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Abstract

Glucokinase activators are regarded as potent candidates for diabetes treatment, however,

in clinical studies on patients with type 2 diabetes, a diminishing efficacy was observed after

chronic treatment with them. The mechanism of this reduction has not been elucidated, and

whether it is a class effect of glucokinase activators remains inconclusive. Here, we firstly

identified a diabetic animal model that shows the diminished efficacy after long-term treat-

ment with MK-0941, a glucokinase activator that exhibited diminished efficacy in a clinical

study, and we analyzed the mechanism underlying its diminished efficacy. In addition, we

evaluated the long-term efficacy of another glucokinase activator, TMG-123. Goto-Kakizaki

rats were treated with MK-0941 and TMG-123 for 24 weeks. The results showed that gly-

cated hemoglobin A1C levels and plasma glucose levels decreased transiently but

increased over time with the continuation of treatment in the MK-0941-treated group, while

decreased continuously in the TMG-123-treated group. Only in the TMG-123-treated group,

higher plasma insulin levels were shown at the later stage of the treatment period. For the

mechanism analysis, we conducted a hepatic enzyme assay and liver perfusion study in

Goto-Kakizaki rats after chronic treatment with MK-0941 and TMG-123, and revealed that,

only in the MK-0941-treated group, the activity of glucose-6-phosphatase was increased,

and hepatic glucose utilization was decreased compared to the non-treated group. These

data indicate that disruptions in hepatic glucose metabolism are involved in the diminished

efficacy of glucokinase activators.

Introduction

Type 2 diabetes is a metabolic disease characterized by chronic hyperglycemia, and the num-

ber of patients experiencing this disease is projected to continue increasing globally [1]. The
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recommended treatment for type 2 diabetes includes exercise, diet, and drug therapy [2].

Although various classes of therapeutic agents are currently utilized for the treatment of diabe-

tes, patients who achieve treatment goals are limited and there remains a continued need for

novel drugs that facilitate such achievement.

Glucokinase (GK) activators are regarded as potent candidates for antidiabetic drugs,

exhibiting a novel mechanism of action. GK is mainly expressed in the liver and pancreas, and

catalyzes the first reaction in glucose metabolism. The affinity of GK for glucose is around the

physiological blood glucose levels, thereby regulating insulin secretion as well as the rate of

hepatic glucose uptake in response to rising blood glucose levels [3–5]. These characteristics

allow GK to act as a glucose sensor and to regulate whole-body glucose homeostasis. There-

fore, activation of GK is expected to be a successful therapeutic strategy for type 2 diabetes [6].

Previous clinical studies have demonstrated the preferable efficacy of GK activators in patients

with type 2 diabetes, however, the efficacy of some GK activators diminished after 8–12 weeks

or longer treatment [7–9]. The mechanism of the diminished efficacy of GK activator treat-

ment has not been elucidated, and whether such diminishing effect is a class effect remains

inconclusive. Diminished efficacy is a crucial problem from the perspective of drug develop-

ment of GK activators as anti-diabetic agents, therefore, it is important to elucidate the mecha-

nism and develop novel candidates that can avoid this reduction.

In the present study, we firstly identified an animal model that shows the diminished effi-

cacy after chronic treatment with MK-0941, a glucokinase activator that exhibited diminished

efficacy in a clinical study, and we analyzed the mechanism of the diminished efficacy in this

model. At the same time, we assessed the maintenance of efficacy of another glucokinase acti-

vator, TMG-123, which is previously demonstrated its potent and durable antidiabetic effects

in animal models of type 2 diabetes [10].

Material and methods

Animals

Male Goto-Kakizaki rats and Wistar rats were obtained from Japan SLC, Inc. (Shizuoka,

Japan). All animals were housed under a 12 h light-dark cycle and were fed ad libitum a CE-2

(CLEA Japan, Inc., Tokyo, Japan), All experimental procedures were approved by the Animal

Care and Use Committee of Teijin Institute for Bio-Medical Research. All efforts were made to

minimize suffering. All surgeries were performed under anesthesia by intraperitoneal injection

of 50 mg/kg sodium pentobarbital (Somnopentyl; Kyoritsu Seiyaku Corporation, Tokyo,

Japan). These laboratory animal facilities were accredited by the Center for Accreditation of

Laboratory Animal Care and Use, Japan Health Sciences Foundation (Certification Number:

13–066, 15–051, 16–066).

