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ABSTRACT

Introduction: Imeglimin is a novel antidiabetic
drug that amplifies glucose-stimulated insulin
secretion (GSIS) and improves insulin sensitiv-
ity. Several randomized clinical studies have
shown the efficacy of imeglimin for glycemic
control in patients with type 2 diabetes (T2D).
We aimed to evaluate the short-term effects and
safety of imeglimin in terms of glycemic con-
trol, as assessed by intermittently scanned con-
tinuous glucose monitoring (isCGM).
Methods: This retrospective and observational
study of 32 patients who were administered
imeglimin in addition to existing treatment
regimens was designed to evaluate glycemic
profiles. The patients were monitored for more
than 4 weeks, including the day of starting
imeglimin. The changes in glycemic indices,
including mean glucose level, coefficient of
variation (CV), time in range (TIR) and time
above range (TAR), before and after imeglimin
administration were analyzed, and data on
adverse effects were collected by interview.
Results: Imeglimin  administration  signifi-
cantly improved the mean values of glucose
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(from 159.0 £ 27.5 mg/dL to 141.7 £+ 22.1 mg/
dL; p<0.001), TIR (from 67.9 + 17.0% to
79.5 £ 13.3%; p<0.001) and TAR (from
29.4 + 17.5% to 17.9 + 13.7%; p < 0.001) and
tended to improve CV (from 29.0 + 6.1 to
27.4 +£5.58; p=0.058). The curves of 24-h
mean glucose level for all 32 subjects were
shifted downward from the baseline after ime-
glimin administration. The high mean glucose
level, high TAR, low TIR, low body mass index
and low C-peptide were related to the efficacy of
imeglimin for glycemic control. The main
adverse effects were gastrointestinal disorders,
and the incidence of hypoglycemia was
increased in cases receiving a combination of
imeglimin plus insulin or a glinide agent.
Conclusion: Imeglimin clearly shifted the daily
glucose profile into an appropriate range in
Japanese T2D patients, indicating improvement
of short-term glycemic control. Imeglimin is
thought to be a promising therapeutic agent for
T2D patients, especially those with a low insulin
secretory capacity, which is a common pheno-
type in East-Asian subjects with glucose
intolerance.
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Key Summary Points

Why carry out this study?

There are limited data on the prescribing
of imeglimin for patients with type 2
diabetes (T2D) in clinical practice.

Evaluation of the short-term effects and
safety of imeglimin in terms of glycemic
control would provide important clinical
information.

What was learned from the study?

Imeglimin clearly shifted the daily glucose
profile into an appropriate range.

The curves of 24-h mean glucose level
were shifted downward from the baseline
after imeglimin administration.

Imeglimin is a promising therapeutic
agent for T2D patients, especially those
with a low insulin secretory capacity,
which is a common phenotype in East
Asians.

INTRODUCTION

Type 2 diabetes (T2D) is caused by pancreatic -
cell dysfunction and insulin resistance resulting
in the development of chronic hyperglycemia.
To ameliorate poor glycemic control, several
diabetic medications are currently applied in
clinical practice, and new drugs are being
developed which act through novel mecha-
nisms to modify glucose metabolism. Imegli-
min is a new oral antidiabetic drug and is the
first member of a class of tetrahydrotriazine-
containing compounds [1]. The main target of
imeglimin is correction of mitochondrial dys-
function by modulating respiratory chain
complex activities while decreasing reactive
oxygen species production [2]. Imeglimin has
been shown to amplify glucose-stimulated
insulin secretion by improving the p-cell glu-
cose response and to ameliorate insulin

sensitivity in T2D patients [3]. A clinical trial
showed that imeglimin treatment for 7 days
clearly increased glucose-stimulated insulin
secretion during hyperglycemic clamps in T2D
patients [4]. On the other hand, imeglimin
administration suppressed hepatic glucose pro-
duction in high-fat-, high-sucrose-fed mice [5].
In addition, increased muscle glucose uptake
was reportedly observed both in vitro and
in vivo in rodents [6].

