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Abstract.  – OBJECTIVE: We aimed to assess 
the efficacy and safety of oral glucokinase acti-
vator (GKA) in the treatment of type 2 diabetes 
mellitus (T2DM). 

MATERIALS AND METHODS: We searched 
and collected randomized controlled trials 
(RCTs) of glucokinase activators in the treat-
ment of T2DM from PubMed, ClinicalTrails, Co-
chrane Library, Web of Science, and CNKI data-
bases. Revman5.3 software was used to do the 
meta-analysis, and the Cochrane tool was used 
to evaluate the risk of bias in the included RCTs.

RESULTS: Seven double-blind RTCs were in-
cluded in the final analysis, with a total of 762 pa-
tients. For the efficacy, the meta-analysis found 
that GKAs lowed the levels of fasting blood glu-
cose (FPG) (mean difference -0.71, 95% CI: -1.11 
to -0.31, based on 459 patients from 5 works of lit-
erature) and glycated hemoglobin (HbA1c) (mean 
difference: -0.65%, 95% CI: -0.82 to -0.48, based 
on 570 patients from 4 works of literature). Sub-
group analysis showed GKAs combined with 
metformin, but not used alone, reduced the lev-
els of FPG. In terms of safety, GKAs did not affect 
the total rate of adverse events (AEs). GKAs did 
not affected the risks of diarrhea (RR 1.59, 95% 
CI: 0.7 to 3.65,  p =0.26), headache (RR 0.96, 95% 
CI: 0.41-2.21, p =0.60), and nausea (RR 2.23, 95% 
CI: 0.55-9.12,  p =0.24), but they increased the risk 
of hypoglycemia (RR 1.81, 95% CI: 1.35 to 2.42, p 
<0.0001, based on 570 patients from 4 literatures). 

CONCLUSIONS: Oral GKAs combined with 
metformin has an evident hypoglycemic effect 
on T2DM, and they seem to be relatively good 
tolerant. Further clinical studies are still neces-
sary to explore its long-term efficacy and safety.
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event; BID: twice a day; CI: Confidence interval; FPG: 

Fasting plasma glucose; GKA: Glucokinase activator; 
GK: Glucokinase; HbA1c: Glycated hemoglobin; PD: 
Pharmacodynamics; PK: Pharmacokinetics; QD: Once a 
day; RR: Relative risk; T2DM: Type 2 diabetes mellitus.

Introduction

Type 2 diabetes mellitus (T2DM) is character-
ized by a chronic hyperglycemic state due to de-
creases in insulin secretion and sensitivity1. Com-
plications caused by poor blood glucose control 
are the main hazards. Increasing studies2-4 have 
shown that high-risk diseases such as heart and 
cerebrovascular diseases are closely related to 
poor blood glucose control. More than 400 mil-
lion adults worldwide live with diabetes, which 
causes excess mortality, morbidity, and substan-
tial economic cost. The cost of diabetes treat-
ment worldwide is estimated at more than $800bn 
(£636bn; €709bn) per year, which is still increas-
ing2,5,6. According to the American Diabetes As-
sociation (ADA) “Standards of Medical Care in 
Diabetes--2020)”, metformin is considered to be 
the first-line drug for T2DM patients and a basic 
drug for combined treatment. If the blood glucose 
control by metformin fails to meet standards, oth-
er hypoglycemic drugs are required to minimize 
the risk of cardiovascular events and death in pa-
tients1. Despite these therapies and several other 
available classes of agents, only 52.5% of patients 
achieve glycemic control7. Therefore, novel drugs 
and treatment strategies are still needed to achieve 
glycemic control and reduce side-effects8. 

