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ABSTRACT

Introduction: Endothelial dysfunction is a risk
factor for cardiovascular disease in patients with
diabetes. We hypothesized that imeglimin, a
novel oral hypoglycemic agent, would improve
endothelial function.

Methods: In this study, imeglimin was admin-
istered to patients with type 2 diabetes and
HbAlc > 6.5% who were not receiving insulin
therapy. A meal tolerance test (592 kcal, glucose
75.0g, fat 28.5g) was performed before and
3 months after administration, and endothelial
function, blood glucose, insulin, glucagon, and
triglycerides were evaluated. Endothelial func-
tion was assessed by flow-mediated dilation
(FMD).

Results: Twelve patients (50% male) with a
median age of 55.5years old (interquartile
range [IQR] 51.3-66.0) were enrolled. Fasting
FMD did not differ before or 3 months after
imeglimin administration (from 6.1 [3.9-8.5] to
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6.6 [3.9-9.0], p =0.092), but 2h postprandial
FMD was significantly improved 3 months after
imeglimin administration (from 2.3 [1.9-3.4] to
2.9 [2.4-4.7], p = 0.013). In terms of the glucose
profile, imeglimin administration significantly
improved HbAlc (from 7.2+ 0.6% to
6.9 £ 0.6%, p =0.007), fasting glucose (from
138 £ 19 mg/dL to 128 £ 20 mg/dL, p = 0.020),
and 2h  postprandial  glucose  (from
251 + 47 mg/dL to 215 + 68 mg/dL, p = 0.035).
The change in 2 h postprandial FMD between
before and 3 months after imeglimin adminis-
tration (A2 h postprandial FMD) was negatively
correlated with A2h postprandial glucose
(r=—0.653, p =0.021) in a univariate correla-
tion coefficient analysis. Both patients with and
without decreased postprandial glucose
3 months after imeglimin administration had
improved postprandial FMD.

Conclusion: In this small study, imeglimin
administration improved 2h postprandial
FMD. Both glycemic control-dependent and -
independent mechanisms might contribute to
improved endothelial function.

Trial Registration: This research was registered
in the University Hospital Medical Information
Network (UMIN, UMIN000046311).
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Key Summary Points

Why carry out this study?

Endothelial function is impaired in
diabetes, which leads to an increased
incidence of cardiovascular events.

We investigated whether imeglimin
improved endothelial function by
assessing flow-mediated dilation in
patients with type 2 diabetes.

What was learned from this study?

Imeglimin administration for 3 months
improved 2 h postprandial flow-mediated
dilation.

Imeglimin may have improved
postprandial FMD by lowering
postprandial glucose and impacting
factors unrelated to glycemic control.

This is a small observational study without
a placebo group, and therefore further
studies should verify the positive effects of
imeglimin on endothelial function.

INTRODUCTION

Cardiovascular disease (CVD) is the major cause
of mortality in type 2 diabetes [1]. Hyper-
glycemia, dyslipidemia, and hypertension are
CVD risk factors that contribute significantly to
atherosclerosis [2]. The endothelium plays a
central role in the development of atheroscle-
rosis, and impaired endothelial function
increases the risk of atherosclerotic vascular
events [3]. Endothelial dysfunction results in
impaired synthesis of nitric oxide, which can be
estimated by measuring flow-mediated dilation
(FMD) [4]. Patients with type 2 diabetes show
lower FMD than individuals with normal glu-
cose metabolism [5]. Postprandial FMD is lower
than fasting FMD because endothelial function
is affected by oxidative stress induced by post-
prandial hyperglycemia, hyperinsulinemia, and

hypertriglyceridemia [6-8]. Postprandial FMD
was significantly lower in patients with diabetes
and CVD compared to those with diabetes but
no CVD [9]. Importantly, an intervention that
increased FMD reduced the incidence of CVD
(3].