Chronic treatment study

Goto-Kakizaki rats at 7 weeks of age were fed for a maximum of 24 weeks with CE-2, CE-2

containing 0.1% MK-0941 (chemical structure shown in the previous report [11], compound

synthesized in NARD CHEMICALS, LTD. (Osaka, Japan) and pellets made in CLEA Japan,

Inc.), or powder CE-2 containing 0.2% TMG-123 (chemical structure shown in Fig 1, com-

pound synthesized and powder mixed with rocking mill in Teijin Pharma Limited. (Tokyo,

Japan)), and Wistar rats at 7 weeks of age were fed for a maximum of 24 weeks with CE-2.

Blood was sampled for the measurement of hemoglobin A1C (HbA1c) levels (measured at

9:00 only), plasma glucose levels (at 9:00 before treatment and at 9:00 and 21:00 in the treat-

ment period), and plasma insulin levels (at 9:00 before treatment and at 9:00 and 21:00 in the

treatment period) every 4 weeks. HbA1c levels were measured by DCA Vantage Analyzer
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(Siemens Japan, Tokyo, Japan), plasma glucose was measured by Glucose CII-Test Wako

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and plasma insulin was mea-

sured by High-sensitive Measurement Kit for Insulin (Morinaga Institute of Biological Sci-

ence, Inc., Kanagawa, Japan).

Liver perfusion study

At 20 weeks in the chronic treatment study, hepatic glucose utilization, uptake, and production

were evaluated by the liver perfusion study with uniformly 13C-labeled glucose ([U-13C]-glu-

cose) in accordance with the previous report [12]. Rats were anesthetized and the peritoneal

cavity was opened. Thirty units of heparin Na (Nipro Corporation, Osaka, Japan) was injected

into the inferior vena cava, and simultaneously the blood was sampled for the measurement of

plasma glucagon by Glucagon ELISA kit (Mercodia, Uppsala, Sweden). After heparin injec-

tion, the left branch of the portal vein was ligated. Subsequently, the portal vein and the infra-

hepatic inferior vena cava were cannulated. Rats were euthanized by exsanguination with

perfusion of 5 mmol/L D-glucose in Krebs-Henseleit bicarbonate buffer (KHBB) (118.5

mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl2, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4,

24.9 mmol/L NaHCO3, 33˚C) bubbled with 95% O2/5% CO2 via the portal vein under anesthe-

tization. After confirmation of death, the suprahepatic inferior vena cava was ligated and the

right lateral lobe of the liver was perfused via the portal vein at a flow rate of 6 mL/min (3 mL/

min/g liver) for 30 minutes as the stabilization period with 5 mmol/L D-glucose in KHBB bub-

bled with 95% O2/5% CO2. Following, the perfusate was switched to 5 mmol/L [U-13C]-glu-

cose in KHBB bubbled with 95% O2/5% CO2. The effluent perfusates were collected as

measurement samples from the inferior vena cava. The glucose concentrations of collected

samples were measured by a Glucose CII-Test Wako. Glucose utilization was calculated from

the difference in the glucose concentration between baseline perfusate and effluent perfusate.

After measuring the abundance ratio of [U-12C]-glucose and [U-13C]-glucose in these perfus-

ates by Gas Chromatography/Mass Spectrometry, glucose uptake was determined as the

decrease of [U-13C]-glucose concentration and glucose production was determined as the

increase of [U-12C]-glucose concentration from baseline perfusate to effluent perfusate.

Fig 1. Chemical structure of the glucokinase activator TMG-123.

https://doi.org/10.1371/journal.pone.0265761.g001
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Hepatic enzyme assay

At 20 weeks in the chronic treatment study, rats were sacrificed under anesthesia in the liver

perfusion study, and liver was collected and immediately frozen with liquid nitrogen. The liver

was homogenized at 4˚C in Takara Biomasher Standard (Takara Bio INC, Shiga, Japan) con-

taining homogenization buffer (50 mmol/L HEPES, 5 mmol/L MgCl2, 100 mmol/L KCl, 1

mmol/L EDTA, 1% triton-X, Protease inhibitor cocktail (Sigma-Aldrich, MO, USA)). The

lysate was centrifuged with 12000 g and supernatant was collected for GK enzyme assay. The

assay method for hepatic GK activity essentially described by Desai [13]. GK activity was esti-

mated as the difference in phosphorylation activity when samples assayed at 100 mmol/L and

0.5 mmol/L glucose. For the Glucose-6-phosphatase (G6Pase) assay, the supernatant was cen-

trifuged 105000 g and decant lysate were diluted with Cacodylic acid buffer (50 mmol/L Caco-

dylic acid-HCl, 2 mmol/L EDTA, pH6.5). The assay method for G6Pase activity essentially

described by Burchell [14]. The samples were incubated with 150 mmol/L Glucose-6-phos-

phate solution for 10 minutes at 30˚C and G6Pase activity was estimated as the amount of

phosphate after incubation.