Glucokinase (GK)4,9,10, one of the four hexoki-
nases, catalyzes the phosphorylation of glucose to 
glucose-6-phosphate in the presence of ATP and 
Mg2+. GK mainly exists in islet alpha/beta-cells, 
hepatocytes, glucose-sensitive ventromedial hy-
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pothalamic neurons, gastrointestinal K/L-cells, 
and pituitary gonadotropins; it functions as a key 
controller of glucose metabolism11,12. In the pan-
creas, GK serves as a ‘glucose sensor’ controlling 
the threshold for GSIS in beta-cells. In hepato-
cytes, GK is stored in the nucleus as a GK-glu-
cokinase regulatory protein (GKRP) complex8. 
Hepatocellular GK plays an integral role in glu-
cose homeostasis and offers a potential therapeu-
tic target for the treatment of T2DM12. According 
to different organs activated by GK, glucokinase 
activators (GKAs) can be divided into two types: 
pancreas liver double activators and liver-selec-
tive activators. Since Grimsby et al13 from Roche 
Company discovered the first synthetic GKA in 
2003, more than 20 small molecule GKAs have 
participated in phase I and II clinical trials. Al-
though many clinical trials have assessed the abil-
ity of GKAs to regulate blood glucose, the effec-
tiveness and safety of GKAs are still unclear14. For 
example, Meininger et al15 had shown that GKAs 
can significantly improve glycated hemoglobin 
(HbA1c) and 2-hour postprandial blood glucose. 
Moreover, GKAs are significantly associated with 
the increase of hypoglycemia, triglycerides, and 
systolic blood pressure, but they had no signifi-
cant effect on fasting plasma glucose (FPG)15. 
However, Vella et al16 found that GKAs have a 
good hypoglycemic effect without adverse effects 
such as hypoglycemia, dyslipidemia, and hyper-
tension. Thus, the efficacy and safety of GKAs for 
the treatment T2DM are still obscure.

Therefore, our study aims to systematically as-
sess the efficacy and safety of GKAs in patients 
with T2DM. Meanwhile, we had also evaluated 
the impact of different types of GKAs on hypo-
glycemic events.

Materials and Methods

Literature Search
Two authors (Y. Q. and K. W.) independently 

performed a systematic search of PubMed, Web 
of Science, Clinical Trials.gov, and Cochrane 
Library for English-language studies up to May 
30, 2020. Comprehensive searching was conduct-
ed using the terms: “glucokinase activator” and 
“type 2 diabetes”. We also performed a system-
atic search of the Chinese National Knowledge 
Infrastructure (CNKI) (http://www.cnki.net/) for 
Chinese-language studies. Our study is registered 
on PROSPERO (CRD42020188517) and conduct-
ed according to the PRISMA (Preferred Report-

ing Items for Systematic Reviews and Meta-Anal-
yses) guidelines. 

Selection Criteria and Identification of 
Studies

The following criteria were adopted: (1) Clinical 
randomized control trials (RCTs) aiming to study 
using glucokinase activator for treatment of T2DM; 
(2) Participants were adults (aged ≥18 years) at any 
risk of diabetes, including healthy adults and those 
with diagnosed diabetes; (3) BMI between 19·0 
kg·m-2 and 35·0 kg·m-2; (4) There were no other 
treatment factors except metformin in the combined 
treatment group and the control group.

We excluded the following articles: (1) patients 
enrolled by a clinical diagnosis of type 1 diabe-
tes; a severe cardiovascular event within 6 months 
before the study; any type of malignancy; uncon-
trolled high blood pressure; (2) The data was in-
complete or reported repeatedly; (3) Articles not 
comparing the GKAs to placebo in T2DM.

Study inclusion, data extraction, and assess-
ment of the risk of bias were conducted inde-
pendently in duplicate. To assess the risk of bias 
of included trials, we used the Cochrane risk of 
bias tool to assess the methodological quality of 
the eligible trials14. We considered trials to be at 
low summary risk of bias if we judged random-
ization, allocation concealment, blinding of par-
ticipants, personnel, and outcome assessors to be 
adequate. On the contrary, we considered them to 
be at medium or high risk of bias.

Data Extraction
Two authors (Y. Q. and K. W.) independent-

ly reviewed studies to extract potentially eligi-
ble studies. Any discrepancies were resolved by 
consensus with the corresponding authors. The 
main outcomes (reduction of FPG and HbA1c) for 
each study were extracted or calculated, and the 
adverse events (AEs) were collected. For consis-
tency, we collected all per-protocol analysis data. 
The clinical characteristics of each study were al-
so summarized.

Quality Assessment
To further quantify the literature quality evalu-

ation, Modified Jadad Score17 has been used to as-
sess reported randomization, blinding, withdraw-
als, dropouts, inclusion/exclusion criterion, AEs 
and the statistical analysis with a maximum score 
of 7 points in Supplementary Table I. Low-qual-
ity studies yielded scores of 0-3, and high-quality 
studies achieved scores of 4-7. In addition, to as-
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sess publication bias, Egger’s test and Begg’s fun-
nel plot would be performed if necessary. RevMan 
and GradePRO software were used to assess risk 
from compliance problems and attention bias.