In a phase II dose-ranging trial conducted in
Japanese subjects, an imeglimin dose of
1000 mg twice daily as monotherapy demon-
strated optimal efficacy (- 0.94% HbAlc
reduction vs. placebo) as well as favorable safety
and tolerability [7]. Phase III trials also showed
significant reductions in fasting blood glucose
levels and HbAlc, — 0.72% from baseline, with
imeglimin monotherapy [8]. While these clini-
cal trial results apparently showed the strong
potential of imeglimin as a novel treatment
option for subjects with T2D, the therapeutic
effects of imeglimin in clinical practice, such as
daily glucose profiles and the risk of hypo-
glycemia, have yet to be investigated in detail.

Continuous glucose monitoring (CGM),
which includes both real-time CGM (rtCGM)
and intermittently scanned CGM (isCGM), has
entered widespread use in recent years as a
result of improvements in sensor accuracy and
ease of application [9]. CGM allows for the
direct observation of glycemic excursions and
daily profiles, which can provide information
that is beneficial when making immediate
therapy decisions and/or initiating lifestyle
modifications. CGM also provides the ability to
assess glucose variability and identify hypo- and
hyperglycemia patterns. New glucose control
parameters are also emerging, such as glucose
variability and time in range (TIR), adding
valuable insights to those provided by tradi-
tional parameters [10].

The beneficial effects of imeglimin on gly-
cemic control have already been demonstrated
by phase III clinical trials. However, not enough
is known about the actual changes obtained
with imeglimin treatment in real-world set-
tings. Therefore, this study aimed to evaluate
the short-term effects and safety of imeglimin in
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terms of glycemic control in Japanese T2D
patients, as assessed by isCGM.

METHODS

Study Design and Participants

The subjects of this retrospective, observational
study were recruited from among Japanese T2D
outpatients visiting Iwate Medical University
Hospital during the period from September
through November 2021. The enrolled subjects
were 20-75 years of age with HbAlc values
ranging from 7.0 to 10%. Despite receiving
various oral glucose-lowering agents or
injectable therapy, none had yet achieved their
glycemic control goal. We selected patients who
were administered imeglimin (2000 mg/day) in
addition to their existing treatment regimens in
order to improve glycemic control. Their glu-
cose values were monitored with an isSCGM
system (FreeStyle Libre®, Abbott Diabetes Care,
Witney, UK) for more than 4 weeks, including
the day of starting imeglimin. The isCGM
dataset collected for approximately 2 weeks
before starting imeglimin administration is
referred to as the “before imeglimin” dataset,
while that collected for approximately 2 weeks
after starting administration is referred to as the
“after imeglimin” dataset. Their diabetes medi-
cation regimens were otherwise unchanged at
the time of starting imeglimin administration.
The protocol for this retrospective observational
study was approved by the Institutional Review
Board of Iwate Medical University (approval
number: MH2018-544-2021-435). The study
was conducted according to the Declaration of
Helsinki.

Glycemic Assessment

The patients’ glucose values were measured
using the sensor-based FreeStyle Libre system
readings obtained for more than 4 weeks. The
sensor continuously estimated interstitial glu-
cose levels and automatically stored glucose
data every 15 min. The results from the isCGM
were downloaded through web-based software

and the proportions of time when glucose val-
ues were between 70 and 180 mg/dL (i.e., time
in range; TIR), below 70 mg/dL (time below
range; TBR), above 180 mg/dL (time above
range; TAR) were calculated. The glucose level
fluctuations during the day were determined as
the coefficient of variation (CV). Additionally,
the mean of daily difference (MODD) formula
was applied to calculate the average difference
between values obtained on different days but
at the same time of day [11]. The incidence of
severe hypoglycemia was defined as a glucose
level of < 54 mg/dL. The clinical parameters,
including HbA1lc and glycoalbumin, were mea-
sured before initiating imeglimin administra-
tion, i.e., under casual conditions including
fasting and after eating. The most recent serum
C-peptide values were applied to analyses con-
ducted before starting imeglimin. B-Cell func-
tion was assessed based on the C-peptide index
(CPI), i.e., the ratio of casual serum C-peptide to
blood glucose.