Imeglimin is a first-in-class novel oral hypo-
glycemic agent (OHA) that improves pancreatic
B-cell function and enhances insulin action in
the liver and skeletal muscle [10]. Imeglimin
improves both insulin resistance and glucose-
stimulated insulin secretion by activating tran-
sient receptor potential melastatin 2 (TRPM2)
[11], which lowers both fasting and postpran-
dial glucose levels for a full day [12-14]. A pre-
vious report showed that imeglimin prevented
hyperglycemia-induced cell death in human
endothelial cells [15]. At the cellular molecular
level, imeglimin modulates mitochondrial
function by reducing reactive oxygen species
(ROS) [10]. Excess ROS due to hyperglycemia
injures endothelial cells, leading to micro- and
macroangiopathy [16]. Sodium-glucose
cotransporter 2 (SGLT2) inhibitors were repor-
ted to directly improve endothelial function by
reducing ROS independently of blood glucose
level [17]. In a rat model of metabolic syn-
drome, imeglimin reduced ROS production and
increased FMD of mesenteric arteries indepen-
dently of glycemic control [18].

However, the effects of imeglimin on human
endothelial function are unknown. We
hypothesized that imeglimin administration
would improve endothelial function, and tested
this hypothesis in this study. The main out-
come was the change in FMD in patients with
type 2 diabetes before and after imeglimin
administration. Secondary outcomes were the
changes in glycemic control, body composition,
blood pressure, hepatic and renal function, lipid
metabolism, and uric acid metabolism.

METHODS

This was a prospective, single-center, observa-
tional study. The study protocol was approved
by the ethics board of the University of Miya-
zaki (Approval No. 0-1074), and it conforms to
the provisions of the Declaration of Helsinki.
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The subjects were patients with type 2 diabetes
(HbAlc > 6.5%) who were aged 20 years or over
and who were not receiving insulin therapy.
Patients unable to take every imeglimin dose
because of adverse effects were excluded from
the analysis. Written informed consent was
obtained from all patients, and imeglimin
2000 mg/day was initiated. None of the patients
changed OHAs for at least 3 months prior to
study entry, and all remained on their original
OHAs until the end of the study. A meal toler-
ance test (MTT), endothelial function test by
FMD, and atherosclerosis assessment by the
cardio-ankle vascular index (CAVI) and ankle-
brachial index (ABI) were performed before and
3 months after imeglimin administration. Body
mass index (BMI), waist circumference, blood
pressure, body composition, and blood tests for
hepatic and renal function, uric acid, and
cholesterol profile were assessed before and 1, 2,
and 3 months after imeglimin administration.
Body composition was analyzed using a multi-
frequency bioelectrical impedance analyzer
(Inbody 720; InBody Japan, Tokyo, Japan) to
measure skeletal muscle (kilograms) and body
fat (kilograms). In terms of diabetic microan-
giopathy, diabetic retinopathy was defined as
simple retinopathy or more advanced
retinopathy according to the Davis classifica-
tion [19]. Diabetic nephropathy was defined as
nephropathy with a urinary albumin/creatinine
ratio of > 30 mg/g-Cr [20]. Diabetic neuropathy
was defined according to the diagnostic criteria
of the Toronto Diabetic Neuropathy Expert
Group [21].

A commercially available test meal (Saraya,
Osaka, Japan) consisting of 75.0g glucose,
28.5 g fat, and 8.0 g protein with a total energy
of 592 kcal was used for the MTT. Patients
underwent a 12 h fast before the MTT, then
consumed the test meal with 200 mL of water
within 15 min. Blood samples were drawn at O,
30, 60, and 120 min before and after the con-
sumption of the test meal to measure the con-
centrations of plasma glucose, insulin,
glucagon, and triglycerides. The areas under the
curve (0-60 min, AUCgp; 0-120 min, AUC;5)
for glucose, insulin, glucagon, and triglycerides
were calculated using a brief trapezoid formu-
lation. Glucose, insulin, glucagon, and

triglyceride concentrations were determined by
a commercial laboratory (SRL, Tokyo, Japan). -
cell function (HOMAZ2-%§8), insulin resistance
(HOMAZ2-IR), and insulin sensitivity (HOMAZ2-
%S) were calculated using the HOMAZ2 calcula-
tor v2.2.3 (https://www.dtu.ox.ac.uk/
homacalculator/). The insulinogenic index was
measured as Ainsulin (0-30 min)/Aglucose
(0-30 min), where insulin and glucose values
were those at fasting and 30 min after the MTT
[22].