Statistical Analysis
A comprehensive meta-analysis was performed 

to calculate relative risk (RR) or mean difference 
and their 95% confidence interval (CI) by Revman 
5.3. Statistical heterogeneity was assessed by Co-
chran’s Q statistic and the I2 statistic. The fixed-ef-
fects model was used to pool studies when statisti-
cal heterogeneity was absent and when substantial 
heterogeneity was defined as I2 >50% or Chi-
squared test p <0.1; otherwise, the random-effects 
model was employed. For individual trials with no 
events in one or both groups, a continuity correc-
tion of 0.5 was added to each cell18,19.

Results

RCT Selection
The study selection process is depicted in Fig-

ure 1. Finally, seven independent, double-blind, 
randomized, controlled trials (a total of 762 pa-
tients) were included in the current meta-analy-
sis15,16,20-24. All the seven trials were of high quali-
ty with modified Jadad scores ≥4. The seven trials 
are multi-center clinical trials, among which 3 of 
them15,20,22 are transnational multicenter trials. The 
category of GKA was different among the 7 trials, 
including MK-094115, AZD165620, LY259950621, 
PF-0493731922, RO438962023, HMS555224, and 
TTP39916. In addition, the identification of HbA1c 
is used as the inclusion criteria in all 7 studies, 
and the absence of glutamic acid decarboxylation 
antibody at admission is used to exclude patients 

Figure 1. Flow diagram of the study selection process.
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in the treatment regimen. As shown in Figure 3, 
we found that the combination of metformin and 
GKAs reduced the FPG compared with the place-
bo group (mean difference -0.72, 95% CI: -1.12 to 
-0.31, p =0.0006). However, the effect of GKAs 
alone on FPG was not significant (mean differ-
ence -0.52, 95% CI: -2.57 to 1.53, p =0.62).

Besides, four trails15,20-22 reported a decrease of 
HbA1c after 60-120 days, which indicates the sta-
bility of blood glucose control during the study 
period. As shown in Figure 4, the efficacy of oral 
GKAs on the HbA1c was comparable between 
GSK and placebo groups (difference in means 
-0.65, 95% CI: -0.82 to -0.48, p <0.00001). These 

with type 1 diabetes. All 7 trials are placebo-con-
trolled. The details of the included studies are 
summarized in Table I. Details of the modified 
Jadad scale for each study are provided in Sup-
plementary Table II.

Efficacy
Among these included trails, five trails20-24 pro-

vided the main outcome of FPG after 2-120 days 
of treatment. As shown in Figure 2, GKAs re-
duced the FPG compared with the placebo group 
(mean difference -0.71, 95% CI: -1.11 to -0.31, p 
=0.0005). And we performed a subgroup anal-
ysis based on whether metformin was included 

Figure 2. Forest plot of the efficacy of GKAs and PLACEBO on the level of FPG in T2DM patients (difference from baseline 
mean). 95% CI: 95% confidence interval. Weight%: weight coefficient.

Figure 3. Forest plot of the efficacy of GKAs alone or combined with metformin on the level of FPG in T2DM patients (dif-
ference from baseline mean). 95% CI: 95% confidence interval. Weight%: weight coefficient.

Figure 4. Forest plot of the efficacy of GKAs and PLACEBO on HbA1c (difference from baseline mean). 95% CI: 95% con-
fidence interval. Weight%: weight coefficient.

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-10119.pdf
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data indicate that GKAs has a relatively stable ef-
ficacy on blood glucose control during the study 
period.

Safety
Four included trials reported the AEs during 

the trial phase15,16,20,24, and 307 out of a total of 605 
patients had at least one AE. As shown in Figure 
5, GKAs did not increase the incidence of at least 
one AE significantly compared with placebo (RR 
1.11, 95% CI: 0.95 to 1.3, p =0.19). Of note, GKAs 
increased the incidence of hypoglycemic events 
(RR 1.181, 95% CI: 1.35 to 2.42, p <0.0001), but 
did not increase the relative risk of headache (RR 
1.3, 95% CI: 0.49 to 3.43, p =0.60), diarrhea (RR 
1.64, 95% CI: 0.69 to 3.87, p =0.26), and nausea 
(RR 2.65, 95%CI: 0.53 to 13.26, p =0.24).