Statistical analysis

Statistical analysis was performed using SAS software version 9.2 (SAS Institute Inc., Cary,

NC, USA). Data are expressed as mean + SEM or mean ± SEM in each figure. The statistical

significance of differences was assessed using two-tailed Student’s t-test and the Aspin-Welch

test for single comparisons. Differences were considered significant when p values were< 0.05

in all tests.

Results

Chronic treatment study of GK activators in Goto-Kakizaki rats

First, we treated Goto-Kakizaki rats with MK-0941 and TMG-123 for 24 weeks (Fig 2). At

baseline, there were no significant differences between the Control, MK-0941, and TMG-123

groups in HbA1c, plasma glucose, and plasma insulin levels (S1 Fig). Four weeks after the

beginning of treatment, HbA1c levels of both MK-0941 and TMG-123 groups decreased in

comparison with the Control group and reached lower levels than the Normal group (Fig 2A).

However, with the continuation of treatment, HbA1c levels gradually increased in the MK-

0941 group, and at 24 weeks, the MK-0941 group and the Control group did not show signifi-

cantly different HbA1c levels. Conversely, HbA1c levels did not change substantially through-

out the treatment period in the TMG-123 group, and at 24 weeks, the TMG-123 group showed

significantly lower HbA1c levels compared to the Control group. Similarly, 4 weeks after the

beginning of treatment, both MK-0941 and TMG-123 groups exhibited plasma glucose-lower-

ing effects compared to the Control group, and plasma glucose levels of both groups reached

lower levels than the Normal group (Fig 2B). However, with the continuation of treatment,

plasma glucose levels markedly increased from 8 to 12 weeks in the MK-0941 group, and at 24

weeks of treatment, MK-0941 and Control groups did not show significantly different plasma

glucose levels. Conversely, plasma glucose levels did not change considerably throughout the

treatment period in the TMG-123 group, and at 24 weeks, the TMG-123 group showed signifi-

cantly lower plasma glucose levels compared to the Control group. Based on the results of the

MK-0941 group, the diminished efficacy after chronic treatment with MK-0941 was shown in

Goto-Kakizaki rats. As TMG-123 sustained its efficacy for 24 weeks in this animal model, a dif-

ference in the durability of efficacy between the two GK activators was demonstrated.
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In this study, plasma insulin levels in the MK-0941 group were significantly higher or

tended to be higher than those in the Control group at 8 and 12 weeks, but similar to those in

the Control group after 16 weeks (Fig 2C). Plasma insulin levels in the TMG-123 group were

significantly higher or tended to be higher than those in the Control group after 8 weeks.

Mechanism analysis of diminished efficacy

Next, we assessed the hepatic enzyme activity of GK and G6Pase, a rate-limiting enzyme of glu-

coneogenesis that counteracts GK, in Goto-Kakizaki rats after chronic treatment with GK activa-

tors. Hepatic GK activities in the MK-0941 and TMG-123 groups were significantly greater than

those in the Control group at 20 weeks of treatment (Fig 3A). Conversely, compared to the Con-

trol group, the MK-0941 group also had significantly greater hepatic G6Pase activity, whereas

the TMG-123 group showed similar activity (Fig 3B). These results indicate that increased

hepatic G6Pase activity contributes to diminished efficacy after chronic MK-0941 treatment.

GK activators have been reported to exert glucose-lowering effects by enhancing hepatic

glucose utilization [10, 11]. To further investigate hepatic glucose metabolism after chronic

Fig 2. HbA1c, plasma glucose and plasma insulin levels in the chronic treatment study. Time course of (a) HbA1c level, (b) plasma glucose level, and (c)

plasma insulin level during the chronic treatment study. Normal; Wistar rats, Control; Goto-Kakizaki rats fed normal diet, n = 7–8. �p< 0.05, NS = not

significant.

https://doi.org/10.1371/journal.pone.0265761.g002
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treatment with GK activators, we conducted a liver perfusion study and assessed hepatic glu-

cose utilization. As a result, the MK-0941 group exhibited significantly lower glucose utiliza-

tion than the Control group (Fig 4A). In contrast, glucose utilization in the TMG-123 group

was similar to that in the Control group. These results suggest that chronic treatment with

MK-0941 causes a decrease in hepatic glucose utilization, which is involved in its diminished

efficacy.