Endothelial function was calculated by ana-
lyzing the percentage changes in the FMD
increase in the brachial artery diameter using a
UNEXEF38G semi-automated diagnostic ultra-
sound system (UNEX, Nagoya, Japan), as previ-
ously described [23]. CAVI and ABI were
measured using a Vasera VS-2500 (Fukuda
Denshi, Tokyo, Japan), as previously described
[24].

All data are expressed as the median and
interquartile range (IQR) or the average =+ s-
tandard deviation (SD). We assumed that FMD
increased by 2.0% after imeglimin administra-
tion, with an SD of 2.0%. A minimum sample
size of 10 participants was required to detect
statistical differences in FMD with a power of
80% and an a error of 5%. Data were tested for
distribution using the Shapiro-Wilk normality
test. Comparisons between groups were per-
formed via paired ttest, Wilcoxon signed-rank
test, and two-way analysis of variance (ANOVA)
with Bonferroni’s multiple comparisons test.
The univariate correlation coefficient between
the change in 2 h postprandial FMD before and
3 months after imeglimin administration (A2-
hour postprandial FMD) and the change in each
parameter before and after 3 months of imegli-
min administration were calculated by Spear-
man’s rank correlation coefficient. R version
4.1.2 was used for all analyses. P < 0.05 was
accepted as statistically significant.

RESULTS

Thirteen patients were enrolled in this study
and started imeglimin administration. One
patient was excluded because they exhibited
severe nausea and diarrhea within 2 weeks after
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Table 1 Clinical characteristics of subjects

Variable
Number of patients 12
Male, 7 (%) 6 (50.0)
Age (years) 55.5 (51.3-66.0)
DM duration (years) 6.0 (2.0-9.3)
Diabetes neuropathy, 7 (%) 4 (33.3)
Diabetes retinopathy, 7 (%) 2 (16.7)
Diabetes nephropathy, 7 (%) 3 (25.0)
Alcohol intake, 7 (%) 5 (41.7)
Current smoker, 7 (%) 1(8.3)
History of hypertension, 7 (%) 9 (75.0)
History of dyslipidemia, 7 (%) 7 (58.3)
History of hyperuricemia, 7 (%) 3 (25.0)

(

History of cardiovascular disease, n (%) 1 (8.3)

Diabetes treatment

No OHA 6 (50.0)
DPP4 inhibitor monotherapy 2 (16.7)
SGLT?2 inhibitor monotherapy 2 (16.7)
DPP4 inhibitor and SGLT2 inhibitor 1 (8.3)
Biguanide and glinide 1(8.3)
Values are expressed as median (interquartile range) or
percentage
DM diabetes mellitus, DPP4 dipeptidyl peptidase 4, OHA

oral hypoglycemic SGLT2

cotransporter 2

agents, sodium—glucose

imeglimin administration, and therefore 12
patients were finally analyzed (Table 1). The
median age was 55.5 years (IQR 51.3-66.0),
HbAlcwas 7.2 4+ 0.6%, and BMI was 32.4 kg/m?
(29.8-34.1), indicating greater obesity com-
pared to the general Japanese population with
diabetes mellitus. In terms of former diabetes
treatment, six patients were OHA naive with
only diet therapy, three received dipeptidyl
peptidase 4 (DPP4) inhibitor monotherapy, and
two received SGLT2 inhibitor monotherapy
(Table 1).

