 0 1 0 0 0 2
Minimal 0 0 0 1 0 0 0 0

Mild 0 0 0 0 0 0 0 2
Number examined 5 5 5 5 5 5 5 5

Grandular stomach
  Erosion, focal 

Total number affected 0 0 0 1 0 0 0 2
Minimal 0 0 0 1 0 0 0 1

Mild 0 0 0 0 0 0 0 1

Male Female
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Table 9. Incidence and severity of remarkable findings in the testis and epididymis 
by 4-week repeated drug administration 
 

Tissue/Finding Sex
Dose (mg/kg) 0 100 200 400

Testis
Number examined 5 5 5 5

Appearance, multinucleated giant cell, lumen
Total number affected 0 0 1 4

Minimal 0 0 1 0
Mild 0 0 0 2

Moderate 0 0 0 2
Atrophy, seminiferous tubule

Total number affected 0 0 2 4
Minimal 0 0 2 2

Mild 0 0 0 1
Moderate 0 0 0 1

Degeneration, spermatocyte, spermatid
seminiferous tubule

Total number affected 0 0 3 4
Minimal 0 0 2 0

Mild 0 0 1 0
Moderate 0 0 0 1

Marked 0 0 0 3
Inhibited spermiation

Total number affected 0 2 5 1
Minimal 0 2 2 0

Mild 0 0 3 1
Proliferation, interstitial cell

Total number affected 0 0 0 1
Minimal 0 0 0 1

Vacuolation, seminiferous tubule
Total number affected 0 0 5 5

Minimal 0 0 4 1
Mild 0 0 1 1

Moderate 0 0 0 2
Marked 0 0 0 1

Epididymis
Number examined 5 5 5 5

Increased cell debris, lumen
Total number affected 0 0 5 5

Minimal 0 0 2 1
Mild 0 0 3 4

Oligospermia
Total number affected 0 0 2 4

Minimal 0 0 2 1
Mild 0 0 0 2

Moderate 0 0 0 1

Male
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A. Normal testis 

100 μm
 

B. Drug administered testis (400 mg/kg) 

100 μm

 
Fig. 4 Representative histological changes of testis by YH10561 

administration at 4-week repeated dose toxicity study.  
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A. Control                      B. YH10561 (50 mg/kg) 

 

C. PSN-GK1 (15 mg/kg)           D. GKA-50 (15 mg/kg) 

 

Fig. 5 Testis toxicity of GKAs in ob/ob mouse after 4-week repeated dose 
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Discussion 

Over two decades have passed since the possibility to develop anti-diabetic 

drugs by targeting glucokinase was found. There is a marked expansion in the 

basic knowledge about the biochemistry and biophysics of glucokinase. The 

biological action spectrum of GKAs is fully consistent with the central role of 

glucokinase in glucose homeostasis. GKAs enhance glucose-stimulated insulin 

release and glycogen synthesis, reduce gluconeogenesis in the liver and lower 

blood sugar in normal and diabetic animals. Importantly, initial human trials show 

that GKAs are effective both in normal humans and in the patients with T2DM.  

However, in spite of impressive advances in this area, the development of 

glucokinase activator to anti-diabetic therapy remains a challene. Glucokinase 

activation may cause hypoglycaemia in normal animals and humans because of 

the high control strength of the enzyme in glucose homeostasis(Matschinsky, 

2009). Another risk associated to specific GKAs lies in various side-effects in the 

various tissues which expressed glucokinase (Matschinsky, 2009). 

In the present study, preclinical safety of YH10561, a clinical candidate for 

T2DM, was evaluated. First, the genotoxicity of YH10561 was evaluated using 

the Ames mutagenicity test and the mouse bone marrow micronucleus test. These 

tests are most frequently used and recommended by regulatory agencies for 

determining the genetic risk of various types of compounds (Mortelmans, 2000). 

Based on the results of the Ames test, YH10561 presented a safe profile in the 
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presence or absence of rat S9 fraction. In the micronucleus test, the treatment with 

YH10561 induced no significant increase in MNPCE at 24 h and 48 h, 

demonstrating its safety in mutagenicity with no change in PCE/NCE ratio. These 

results indicate that YH10561 displays a desirable antimutagenic activity in both 

assays applied in this study, Ames and micronucleus tests. 

In acute toxicity studies in rats, the administration of YH10561 was well 

tolerated at single oral doses of 2,000 mg/kg. In 2-week sub-acute toxicity study 

in rats, treatment-related findings were observed in the stomach. In 4-week 

toxicity studies in rats, treatment-related findings were observed in the stomach 

and testis. 