Then, we did further subgroup meta-analy-
sis according to the type of GKAs. As shown in 
Figure 6, we found that there was no significant 
difference in the risk of hypoglycemia between 
GKAs (liver-selective activator) and placebo (RR 
1.59, 95% CI: 0.58 to 4.39, p =0.37), but GKAs 
(pancreas liver double activator) did increase the 
risk (RR 1.84, 95% CI: 1.36 to 2.49, p <0.0001). In 
GKAs (pancreas liver double activator) subgroup 
analysis, there was heterogeneity (I2 >50%); it 
seems that there are significant differences in 
the effectiveness and incidence of hypoglycemia 
among different types of GKAs.

Quality of Evidence
Most of the findings were supported by high 

certainty evidence. Table II shows the GRADE 
summary of findings for FPG, HbA1c, Total AEs, 
Hypoglycemia, Headache, Diarrhea, and Nausea.

Discussion

Although metformin can effectively inhibit the 
secretion of glycogen in the liver and increase the 
sensitivity of peripheral tissue to insulin, about 
30% of patients of T2DM are still troubled by 
poor glycemic control or adverse reactions. Our 
meta-analysis showed that: (1) Compared with 
placebo, both GKAs alone and combined with 
metformin could effectively reduce FPG and gly-
cosylated hemoglobin in patients of T2DM; (2) 
Compared with placebo, GKAs alone or com-
bined with metformin, did not affect the incidence 
of total AEs, though GKAs combined with met-
formin increased the incidence of any hypoglyce-
mic events. Thus, our results suggest GKAs may 
help metformin to better regulate blood glucose 
and seems to be with good tolerance.

Some previous studies15,25 have shown that the 
effective duration of GKAs is relatively short. 
In this study, we included studies with short-
term treatment (2 days) and mid-term treatment 
(4 months). The pooled data showed that GKAs 
was effective in the treatment of T2DM compared 
with the placebo-controlled group, and there was 
no significant heterogeneity. Therefore, GKAs 
may reduce FPG and HbA1c in patients with 
T2DM in the short to mid-term. Moreover, our 
study shows that the combination of GKAs may 
help patients, who still have poor glycemic con-
trol after taking metformin, better control their 
blood glucose. Of note, in the study of Zhang et 
al21, the combination of GKAs and metformin 
could effectively reduce FPG and HbA1c in the 
patients with poorly controlled blood glucose by 
metformin, suggested that GKAs can effectively 

Table I. Details of included studies.

 Number of patients +                              GKAs 
   Metformin   Frequency Following Modified 
    min Drug Dose cy up Jadad
Study Placebo GKAs (Y/N) name (mg d-1)  days score

Meininger et al15 2011 114 118 Y MK-0941 40 QD 60 7
Wilding et al20 2013 88 91 Y AZD1656 10-140 titration 120 7
Zhang et al21 2013 22 15 N LY2599506 200 BID 90 4
Amin et al22 2015 61 61 Y PF-04937319 100 QD 84 4
Zhi et al23 2016 12 7 N RO4389620 400 BID 2 4
Zhu et al24 2018 53 49 Y HMS5552 150 BID 84 7
Vella et al16 2019 48 42 Y TTP399 800 QD 180 7

 

+Metformin: Metformin in combination; GKAs: Glucokinase Activator drugs; Y/N: YES/NO; mg·d-1: mg·day-1; QD: once a 
day; BID: twice a day. The included references: Meininger et al 2011; Wilding et al 2013; Zhang et al 2013; Amin et al 2015; Zhi 
et al 2016; Zhu et al 2018; Vella et al 2019.
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help metformin adjust blood glucose by regulat-
ing GK. At the same time, earlier use of combina-
tion therapy to prolong the duration of drug effect 
is also consistent with the direction of ADA dia-
betes treatment guidelines1.