Imeglimin administration improved fasting
FMD numerically but not significantly (from 6.1
[3.9-8.5] to 6.6 [3.9-9.0], p = 0.092). However,
2h postprandial FMD was significantly
improved (from 2.3 [1.9-3.4] to 2.9 [2.4-4.7],
p =0.013) (Fig. 1). Neither CAVI nor ABI chan-
ged from before to 3 months after imeglimin
administration. HbAlc significantly improved
3 months after treatment (from 7.2 £ 0.6% to
6.9 £ 0.6%, p = 0.007), and BMI, waist circum-
ference, blood pressure, skeletal muscle mass,
body fat mass, and blood tests for hepatic and
renal function, uric acid, and cholesterol profile
was not changed by imeglimin initiation. The
MTT showed that imeglimin significantly
decreased fasting glucose (from 138 + 19 mg/dL
to 128 £ 20 mg/dL, p = 0.020) and 2-h post-
prandial glucose (from 251 + 47 mg/dL to
215 + 68 mg/dL, p = 0.035), while it increased
fasting insulin (from 11.5 pU/mL to 19.1 pU/
mL, p=0.027) and insulin AUCgy (from
1340 pU/mL-min to 2420 pU/mL-min,
p <0.001) (Fig.2, Table 2). Imeglimin had no
effect on glucagon or triglycerides in the MTT
(Fig. 2). Pre- to postprandial changes in FMD,
glucose, insulin, glucagon, and triglycerides
were not significantly altered by imeglimin
administration (Supplementary Material S1).
A2 h postprandial FMD was negatively corre-
lated with A2h  postprandial glucose
(r= —0.653, p=0.021) in univariate analysis
(Table 3).

Among the 12 patients in this study, nine
exhibited decreased 2h postprandial glucose
3 months after imeglimin administration, while
three did not. These two groups showed statis-
tically similar A2 h postprandial FMD (Table 4).
Regardless of whether patients had microvas-
cular complications, imeglimin administration
did not result in changes in any parameters
(Supplementary Material S2 and S3).

DISCUSSION

We showed here that imeglimin improved
fasting and postprandial glucose and HbAlc. In
addition, postprandial endothelial function was
ameliorated by imeglimin administration. This
is the first report to evaluate changes in
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Fig. 2 Meal tolerance test before and 3 months after imeglimin administration

endothelial function induced by imeglimin
administration. Among OHAs, alpha-glucosi-
dase inhibitors, glinides, DPP4 inhibitors, and
SGLT2 inhibitors were previously reported to
improve FMD in patients with type 2 diabetes
[25-28]. Alpha-glucosidase inhibitors may

increase FMD by improving postprandial
hyperglycemia and dyslipidemia [25]. SGLT2
inhibitors effectively attenuated endothelial
dysfunction independently of glycemic or lipid
control [17]. Decreased postprandial FMD was
affected by excess ROS caused by postprandial
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Table 2 Clinical parameters before and after imeglimin administration