Statistical Analysis

Quantitative data are presented as median val-
ues (25th-75th percentile). Statistical analyses
were conducted using the Wilcoxon signed-
rank test and Spearman rank correlation analy-
sis, as appropriate. The level of significance was
set at p < 0.05. All statistical analyses were per-
formed using SPSS version 26 (SPSS Japan Inc.,
Tokyo, Japan).

RESULTS

Thirty-three patients were administered imegli-
min, but one discontinued the medication due
to severe nausea. Therefore, the results obtained
from 32 patients were analyzed, and the clinical
characteristics of these subjects are summarized
in Table 1. The median HbAlc was 7.55
(7.03-8.02)% and BMI was 27.9 (23.8-30.0) kg/
m?, indicating moderate obesity as compared to
the general Japanese T2D population. Most of
the patients were receiving concomitant treat-
ment with other medications for diabetes, i.e.,
12 were taking insulin and a glucagon-like
peptide-1 receptor agonist (GLP-1RA) plus oral
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Table 1 Clinical characteristics of the enrolled subjects
with T2DM

Characteristic Participants
(n = 32)
Male/female 17/15

64.0 (523-71.38
732 (59.4-79.9
27.9 (23.8-30.0
7.55 (7.03-8.02
59.0 (53.3-64.1
135 (5.00-19.5

Age (years)

Body weight (kg)
BMI (kg/m?)
HbAlc (%)

HbAlc (mmol/mol)

Duration of diabetes (years)

)
)
)
)
)
)
)
)
)
)

CPI (n = 28) 0.98 (0.62-1.71
AST (U/l) 255 (19.0-362
ALT (U/) 28.0 (21.0-44.3
y-GTP (U/1) 325 (25.3-57.3

¢GFR (ml/min/1.73m?) 74.1 (58.0-89.8)

Triglycerides (mg/dl)

Total cholesterol (mg/dl)
HDL cholesterol (mg/dl)
LDL cholesterol (mg/dl)

Diabetes treatment, 7 (%)

146.5 (116.3-183.3)
172.5 (150.5-206.8)
47.0 (42.0-58.8)
95.0 (73.5-114.3)

Dict, 7 (%) 1 (3.1%)
OHAs, # (%) 3 (9.3%)
GLP-1RA monotherapy, 7 (%) 1 (3.1%)
GLP-1RA and OHAs, 7 (%) 6 (18.8%)
Insulin and OHAs, 7 (%) 6 (18.8%)
Insulin and GLP-1RA, # (%) 3 (9.3%)

Insulin and GLP-1RA and OHAs,
n (%)

12 (37.5%)

Data shown are median values (25th-75th percentile)

BMI body mass index, HbAIc hemoglobin Alc, AST aspartate
aminotransferase, AL T alanine aminotransferase, y-GTP gamma-
glutamyl transpeptidase, ¢GFR estimated glomerular filtration
rate, CPI C-peptide index, OHAs oral hypoglycemic agents, SU
sulfonylurea, 2-GI alpha-glucosidase inhibitor, DPP4i dipeptidyl
peptidase-4 inhibitor, SGLT2; sodium-glucose cotransporter 2
inhibitor, GLP-1RA glucagon-like peptide-1 receptor agonists

hypoglycemic agents (OHA), 3 insulin plus
GLP-1RA, 6 insulin plus OHA, and 6 were taking
a GLP-1RA plus OHA. In terms of the major
medications of each type, 21 patients were
receiving insulin, 21 GLP-1RAs, 15 sodium glu-
cose transporter (SGLT)-2 inhibitors, 14 met-
formin, 8 dipeptidyl peptidase (DPP)-4
inhibitors and 8 glinides.