Major histological change in the stomach was focal erosion. However, this 

change is considered to be a result of the physical irritation of compound particle 

rather than the glucokinase activation mechanism. Therefore, it is expected that a 

clinical dose will not raise this problem in human. In rat 4-week toxicology 

studies, YH10561 was shown to epididymal and testicular toxicity; namely 

exfoliated seminiferous epithelial cells and reduced spermatozoa (epididymes) 

and Sertoli cell vacuolation, spermatid retention and mild multifocal epithelial cell 

degeneration (testes) (Fig. 4). 

Therefore, it was necessary to investigate whether these toxicities were caused 

by the glucokinase mechanism or by the chemical substance itself. In order to 

address this issue, the toxicology profiles of YH10561 and other GKA compounds 

were compared in the 4-week ob/ob mouse model. Similarly to the previous result 
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in rat toxicology, YH10561 caused testicular toxicity and similar toxicity was 

observed in the PSN-GK1 treatment. However, GKA-50 did not show any 

testicular toxicity. Since tested GKA compounds have a similar potency and 

testicular concentration (data not shown), it is concluded that testicular toxicity by 

YH10561 is chemical specific and can be overcome by developing other GKA 

back-up compounds. . 

In summary, YH10561 is a potent and selective activator of glucokinase that 

can be developed as a promising clinical candidate for T2DM. The results of the 

preclinical studies with YH10561 suggest that it is a generally safe agent for 

T2DM except for the stomach and testicular toxicity. However this critical 

toxicity halted the development of YH10561 as a clinical candidate. Therefore, 

another structure of the GKA compound development that would cause no 

toxicological signs is needed. 
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CONCLUSION 

 

This study provided evidence that the enzyme GK is a promising target for the 

treatment of T2DM. GKAs promote the catalytic activity of GK and the result of 

clinical trials in humans demonstrated that they are highly useful in the treatment 

T2DM. GKAs increase insulin secretion in pancreatic β cells and inhibits glucose 

production in the liver thereby play a major role in glucose homeostasis by a dual 

mechanism involving improved glucose utilization in the liver and glucose-

dependent insulin secretion in pancreatic β cells.  

YH10561 is a potent and selective GKA developed by Yuhan pharmaceutical 

company. In this study, it is demonstrated that YH10561 can activate GK and 

promote insulin secretion in vitro and results in hypoglycaemic effects in normal, 

DIO and ob/ob mice. The overall efficacy, plus high oral bioavailabilty and low 

drug-drug interaction potential support that YH10561 may be a next generation of 

glucose-lowering therapeutics. In contrast to current using drugs that target a 

single organ, e.g. sulfonylureas (pancreas) or metformin (liver), YH10561 could 

achieve greater efficacy by targeting dual organs in the body. However, YH10561 

showed severe histological and physiological changes of testis in rat toxicity 

studies. Although it is proved that these toxicological findings are not related with 

GK mechanism and related with chemical structure, this critical toxicity halted the 

development of YH10561 as clinical candidates. Therefore another structure of 
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GKA compound development is needed which cause no toxicological sign.  
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국문초록 

제 2형 당뇨병은 글로벌하게 전반적으로 확산되고 있는 만성대사질

환으로, 사회의 고령화 현상과 젊은 층의 비만화 현상으로 인해 당뇨환

자가 급속도로 증가되는 추세를 감안하면 이에 대한 약물의 수요는 매

우 크다. 그러나, 현재 많이 쓰이고 있는 대부분의 치료제는 심각한 부

작용을 가지고 있다. 예를 들어 metformin은 위장장애, sulfonylurea계는 

저혈당 유발과 인슐린 분비능 상실, PPAR 효능제(thiazolidinediones계열)

는 심부전, 빈혈, bone fracture 등의 부작용을 가지고 있다. 포도당인산화

효소(glucokinase)는 hexokinase의 한 아형으로 glucose를 glucose-6-

phosphate로 인산화시키는 혈당 조절과 관련된 새로운 작용 기전으로 간

세포에서 glucose production을 감소시키고 췌장 베타세포에서 인슐린 분

비를 증가시키는 이중으로 작용한다. 따라서 포도당인산화효소 활성제 

(glucokinase activator)는 기존의 당뇨병 치료제보다 부작용이 적은 유용

한 당뇨병 치료제로 생각되고 있다.  