Fig 3. GK and G6Pase activity in the liver after 20-week treatment with GK activators. (a) GK activity and (b) G6Pase activity at week 20 of

the chronic treatment study. Normal; Wistar rats, Control; Goto-Kakizaki rats fed normal diet, n = 7–8. �p< 0.05, NS = not significant.

https://doi.org/10.1371/journal.pone.0265761.g003

Fig 4. Glucose utilization, uptake, and production after 20-week treatment with GK activators. (a) Glucose utilization, (b) glucose uptake,

and (c) glucose production was evaluated with the liver perfusion study at week 20 in the chronic treatment. Normal; Wistar rats, Control; Goto-

Kakizaki rats fed normal diet, n = 5–7. �p< 0.05, NS = not significant.

https://doi.org/10.1371/journal.pone.0265761.g004
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Hepatic glucose utilization was determined as the difference between the hepatic glucose

uptake and production [12]. We analyze the hepatic glucose uptake and production by perfus-

ing [U-13C]-glucose. As a result, the MK-0941 group tended to exhibit lower glucose uptake

and higher glucose production compared to the Control group (Fig 4B and 4C). Conversely,

glucose uptake and production in the TMG-123 group were similar to those in the Control

group (Fig 4B and 4C). These results indicate that decreased hepatic utilization in the MK-

0941 group after chronic treatment is attributed to both hepatic glucose uptake decrease and

hepatic glucose production increase.

Discussion

A clinical trial of MK-0941 in patients with type 2 diabetes showed that blood glucose control

significantly improved at week 14, but this improvement did not continue until week 30 [7].

The average HbA1c level of the patients enrolled in this study was around 9%, showing that

the average plasma glucose levels were around 240 mg/dL [15]. It is worth noting that the

patients received insulin therapy, indicating that they exerted both insulin resistance and

decreased insulin secretion. In the present study, we examined the maintenance of plasma glu-

cose-lowering effects with a 24-week MK-0941 treatment in Goto-Kakizaki rats, a diabetes

model whose average plasma glucose levels were similar to the patients in the clinical study,

around 240 mg/dL (Fig 2B), and exhibited both insulin resistance and decreased insulin secre-

tion [16, 17]. Results showed that both HbA1c and plasma glucose levels decreased from 4

weeks to 8 weeks of treatment, which reached lower levels than the Normal group, but began

to increase thereafter and were similar to the Control group at 24 weeks. These results demon-

strated that the diminished efficacy of MK-0941 observed in the clinical study was shown in a

diabetic animal model. There have been no models reported that show the diminishing effi-

cacy after long-term treatment with GK activators, therefore, this model is useful for the mech-

anistic analysis of diminished efficacy. In this model, TMG-123 continuously decreased

HbA1c and plasma glucose levels until 24 weeks. These findings indicate that the diminished

efficacy of GK activators after long-term administration is not common for all compounds.

To analyze the mechanism of the diminished efficacy of MK-0941, we conducted a hepatic

enzyme activity assay, focusing on hepatic GK protein itself and hepatic G6Pase, which coun-

teracts GK. Hepatic GK activities in the MK-0941 and TMG-123 groups were greater than

those in the Control group. Conversely, hepatic G6Pase activity in the MK-0941 group was

greater than that in the Control group, whereas it was similar in the TMG-123 group.

Although it is difficult to discuss quantitatively the results of these enzyme assays because they

are independent assays, GK activity of TMG-123 group was relatively dominant to G6Pase

activity compared to Control and MK-0941 group; the differences between GK and G6Pase

activity were similar in Control and MK-0941 groups, approximately 0.18 nmol/min/mg liver

higher in G6Pase assay, while being relatively small in the TMG-123 group, approximately

0.10 nmol/min/mg liver higher in G6Pase assay (Fig 3). Although hepatic GK activities

increased in both MK-0941 and TMG-123, G6Pase activity increase in the MK-0941 group

may lead to different results of diminished efficacy. Previous studies showed that treatment

with glucokinase activators induced hepatic gene expression of G6Pase (G6pc) in hepatocytes

and animal models [18, 19], which is consistent with our results in the MK-0941 group. Since

these studies indicated that glucose metabolites and carbohydrate response element binding

protein are involved in the increase in G6pc expression, it is possible that the glucose metabo-

lites increased or transcription factors activated by chronic treatment with MK-0941 exerted a

feedback mechanism, resulting in an induction of G6Pase expression and diminished efficacy.
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Hepatic perfusion experiments in Goto-Kakizaki rats treated with GK activators for 20

weeks showed that glucose utilization was markedly decreased in the MK-0941 group com-

pared to the Control group. In this hepatic perfusion experiment, glucose uptake and glucose

production were estimated using 13C-labeled glucose as a tracer. Results showed that glucose

uptake tended to decrease, and glucose production tended to increase in the MK-0941 group.