The period of isSCGM examinations available
for analyses was approximately 4 weeks overall:
14.1 + 1.34 and 14.3 £+ 1.09 days before and
after administration, respectively. As shown in
Table 2, imeglimin administration significantly
improved mean glucose values from 161.0
(135.6-178.5) mg/dL to 141.0 (130.5-153.0)
mg/dL (p < 0.001), and it tended to improve CV
from 28.5 (24.9-31.2) to 26.7 (25.1-29.4)
(p = 0.058) and MODD from 37.8 (26.4-49.7)
mg/dL to 28.9 (23.0-41.8) mg/dL (p = 0.197).
Similarly, apparent changes in indices derived
from isCGM data were attributed to imeglimin
administration: TIR changed from 69.5
(55.0-81.8)% to 82.0 (74.3-87.8)% (p < 0.001)
and TAR changed from 28.5 (13.3-42.8)% to
17.0 (7.75-23.0)% (p < 0.001). By contrast, the
incidence of hypoglycemia, as indicated by
TBR, was unchanged after imeglimin adminis-
tration. These changes in isSCGM indices are
shown in Fig. 1. The isSCGM data showed that
the curves of the 24-h mean glucose levels of
the 32 subjects were shifted downward from the
baseline after imeglimin administration (Fig. 2).

Next, Spearman rank correlation analysis
was performed to evaluate the baseline clinical
parameters that contributed to the increased
TIR following imeglimin administration.
Change in TIR correlated positively with eGFR
(r = 0.395), mean glucose evaluated by isCGM
(r=0.727) and TAR (r = 0.695), while it was
negatively associated with BMI (r = — 0.378),
CPI (r = — 0.555) and baseline TIR (r = — 0.610)
(Table 3). The TIR increments were not associ-
ated with differences among the classes of dia-
betes medications combined with add-on
imeglimin.

Adverse events related to imeglimin occurred
in 12 patients; these were mainly gastrointesti-
nal disorders: nausea in 4, abdominal discom-
fort in 2, constipation in 2, diarrhea in 1, and
vomiting in 1 patient. As described above, 1
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Table 2 Glycemic value differences (before versus after imeglimin administration) evaluated by isCGM
Before imeglimin After imeglimin p value
Mean glucose (mg/dL) 161.0 (135.6-178.5) 141.0 (130.5-153.0) < 0.001
Mean glucose (mmol/L) 8.94 (7.53-9.91) 7.83 (7.25-8.50) < 0.001
cv 28.5 (249-312) 267 (25.1-29.4) 0.058
MODD (mg/dL) 37.8 (26.4-49.7) 28.9 (23.0-41.8) 0.197
TIR (%) 69.5 (55.0-81.8) 82.0 (74.3-87.8) < 0.001
TAR (%) 28.5 (13.3-42.8) 17.0 (7.75-23.0) < 0.001
TBR (%) 0 (0-1.75) 0 (0-1.75) 0.194

Data shown are median values (25th-75th percentile)

CV coefficient of variation, MODD mean of daily difference, TIR time in range, 74R time above range, 7BR time below

range
Data were compared using the Wilcoxon signed-rank test

patient with particularly severe gastrointestinal
disorders had to discontinue imeglimin. In
addition, severe hypoglycemia (a glucose level
of < 54 mg/dL) occurred in 7 patients, S of
whom showed an increase in a glucose level
of < 54 mg/dL after receiving imeglimin com-
bined with insulin or glinides.

100%
90% 17.9%
oy 24
70%

60%
50%
R ) —
30%
20%

10%

0% 1.81%< 2.56%-<

before imeglimin after imeglimin

Fig. 1 Changes in isCGM indices after imeglimin
administration. The ratio of each of the glycemic indices
evaluated by isCGM before (left bar) versus after (right
bar) imeglimin administration in all 32 patients is shown.
The colored bars show the average hours per day
spent < 70 mg/dL  (time below TBR: red),
70-180 mg/dL  (time in  range; TIR:  green)
and > 180 mg/dL (time above range; TAR: yellow)

range;

DISCUSSION

This pilot study is, to our knowledge, the first to
show the effects of imeglimin on short-term
glycemic control evaluated by isCGM in Japa-
nese T2D patients. Administration of imeglimin
lowered mean glucose throughout the day and
tended to improve glycemic variability without
increasing hypoglycemia.