본 연구에서는 유한양행에서 개발한 새로운 포도당인산화효소 활성

제인 YH10561의 약효와 체내동태 그리고 독성을 연구하였다. YH10561

은 포도당인산화효소의 활성을 효과적으로 증가시켰으나 (EC50 = 72.1 ~ 

85.0 nM), 포도당인산화효소로 다른 아형인 hexokinase I, II의 활성에는 

영향을 주지 않았다 ( EC50 > 1 μM ). 또한, In vitro 실험에서 YH10561은 

농도의존적으로 포도당인산화효소의 activity을 증가시켰고, glucose 농도

의존적으로 인슐린 분비를 촉진시켰다 (5 ~ 25 mM). 실험동물에서도 
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YH10561은 정상 C57BL/6 마우스, diet induced obese 마우스, ob/ob 마우스

의 oral glucose tolerance test 실험에서 우수한 약효를 나타내었다.  

YH10561의 약동학적인 특성을 연구한 결과, YH10561은 마우스, 랫

드, 개에 5 ~ 15 mg/kg의 용량으로 경구투여 하였을 때, 각각의 경구흡수

율은 123, 102, 83.8 %로 매우 우수하였다. 혈중반감기는 마우스, 랫드, 

개에 1 ~ 5 mg/kg의 용량으로 정맥투여 하였을 때, 각각 2.6, 0.51 ± 0.06,  

3.7 ± 0.4 시간이었고, 마우스에서 5 ~ 150 mg/kg의 용량으로 경구투여했

을 때, 용량에 비례하여 노출도(systemic exposure)가 증가하는 선형 약동

학적 특징을 보였다. 마우스와 랫드의 분포용적은 0.33~0.35 L/kg으로 적

은 편이었으나, 비글개는 0.92 L/kg으로 중등도의 값을 나타내었다. 또한, 

마우스, 랫드, 비글개와 사람에서 YH10561의 혈장단백결합율은 80~91%

로 높지 않은 편이었다. YH10561은 마우스, 개, 사람의 간 microsome에 

1시간동안 배양하였을 때 각각 27, 17, 39%가 대사되어, 간 약물대사 효

소에 대체로 안정한 편이었으며, 또한, 주요 약물대사효소의 작용을 억

제시키지도 않았다. 이상의 결과를 볼 때, YH10561은 경구흡수율이 높

고 사람에서의 반감기가 길 것으로 예측되며 약물상호작용의 가능성도 

낮아서 임상후보물질로 바람직한 약동학적 특징을 가진 것으로 생각된

다.  

YH10561의 유전독성시험과 전임상 독성 시험에서, YH10561은 

Ames test와 마우스 소핵실험(micronucleus test)에서 ‘음성’ 결과가 나와 

유전 독성의 가능성은 낮은 것으로 판단되었다. 랫드 독성 실험은 단회, 

2주 그리고 4주 반복투여 하여 수행되었으며, 각 시험 결과에 따라 그 
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다음 실험의 용량을 결정하였다. 단회 투여 독성시험에서는 유의할 만

한 독성 증상이 나타나지 않았다. 2주와 4주 반복투여 독성시험에서 주

로 나온 부작용은 위장의 국소 궤양과 간장 중량 증가 그리고 고환에서

의 독성학적 변화였다. 고환에서의 독성학적 변화는 작용기전이 같은 

포도당인산화효소 활정제 중 PSN-GK1은 유사한 독성을 나타내었으나, 

GKA-50은 그 현상이 나타나지 않았다. 따라서, 고환독성은 포도당인산

화효소의 기전적인 독성이라기보다는 YH10561이라는 화합물이 가지는 

특이적인 독성으로 생각된다. 

 

이상의 결과를 종합하여 볼 때, YH10561은 약효가 우수하고 경구 

약물로서 바람직한 체내동태학적 특성을 갖고 있어 제 2형 당뇨병 치료

에 효과적일 것으로 예상되는 전임상 후보물질로 판단된다.. 그러나 후

속 임상시험을 진행하기 전에 독성시험에서 나타난 독성학적 문제들이 

먼저 해결되어야 한다. 이러한 독성학적 변화들은 포도당인산화 효소 

활성제의 기전적 독성이라기보다 개별 화합물 특이적 독성으로 판단되

므로 다른 GKA back-up 화합물을 개발하면 이런 독성은 극복할 수 있

을 것으로 기대된다. 

———————————————————————————————————— 
주요어: 포도당인산화효소, 포도당인산화효소 활성제, 제 2형 당뇨병, 경
구 당내성시험, 전임상 약물 개발, 간, 췌장, 인슐린, 약동학, 약물상호작

용, Ames, 소핵실험, 유전독성, 동물독성시험  
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