Based on these findings, it was postulated that chronic treatment with MK-0941 induces an

imbalance between glucose uptake and glucose production, which results in a decrease in the

hepatic glucose utilization, thereby leading to an attenuation of the plasma glucose-lowering

effect. Conversely, hepatic glucose utilization in the TMG-123 group was similar to that in the

Control group, indicating that disruption of hepatic glucose metabolism did not occur after

chronic treatment with TMG-123. In the perfusion study, 13C-labeled glucose is taken up in

the liver and converted to 13C-labeled glucose-6-phosphate by GK, and 13C-labeled glucose-

6-phosphate is converted to 13C-labeled glucose by G6Pase, which is then released into the

effluent perfusate. Therefore, substantial glucose uptake decreases when G6Pase activity is

high. Although the result of high GK activity in the MK-0941 group appears to be inconsistent

with the results of the decreased hepatic glucose uptake in the MK-0941 group, relatively high

G6Pase activity in the MK-0941 group may result in low substantial glucose uptake and high

glucose production.

GK activators are reported to enhance insulin secretion and decrease blood glucose levels

[6]. A previous report showed that mice with an activating genetic modification of GK in the

pancreatic β cells transiently exhibit a marked decrease in blood glucose, however, this effect

does not continue as pancreatic β cell apoptosis occurs due to glucotoxicity, leading to an

increase in blood glucose to a level similar to that of normal mice [20]. It has also been

reported in a primary rat islet cell culture system that the induction of GK activators under

hyperglycemic conditions triggers pancreatic β cell apoptosis [21]. Based on these findings, it

has been assumed that the diminished efficacy was caused by the attenuation of insulin secre-

tion by MK-0941 or the impairment of pancreatic β cells. In the present study, plasma glucose

levels in the MK-0941 group markedly increased from 8 to 12 weeks (Fig 2B), and the dimin-

ished efficacy was presumed to occur during this period. Thus, we focused on whether the

trend in plasma insulin levels changed during the same period in the same animals. At both 8

and 12 weeks, the plasma insulin level was greater in the MK-0941 group than in the Control

group (Fig 2C), indicating that a trend in plasma insulin levels was not changed. These results

indicate that the reduction of insulin secretion by MK-0941 as well as pancreatic β cell apopto-

sis is not the main reason for the diminished efficacy of MK-0941 in Goto-Kakizaki rats.

In this study, chronic treatment with MK-0941 and TMG-123 resulted in different out-

comes in terms of the maintenance of efficacy. While the slight difference in the glucose levels

at 4–8 weeks between the TMG-123 and the MK-0941 group might have caused these different

outcomes (Fig 2B), the glucose levels of both groups were lower than those of the Normal

group, indicating that the duration of efficacy of the two GK activators was assessed under the

condition that the efficacy was sufficient for the two GK activators to act as antidiabetic drugs.

The levels of plasma glucagon, known to be secreted in response to hypoglycemia and stimu-

late gluconeogenesis, in both the MK-0941 and TMG-123 groups were not elevated compared

with those in the Control group at week 20 of the chronic treatment (S2 Fig), suggesting that

they do not have pharmacological effects on glucagon secretion. Furthermore, the plasma glu-

cose levels in the MK-0941 group increased above the hypoglycemic range and reached levels

similar to those in the Control group at a later stage of the treatment period (Fig 2B). Although

plasma glucagon levels could not be evaluated throughout the treatment period, these data sug-

gest that glucagon secretion as a pharmacological effect of GK activators or metabolic adapta-

tions may not be involved in the diminished efficacy. Regarding different outcomes in
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duration of efficacy, we considered two possible reasons from the perspective of sustained effi-

cacy of TMG-123. First, TMG-123 did not cause the disruption of hepatic glucose metabolism.

Previous studies indicated that the treatment with GK activators leads to numerous changes in

hepatic glucose metabolism [22] and the effects of GK activators on GK protein conformation,