Several mechanisms underlying the glucose-
lowering effects of imeglimin have been sug-
gested by both in vitro and in vivo studies [12].
Improvement of B-cell function, especially glu-
cose-stimulated insulin secretion (GSIS), was
thought to be the main contributor to favorable
diabetes control following imeglimin adminis-
tration. Imeglimin increased the cellular
nicotinamide adenine dinucleotide (NAD™)
pool via the salvage pathway, resulting in
amplified insulin secretion as well as the mod-
ulation of mitochondrial function with ATP
generation in B-cells [13].

A previous study showed the efficacy of
7-day treatment with imeglimin at 1500 mg
twice daily on GSIS, as assessed by hyper-
glycemic clamp in T2D patients [4]. Similarly,
1 week of imeglimin administration enhanced
plasma insulin secretion in response to glucose
loading in both chow-fed and high-fat-fed rats
[14]. Relatively early onsets of pharmacological
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Fig. 2 Curves of mean glucose levels evaluated by isCGM
before and after imeglimin administration. The 24-h
glycemic variability based on the isCGM data for all 32

patients: the mean glucose level is shown for the periods

effects of imeglimin on insulin secretion were
compatible with our isSCGM results. Intrigu-
ingly, increased TIR with imeglimin adminis-
tration was associated with low values of CPI,
indicating a deterioration of B-cell function. In
addition to direct effects enhancing GSIS, ime-
glimin reduced B-cell apoptosis by attenuating
endoplasmic reticulum stress [15], leading to a
modest increase in B-cell proliferation and the
preservation of f-cell mass [16]. Our results
suggest that the improvement of B-cell function
by imeglimin treatment might be activated with
a short-term medication regimen, especially in
T2D patients with B-cell dysfunction.

As shown in Fig. 2, isCGM examination
demonstrated a downward shift in the daily
glucose profile following imeglimin adminis-
tration, indicating that imeglimin reduced the
whole-day glucose level—not only the level in
the post-prandial period, but also that during
the night. In previous rodent [14] and human
hyperglycemic clamp studies [4], imeglimin-in-
duced insulin secretion was observed not in the
fasting state but after glucose loading. In con-
trast, a phase III trial showed a significant
improvement in homeostasis model assessment
(HOMA)-B values in patients receiving

12:00

14:00 16:00 18:00 20:00 22:00 24:00

Time

both before and after imeglimin administration (both
periods were about 14 days). The solid line indicates the
glycemic variability before imeglimin administration; the
dotted line indicates that after administration

imeglimin treatment as compared to those
given a placebo [8], suggesting improved insulin
secretion while in the fasting state. The poten-
tial of imeglimin to enhance basal insulin
secretion might have contributed to the
observed whole-day glucose reduction.

Consistent with the aforementioned phase
III trial [8], imeglimin treatment reduced fasting
glucose levels in the present study. Imeglimin
decreased hepatic glucose production, thereby
efficiently contributing to lower nocturnal glu-
cose levels, via a mechanism somewhat similar
to that of metformin [17]. Moreover, imeglimin
also enhanced insulin action in both the liver
[6, 17] and muscle [5, 6]. In addition to basic
research, clinical treatment with imeglimin for
24 weeks was reported to have significantly
altered the Quantitative Insulin Sensitivity
Check Index (QUICKI) values [8], an indicator
of insulin sensitivity [18]. Suppression of hep-
atic glucose production as well as improved
systematic insulin sensitivity were considered to
play important roles in reducing fasting glucose
levels, thereby contributing to the downward
shift of daily glucose profiles.