Regarding safety, the main side effect of met-
formin was a gastrointestinal reaction, including 
nausea, vomiting, and diarrhea. Our analysis 
showed that the combination of GKAs and met-
formin did not significantly increase the risk of 
gastrointestinal related AEs, such as nausea and 
diarrhea, but it increased the risk of hypogly-
cemia. Our subgroup analysis showed that du-
al-acting allosteric GKAs increased the risk of 

hypoglycemia compared with the control group; 
however, liver-selective GKAs did not. Zhu et al24 
have showed that the new liver-selective GKA 
(Dorzagliatin), which avoids the reduction of GK 
targeting in the pancreas, has no risk of hypogly-
cemia. Meanwhile, another study26 showed that 
the incidence of hypoglycemia in GKAs could 
be effectively reduced by adjusting the affinity 
between GK and substrate. Nevertheless, some 
other studies have shown that GKAs (pancreas 
liver double activator) also bring the risk of hy-
poglycemia and increased triglycerides. Zhai et 
al27 showed that GKAs (pancreas liver double 
activator) combined with other diabetes drugs in-

Figure 5. Forest plot of the rates of AEs after placebo and GKAs treatment in T2DM patients. The value of 0.5 was added when 
there were no events. GKAs: glucokinase activator drugs. 95% CI: 95% confidence interval. Weight%: weight coefficient.
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Figure 6. Forest plot of rate of hypoglycemia in liver selective activator (GKA) and pancreas liver double activator (GKA) 
treated subgroups of T2DM patients. 95% CI: 95% confidence interval. Weight%: weight coefficient.

Table II. Quality of evidence.

Outcomes

N. of 
participants  

(studies) 
Follow-up 

Certainty of 
the evidence 

(GRADE)

Relative effect 
(95% CI)

Anticipated absolute effects

Risk with 
[placebo]

Risk difference with 
[GKAs]

FPG (FPG) 355 
(5 RCTs) 

⨁⨁⨁� 
MODERATE a - The mean FPG 

was 0 SD 
MD 0.71 SD lower 

(1.11 lower to 0.31 lower) 

HbA1c 370 
(4 RCTs) 

⨁⨁⨁� 
MODERATE a - The mean hbA1c 

was 0 SD 
MD 0.65 SD lower 

(0.82 lower to 0.48 lower) 

Total AEs 605 
(4 RCTs) 

⨁⨁⨁�
MODERATE a

RR 1.11 
(0.95 to 1.30) 482 per 1,000 53 more per 1,000 

(24 fewer to 145 more) 

Hypoglycemia 840 
(5 RCTs) 

⨁⨁⨁� 
MODERATE a

RR 1.81 
(1.35 to 2.42) 109 per 1,000 89 more per 1,000 

(38 more to 155 more) 

Headache 501 
(3 RCTs) 

⨁⨁⨁� 
MODERATE a

RR 1.30 
(0.49 to 3.43) 28 per 1,000 8 more per 1,000 

(14 fewer to 68 more) 

Diarrhea 501 
(3 RCTs) 

⨁⨁⨁� 
MODERATE a

RR 1.64 
(0.69 to 3.87) 32 per 1,000 20 more per 1,000 

(10 fewer to 92 more) 

Nausea 267 
(2 RCTs) 

⨁⨁⨁� 
MODERATE a

RR 2.65 
(0.53 to 13.26) 15 per 1,000 24 more per 1,000 

(7 fewer to 182 more) 
*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the 
relative effect of the intervention (and its 95% CI).  
CI: Confidence interval; MD: Mean difference; RR: Risk ratio 

GRADE Working Group grades of evidence 
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect 
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but 
there is a possibility that it is substantially different 
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect 
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the 
estimate of effect 

a. The category and dose of GKAs varied in all the trials.
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crease the risk of hypoglycemia. Wilding et al20 
showed that GKAs (pancreas liver double activa-
tor) increased by 18-22% in randomized patients 
receiving titrated AZD1656 (GKA) 4 months in 
the main study population. Therefore, the safety 
of GKAs may need further evaluation, especially 
for hypoglycemia and triglycerides.

Although we included high-quality trials, sev-
eral limitations in our meta-analysis remain to 
be noted as follows: (1) The number of included 
studies is limited, and only groups with higher 
dose and frequency of administration are includ-
ed in each study, which may lead to the risk of 
selection bias; (2) There are other interference 
factors because of the study design of each study 
is different, such as the type and dosage of GKAs 
(MK-0941/AZD1656, etc.) and the time point or 
follow-up of FPG and HbA1c evaluation; (3) The 
long-term efficacy and safety of GKAs are still 
unclear.

Conclusions

Compared with placebo, oral GKAs alone or 
combined with metformin seems to be effective 
and relatively safe for the treatment of T2DM. 
These results indicate that oral GKAs can be con-
sidered as a monotherapy or a combination ther-
apy with metformin for T2DM patients. Further 
clinical studies are warranted to explore the long-
term efficacy and safety of GKAs.
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