GK-glucokinase regulatory protein interaction, and glycogen phosphorylase are different

based on their chemical structure [23, 24], suggesting that the effects on hepatic glucose metab-

olism differ for each GK activator. To elucidate the precise mechanism of the diminished effi-

cacy of GK activators, further investigation focused on the differences in the effects on glucose

metabolism between MK-0941 and TMG-123 will be required. Second, plasma insulin levels

of the TMG-123 group were increased at a later stage of the treatment period (Fig 2C). In our

previous report, TMG-123 was shown to exert a glucose-lowering effect without affecting insu-

lin levels in the diabetic animal models including Goto-Kakizaki rats [10]. This is consistent

with the results of this study indicating that plasma glucose levels decreased without an

increase in plasma insulin levels in the TMG-123 group at week 4 (Fig 2B and 2C). Therefore,

the increase of plasma insulin levels at a later stage of the treatment period may be occurred

due to the restoration of the function of pancreatic β cells which were caused by the protection

from glucotoxicity rather than the effect of TMG-123 on the pancreatic β cells. This restoration

might have contributed to the further glucose-lowering effect of TMG-123 at the later stage of

the treatment period. Recently, other antidiabetic agents have been reported to improve pan-

creatic β cell function in patients with type 2 diabetes by lowering the plasma glucose concen-

tration [25, 26], suggesting that the reduction in plasma glucose levels by therapeutic

intervention results in the improvement of the β cell function in type 2 diabetes. Thus, GK acti-

vators that sustain glucose-lowering effects can also be expected to improve the function of

pancreatic β cells in patients with type 2 diabetes.

In this study, we firstly identified the diabetic animal model that shows the diminished effi-

cacy by long-term treatment with GK activator and found that disruptions in hepatic glucose

metabolism may be involved in the diminished efficacy of GK activators. Glucokinases that do

not exhibit disruptions in hepatic glucose metabolism and maintain higher insulin levels, such

as TMG-123, are expected to sustain their efficacy after long-term treatment.
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3. Iynedjian PB, Möbius G, Seitz HJ, Wollheim CB, Renold AE. Tissue-specific expression of glucokinase:

identification of the gene product in liver and pancreatic islets. Proc Natl Acad Sci U S A. 1986; 83

(7):1998–2001. https://doi.org/10.1073/pnas.83.7.1998 PMID: 3515342

4. Matschinsky FM. Glucokinase as glucose sensor and metabolic signal generator in pancreatic beta-

cells and hepatocytes. Diabetes. 1990; 39(6): 647–652. https://doi.org/10.2337/diab.39.6.647 PMID:

2189759

5. Ferre T, Riu E, Bosch F, Valera A. Evidence from transgenic mice that glucokinase is rate limiting for

glucose utilization in the liver. FASEB J. 1996; 10(10): 1213–1218. https://doi.org/10.1096/fasebj.10.

10.8751724 PMID: 8751724

6. Matschinsky FM. Assessing the potential of glucokinase activators in diabetes therapy. Nat Rev Drug

Discov. 2009; 8(5): 399–416. https://doi.org/10.1038/nrd2850 PMID: 19373249

7. Meininger GE, Scott R, Alba M, Shentu Y, Luo E, Amin H, et al. Effects of MK-0941, a novel glucokinase

activator, on glycemic control in insulin-treated patients with type 2 diabetes. Diabetes Care. 2011; 34

(12): 2560–2566. https://doi.org/10.2337/dc11-1200 PMID: 21994424

8. Wilding JP, Leonsson-Zachrisson M, Wessman C, Johnsson E. Dose-ranging study with the glucoki-

nase activator AZD1656 in patients with type 2 diabetes mellitus on metformin. Diabetes Obes Metab.

2013; 15(8): 750–759. https://doi.org/10.1111/dom.12088 PMID: 23464532

9. Kiyosue A, Hayashi N, Komori H, Leonsson-Zachrisson M, Johnsson E. Dose-ranging study with the

glucokinase activator AZD1656 as monotherapy in Japanese patients with type 2 diabetes mellitus. Dia-

betes Obes Metab. 2013; 15(10): 923–930. https://doi.org/10.1111/dom.12100 PMID: 23522182

10. Tsumura Y, Tsushima Y, Tamura A, Hasebe M, Kanou M, Kato H, et al. TMG-123, a novel glucokinase

activator, exerts durable effects on hyperglycemia without increasing triglyceride in diabetic animal

models. PLoS One. 2017; 12(2): e0172252. https://doi.org/10.1371/journal.pone.0172252 PMID:

28207836

11. Eiki J, Nagata Y, Futamura M, Sasaki-Yamamoto K, Iino T, Nishimura T, et al. Pharmacokinetic and

pharmacodynamic properties of the glucokinase activator MK-0941 in rodent models of type 2 diabetes

and healthy dogs. Mol Pharmacol. 2011; 80(6):1156–1165. https://doi.org/10.1124/mol.111.074401