Simultaneously, the downward shift of the
glucose profile indicated relatively weak effects
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Table 3 Correlation coefficients between TIR change and
clinical variables at baseline

Change in TIR

r p value
Age (years) — 0.061 0.740
BMI (kg/m”) —0.378 0.034
Duration of diabetes (years) 0.077 0.625
CPI (n = 28) — 0555 0.002
AST(U/1) —0.023 0.901
ALT(U/1) 0.020 0.914
y-GTP(U/1) 0.041 0.825
¢GFR (mL/min/1.73m?) 0.395 0.025
Mean glucose (mg/dL) 0.727 < 0.001
Triglycerides (mg/dL) —0.035 0.850
Total cholesterol (mg/dL) 0.059 0.747
HDL cholesterol (mg/dL) 0.076 0.803
LDL cholesterol (mg/dL) — 0.002 0.991
CV (%) —0.325 0.069
MODD (mg/dL) 0.005 0.764
TIR (%) —0.610 < 0.001
TAR (%) 0.695 < 0.001
TBR (%) —0.369 0.038

BMI body mass index, HbAIc hemoglobin Alc, CPI
C-peptide index, AST aspartate aminotransferase, ALT
p-GTP  gamma-glutamyl
transpeptidase, ¢GFR estimated glomerular filtration rate,
CV coefficient of variation, MODD mean of daily differ-
ence, TR time in range, TAR time above range, 7BR time

alanine aminotransferase,

below range. All data were analyzed by Spearman rank
correlation

of imeglimin on postprandial glucose lowering.
Small changes in postprandial glucose levels
were supported by the statistical insignificance
of CV in daily glucose values. These unexpected
results might be partially explained by the rel-
atively large proportion of our enrolled patients
using GLP-1RA, because the phase III trial
showed minimal efficacy in HbAlc reduction

when imeglimin was used in combination with
GLP-1RA [19]. Interestingly, the kinetics of the
intracellular calcium ion increase in response to
glucose in isolated islets from rats was delayed
with imeglimin administration as compared to
islets from those receiving GLP-1RA [13]. These
electrophysiological assay results suggest that
imeglimin-induced intracellular Ca** mobi-
lization occurs via an increase in the NAD™-
cyclic ADP ribose pathway after GLP-1RA-in-
duced intracellular Ca*t mobilization, in turn
suggesting that the effect of imeglimin on GSIS
might diminish with combination therapies
including GLP-1RA. However, there was no
difference in the glucose profile after imeglimin
administration between the subgroups with
versus those without GLP-1RA in our present
observational study.

This study had several limitations. First, the
observational and retrospective design was not
sufficient to draw precise conclusions. Admin-
istration of a new drug might influence lifestyle
modifications in patients with poor glycemic
control. Second, the number of study subjects
was small, reducing the statistical strength of
associations. Third, the periods for casual serum
C-peptide evaluation in response to imeglimin
administration were variable. Since insulin
secretory capacities might have changed during
this period, the association between the effects
of imeglimin and casual CPI could not be con-
firmed. Fourth, this study lacked controls,
making only a before versus after comparison.
Therefore, the glucose profile improvement
following imeglimin administration might have
been influenced by lifestyle modifications trig-
gered by the add-on medication. Finally, the
existing diabetes medications being taken by
the enrolled subjects varied widely, suggesting
that combinations of certain drugs with ime-
glimin likely influence glycemic control. Fur-
ther prospective examinations employing a
randomized design with a large number of
subjects are required to clarify the associations
between the glucose lowering effects of imegli-
min and concomitant medications for diabetes.
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CONCLUSION

Imeglimin clearly shifted daily glucose profiles
into an appropriate range in Japanese T2D
patients, indicating a short-term improvement
in glycemic control. Imeglimin appears to be a
promising therapeutic agent for T2D patients,
especially those with a low insulin secretory
capacity, which is a common phenotype in East
Asians with glucose intolerance, and thus mer-
its further study.
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