Before imeglimin 3 months after imeglimin P value

Physical examination

Body mass index (kg/m?) 32.4 (29.8-34.1) 323 (29.1-37.0) 0414
Waist circumference (cm) 103.5 (100.7-108.0) 103.8 (99.5-108.5) 0.965
Systolic blood pressure (mmHg) 128 + 14 129 £ 11 0.721
Diastolic blood pressure (mmHg) 7949 81+ 8 0378
Body composition
Skeletal muscle (kg) 26.6 £ 6.7 269 £ 6.7 0.083
Body fat (kg) 341 £ 124 339 £ 122 0.813
Blood tests
HbAlc (%) 72+ 06 69 + 0.6 0.007
Aspartate aminotransferase (U/L) 26 (18-36) 25 (20-53) 0.504
Alanine aminotransferase (U/L) 27 (20-44) 35 (19-44) 0.583
Creatinine (mg/dL) 0.80 (0.62-0.96) 0.77 (0.66-0.92) 0.397
Uric acid (mg/dL) 54+ 1.6 55+ 1.1 0.978
Total cholesterol (mg/dL) 202 + 38 206 + 41 0.715
LDL-C (mg/dL) 123 + 33 128 + 41 0528
Meal tolerance test
Fasting glucose (mg/dL) 138 £ 19 128 + 20 0.020
2 h postprandial glucose (mg/dL) 251 + 47 215 + 68 0.035
Glucose AUCq4y (mg/dL-min) 10,270 £+ 1510 9,600 £+ 1500 0.087
Glucose AUC59 (mg/dL-min) 24,170 £ 3720 22,080 £ 4420 0.059
Fasting insulin (WU/mL) 11.5 (9.7-13.1) 19.1 (9.2-20.9) 0.027
2 h postprandial insulin (WU/mL) 63.4 (42.0-84.7) 57.1 (34.4-64.9) 0.677
Insulin AUCg (LU/mL-min) 1340 (880-2290) 2420 (1660-2990) <0.001
Insulin AUC o (tU/mL-min) 4560 (2850-6550) 4480 (3320-5420) 0.910
Fasting glucagon (pg/mL) 16.6 (14.0-22.1) 20.6 (13.7-38.4) 0.092
2 h postprandial glucagon (pg/mL) 16.0 (12.4-25.8) 20.9 (18.2-42.4) 0.339
Fasting triglycerides (mg/dL) 140 + 66 153 £ 72 0340
2 h postprandial triglycerides (mg/dL) 195 + 73 201 + 81 0.740
Insulinogenic index 1.92 (1.38-6.31) 4.60 (1.32-14.00) 0.176
HOMAB2-%S (%) 59.5 (44.1-77.7) 82.2 (58.1-110.0) 0.129
HOMAS2-% (%) 56.5 (40.0-72.9) 383 (34.3-78.6) 0.424
HOMA2-IR 177 (140-2.57) 2,62 (1.28-2.92) 0.266

Values are expressed as median (interquartile range), average + standard deviation, or percentage

AUC area under the curve, LDL-C low-density lipoprotein cholesterol
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Table 3 Univariate analysis of the relationship between

A2 h postprandial FMD and other variables

r (95% confidence P value
interval)
Asystolic blood 0.137 (— 0.474, 0.672
pressure 0.659)
Adiastolic blood 0.579 (— 0.008, 0.059
pressure 0.865)
AHbAlc — 0.206 (— 0.697, 0.522
0.418)
Afasting glucose — 0.028 (— 0.592, 0.932
0.555)
A2 h postprandial — 0.653 0.021
glucose (— 0.892, — 0.126)
Afasting insulin 0.010 (— 0.503, 0.758
0.637)
A2 h postprandial — 0.530 (— 0.874, 0.076
insulin 0.043)
Afasting glucagon 0.247 (— 0.381, 0.439
0.7719)
A2 h postprandial 0.368 (— 0.261, 0.240
glucagon 0.777)
Afasting triglyceride — 0.027 (— 0.592, 0.934
0.555)
A2 h postprandial — 0.338 (— 0.764, 0.283
triglycerides 0.293)
Aglucose AUCg4p — 0.023 (— 0.589, 0.943
0.558)
Aglucose AUC 50 — 0.388 (— 0.787, 0.231
0.239)
Ainsulin AUCy, — 0442 (— 0.810, 0.150
0.176)
Ainsulin AUC 5 — 0.385 (— 0.785, 0217
0.243)
Afasting FMD 0.432 (— 0.078, 0.059
0.770)

AUC area under the curve, FMD flow-mediated dilation

Table 4 Clinical parameters of patients with and without

improvement of 2 h postprandial glucose 3 months after

imeglimin administration

2 h postprandial glucose P value
Improved Not
(n=29) improved

(n =3)

A2h — 48.0 + 20.0 0.001
postprandial (— 60.0 to (+ 19.0 to
glucose — 28.0) + 35.5)

Number of 1 (11.1) 2 (66.7) 0.127
OHA-naive
patients

Male, 2 (%) 5 (55.6) 1 (333) 1.000

Age (years) 56.0 55.0 0.926

(52.0-66.0)  (52.0-64.5)