PMID: 21937665

12. Tsumura Y, Tsushima Y, Tamura A, Hasebe M, Kobayashi T. Ex Vivo Method to Simultaneously Evalu-

ate the Glucose Utilization, Uptake, and Production in Rat Liver. Anal Sci. 2019; 35(4):455–460. https://

doi.org/10.2116/analsci.18P427 PMID: 30643097

13. Desai UJ, Slosberg ED, Boettcher BR, Caplan SL, Fanelli B, Stephan Z, et al. Phenotypic correction of

diabetic mice by adenovirus-mediated glucokinase expression. Diabetes. 2001; 50(10): 2287–2295.

https://doi.org/10.2337/diabetes.50.10.2287 PMID: 11574410

14. Burchell A, Hume R, Burchell B. A new microtechnique for the analysis of the human hepatic micro-

somal glucose-6-phosphatase system. Clin Chim Acta. 1988; 173(2): 183–191. https://doi.org/10.

1016/0009-8981(88)90256-2 PMID: 2837351

15. Rohlfing CL, Wiedmeyer HM, Little RR, England JD, Tennill A, Goldstein DE. Defining the relationship

between plasma glucose and HbA(1c): analysis of glucose profiles and HbA(1c) in the Diabetes Control

PLOS ONE Disruptions in hepatic glucose metabolism are involved in the diminished efficacy with glucokinase activator

PLOS ONE | https://doi.org/10.1371/journal.pone.0265761 March 21, 2022 10 / 11

http://www.diabetesatlas.org
https://doi.org/10.2337/dc18-S008
https://doi.org/10.2337/dc18-S008
http://www.ncbi.nlm.nih.gov/pubmed/29222379
https://doi.org/10.1073/pnas.83.7.1998
http://www.ncbi.nlm.nih.gov/pubmed/3515342
https://doi.org/10.2337/diab.39.6.647
http://www.ncbi.nlm.nih.gov/pubmed/2189759
https://doi.org/10.1096/fasebj.10.10.8751724
https://doi.org/10.1096/fasebj.10.10.8751724
http://www.ncbi.nlm.nih.gov/pubmed/8751724
https://doi.org/10.1038/nrd2850
http://www.ncbi.nlm.nih.gov/pubmed/19373249
https://doi.org/10.2337/dc11-1200
http://www.ncbi.nlm.nih.gov/pubmed/21994424
https://doi.org/10.1111/dom.12088
http://www.ncbi.nlm.nih.gov/pubmed/23464532
https://doi.org/10.1111/dom.12100
http://www.ncbi.nlm.nih.gov/pubmed/23522182
https://doi.org/10.1371/journal.pone.0172252
http://www.ncbi.nlm.nih.gov/pubmed/28207836
https://doi.org/10.1124/mol.111.074401
http://www.ncbi.nlm.nih.gov/pubmed/21937665
https://doi.org/10.2116/analsci.18P427
https://doi.org/10.2116/analsci.18P427
http://www.ncbi.nlm.nih.gov/pubmed/30643097
https://doi.org/10.2337/diabetes.50.10.2287
http://www.ncbi.nlm.nih.gov/pubmed/11574410
https://doi.org/10.1016/0009-8981%2888%2990256-2
https://doi.org/10.1016/0009-8981%2888%2990256-2
http://www.ncbi.nlm.nih.gov/pubmed/2837351
https://doi.org/10.1371/journal.pone.0265761


and Complications Trial. Diabetes Care. 2002; 25(2):275–8. https://doi.org/10.2337/diacare.25.2.275

PMID: 11815495

16. Koyama M, Wada R, Sakuraba H, Mizukami H, Yagihashi S. Accelerated loss of islet beta cells in

sucrose-fed Goto-Kakizaki rats, a genetic model of non-insulin-dependent diabetes mellitus. Am J

Pathol. 1998; 153(2): 537–545. https://doi.org/10.1016/s0002-9440(10)65596-4 PMID: 9708813

17. Farese RV, Standaert ML, Yamada K, Huang LC, Zhang C, Cooper DR, et al. Insulin-induced activation

of glycerol-3-phosphate acyltransferase by a chiro-inositol-containing insulin mediator is defective in

adipocytes of insulin-resistant, type II diabetic, Goto-Kakizaki rats. Proc Natl Acad Sci USA. 1994; 91

(23):11040–11044. https://doi.org/10.1073/pnas.91.23.11040 PMID: 7972005

18. Al-Oanzi ZH, Fountana S, Moonira T, Tudhope SJ, Petrie JL, Alshawi A, et al. Opposite effects of a glu-

cokinase activator and metformin on glucose-regulated gene expression in hepatocytes. Diabetes

Obes Metab. 2017; 19(8):1078–1087. https://doi.org/10.1111/dom.12910 PMID: 28206714

19. Ford BE, Chachra SS, Alshawi A, Brennan A, Harnor S, Cano C, et al. Chronic glucokinase activator

treatment activates liver Carbohydrate response element binding protein and improves hepatocyte ATP

homeostasis during substrate challenge. Diabetes Obes Metab. 2020; 22(11):1985–1994. https://doi.

org/10.1111/dom.14111 PMID: 32519798

20. Tornovsky-Babeay S, Dadon D, Ziv O, Tzipilevich E, Kadosh T, Schyr-Ben Haroush R, et al. Type 2 dia-

betes and congenital hyperinsulinism cause DNA double-strand breaks and p53 activity in β cells. Cell

Metab. 2014; 19(1): 109–121. https://doi.org/10.1016/j.cmet.2013.11.007 PMID: 24332968

21. Roma LP, Duprez J, Jonas JC. Glucokinase activation is beneficial or toxic to cultured rat pancreatic

islets depending on the prevailing glucose concentration. Am J Physiol Endocrinol Metab. 2015; 309

(7): E632–E639. https://doi.org/10.1152/ajpendo.00154.2015 PMID: 26264555

22. Nissim I, Horyn O, Nissim I, Daikhin Y, Wehrli SL, Yudkoff M, et al. Effects of a glucokinase activator on

hepatic intermediary metabolism: study with 13C-isotopomer-based metabolomics. Biochem J. 2012,

444(3):537–51. https://doi.org/10.1042/BJ20120163 PMID: 22448977

23. Thilagavathi R, Hosseini-Zare MS, Malini M, Selvam C. A comprehensive review on glucokinase activa-

tors: Promising agents for the treatment of Type 2 diabetes. Chem Biol Drug Des. 2022; 99(2): 247–

263. https://doi.org/10.1111/cbdd.13979 PMID: 34714587

24. Egan A, Vella A. TTP399: an investigational liver-selective glucokinase (GK) activator as a potential

treatment for type 2 diabetes. Expert Opin Investig Drugs. 2019; 28(9):741–747. https://doi.org/10.

1080/13543784.2019.1654993 PMID: 31398075

25. Merovci A, Mari A, Solis-Herrera C, Xiong J, Daniele G, Chavez-Velazquez A, et al. Dapagliflozin lowers

plasma glucose concentration and improves beta-cell function. J Clin Endocrinol Metab. 2015; 100

(5):1927–32. https://doi.org/10.1210/jc.2014-3472 PMID: 25710563

26. Al Jobori H, Daniele G, Adams J, Cersosimo E, Solis-Herrera C, Triplitt C, et al. Empagliflozin Treat-

ment Is Associated With Improved β-Cell Function in Type 2 Diabetes Mellitus. J Clin Endocrinol Metab.

2018; 103(4):1402–1407. https://doi.org/10.1210/jc.2017-01838 PMID: 29342295

PLOS ONE Disruptions in hepatic glucose metabolism are involved in the diminished efficacy with glucokinase activator

PLOS ONE | https://doi.org/10.1371/journal.pone.0265761 March 21, 2022 11 / 11

https://doi.org/10.2337/diacare.25.2.275
http://www.ncbi.nlm.nih.gov/pubmed/11815495
https://doi.org/10.1016/s0002-9440%2810%2965596-4
http://www.ncbi.nlm.nih.gov/pubmed/9708813
https://doi.org/10.1073/pnas.91.23.11040
http://www.ncbi.nlm.nih.gov/pubmed/7972005
https://doi.org/10.1111/dom.12910
http://www.ncbi.nlm.nih.gov/pubmed/28206714
https://doi.org/10.1111/dom.14111
https://doi.org/10.1111/dom.14111
http://www.ncbi.nlm.nih.gov/pubmed/32519798
https://doi.org/10.1016/j.cmet.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24332968
https://doi.org/10.1152/ajpendo.00154.2015
http://www.ncbi.nlm.nih.gov/pubmed/26264555
https://doi.org/10.1042/BJ20120163
http://www.ncbi.nlm.nih.gov/pubmed/22448977
https://doi.org/10.1111/cbdd.13979
http://www.ncbi.nlm.nih.gov/pubmed/34714587
https://doi.org/10.1080/13543784.2019.1654993
https://doi.org/10.1080/13543784.2019.1654993
http://www.ncbi.nlm.nih.gov/pubmed/31398075
https://doi.org/10.1210/jc.2014-3472
http://www.ncbi.nlm.nih.gov/pubmed/25710563
https://doi.org/10.1210/jc.2017-01838
http://www.ncbi.nlm.nih.gov/pubmed/29342295
https://doi.org/10.1371/journal.pone.0265761