DM duration 6.0 (2.0-9.0) 6.0 0.926
(years) (3.5-11.5)

Alcohol intake, 3 (33.3) 1(33.3) 1.000
n (%)

Current 0 (0.0) 1 (33.3) 0.250
smoker, 7 (%)

AHbAlc —05(=07 —0.1(—02 009

to — 0.3) to + 0.1)

A2h ~70 +59(—58 0926
postprandial (— 235 to to + 9.9)
insulin + 15.9)

A2 h +09(—44 +98(—68 0926
postprandial to + 10.0) to + 10.2)
glucagon

A2h + 10.0 — 37.0 0.229
postprandial (— 0.1 to (— 48.0 to
triglycerides + 22.0) + 2.5)

A2h +07(+07 4+05(—01 0304
postprandial to + 1.8) to + 0.7)

FMD

Values are expressed as median (interquartile range) or

percentage

DM diabetes mellitus, FMD flow-mediated dilation, OHA
oral hypoglycemic agent
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hyperglycemia, hyperinsulinemia, and hyper-
triglyceridemia [6-8]. In our study, 2h post-
prandial FMD was significantly increased
3 months after imeglimin administration. A2 h
FMD correlated with A2 h glucose (Table 3),
suggesting that the reduction in 2 h postpran-
dial glucose by imeglimin contributed to the
postprandial improvement in FMD. On the
other hand, postprandial FMD improved even
in patients without decreased postprandial glu-
cose (Table 4). These findings suggested that
imeglimin exerted additional benefits on
endothelial function beyond glycemic control.
In rats, imeglimin improved FMD in the
mesenteric artery by reducing ROS without
modifying plasma glucose levels [18]. Imegli-
min-induced ROS reduction might affect
endothelial function independently of glycemic
control.

Our study also showed that imeglimin sig-
nificantly decreased 2h postprandial glucose,
but had no effect on 2 h postprandial insulin or
glucagon (Fig. 2). Since imeglimin administra-
tion resulted in no significant difference in 2 h
insulin but significantly increased insulin
AUCq, an early postprandial increase in insulin
secretion might be involved in the decrease in
2h postprandial glucose. The early phase of
glucose-induced insulin release was previously
shown to be enhanced by imeglimin via the
TRPM2 channel pathway [11], which is consis-
tent with the present study.

In the assessment of atherosclerosis, there
was no significant difference in CAVI or ABI
before and after imeglimin initiation. FMD was
reported to be more sensitive than ABI and
CAVI for assessing the early phase of
atherosclerosis [29, 30]. Additionally, FMD was
evaluated both before and after the MTT, which
may have captured the improved postprandial
endothelial function associated with imeglimin
administration.

The limitations of our study are as follows.
First, this was a single-center study with a short
observation period, and only a small number of
Japanese patients were enrolled, with no pla-
cebo group. However, this study was able to
identify an improvement in FMD despite the
short 3-month duration of imeglimin adminis-
tration. The results suggest that even brief

treatment with imeglimin improves endothelial
function. Second, this study included a popu-
lation of patients with a relatively short history
of diabetes mellitus (median 6.0 years) and only
mild atherosclerosis. The effect of imeglimin on
severe endothelial dysfunction and atheroscle-
rosis could not be evaluated. Third, the study
did not assess the direct effect of imeglimin on
ROS. However, our data indicated that the
improvement in FMD following imeglimin
administration was not achieved solely by
tightening glycemic control. Further studies are
needed to better characterize the ability of
imeglimin to improve endothelial function.

CONCLUSIONS

In the present study, 2 h postprandial FMD in
patients with diabetes was ameliorated by
3 months of imeglimin administration. Imegli-
min may have improved postprandial FMD by
lowering postprandial glucose and influencing
factors other than glycemic control. These
effects may have a favorable impact on CVD in
patients with type 2 diabetes.
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