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Abstract

Study background: The objective of this collated research paper is to highlight the anti-diabetic effects and mode
of action of imeglimin, the first in a new tetrahydrotriazine-containing class of oral anti-diabetic agents: the glimins.
Imeglimin acts on both insulin resistant organs (liver and muscle) and pancreatic 3-cells (insulin secretion in response
to glucose and protection against apoptosis).

Methods: The aim of the investigations reported here is to present data on the mode of action of imeglimin and its
anti-diabetic effects, demonstrating that it represents a promising treatment for type 2 diabetes by acting on the three
key pathological defects of the disease, namely excessive hepatic glucose production, impaired peripheral glucose
uptake by skeletal muscle, and insufficient insulin secretion.

Results: Imeglimin significantly lowered fasting plasma glucose concentrations in a dose-dependent manner in
STZ rats. HbA1c was significantly reduced (P<0.01) by imeglimin (6.2%) compared with controls (9.83%). At a 150
mg-kg” dose, imeglimin significantly improved glucose tolerance compared with controls (AUC_, 2,402 vs 3,449
mmol-L-h"' respectively). With regards to its mode of action, imeglimin significantly decreased the rate of hepatic
gluconeogenesis, stimulated muscle glucose uptake, induced a potentiation of glucose-dependent insulin secretion,
and decreased B-cell apoptosis.

Conclusion: Our investigations found that imeglimin uniquely targets the three key defects of type 2 diabetes. It
could provide more durable, sustained glycemic control than currently achieved with oral anti-diabetics and has the
potential to be used at any stage in the disease continuum. Imeglimin’s potential for combination with other oral anti-

diabetics is also under investigation.

Keywords: Imeglimin; Glimin; Novel oral anti-diabetic; Type 2
diabetes; Type 2 diabetes pharmacological treatment; Three defects
type 2 diabetes; Pre-clinical findings

Introduction

Imeglimin is the first of a new class of drugs - the glimins - and
is being developed for the treatment of type 2 diabetes. Imeglimin is
a tetrahydrotriazine compound with a chemical name of (6R)-(+)-4-
dimethylamino-2-imino-6-methyl-1,2,5,6-tetrahydro-1,3,5-triazine
hydrochloride. The aim of developing imeglimin was to provide a safe
and well-tolerated drug with unique pharmacological properties that
can effectively treat the underlying metabolic defects in patients with
type 2 diabetes mellitus. Indeed, imeglimin has already achieved its
clinical proof of concept in an extensive Phase I/II programme [1]. In
addition, because imeglimin appears to have a different mechanism of
action to other oral anti-diabetic compounds, it may be suitable for safe
and effective combination with other drugs routinely used for treating
type 2 diabetes and its common co-morbidities.

The primary pathophysiological defects of type 2 diabetes include:
excessive hepatic glucose production, impaired peripheral glucose
uptake by insulin-sensitive tissues, and insufficient insulin secretion/
increased B-cell apoptosis [2,3]. Type 2 diabetes is a progressive disease
and deterioration of glycaemic control is partly due to a gradual loss
of B-cell function and mass [4,5,6]. Currently, pharmacological agents
for treating type 2 diabetes comprise drugs acting on insulin-resistant
organs or on the pancreas. Thus, these agents target one or two, but not
all three key defects of type 2 diabetes and help achieve glycaemic targets
in the short-to-medium term; however, loss of glycaemic control also

occurs in the long term [7]. Cross-sectional data suggest that around
56% of patients with type 2 diabetes have a HbA, <7.0% [8]. However,
with increasing duration of diabetes, glycaemic control continues to
deteriorate and it requires the addition of increasingly complex insulin-
containing regimens to maintain 50% of the patients at HbA | < 7.0%
[9]. Metformin is currently the first-line pharmacological treatment for
type 2 diabetes together with lifestyle intervention, recommended by
the American Diabetes Association and the European Association for
the Study of Diabetes [10]. However, an annual failure rate of 17% for
metformin therapy has been reported, although this was reduced to
12% in patients who initiated metformin therapy within 3 months of
type 2 diabetes diagnosis [11]. In addition to deterioration in glycaemic
control, existing treatments also have limitations either because of side
effects, especially weight gain, hypoglycaemia, cardiovascular disorders
or contraindications limiting their use [12].

Newer classes of agents are being developed with novel mechanisms
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of action: SGLT-2 inhibitors, longer acting GLP-1 agonists, and PPAR
a/y dual and pan-agonists [13-17]. Despite this, none of them is able to
safely target all three key defects of type 2 diabetes.

Imeglimin has been developed as an alternative and a complement
to drugs acting on insulin-resistant organs or drugs acting on insulin
secretion and (-cell protection, thereby addressing the current unmet
needs in type 2 diabetes. It is anticipated that imeglimin will be suitable
for all type 2 diabetic patients, and will have the potential to be used at
any stage in the disease continuum. In this respect, imeglimin is being
developed to be combined with any currently available anti-diabetic
drug. Although imeglimin’s precise mode of action has not yet been
fully elucidated, its effects on glycaemic control indicate that it will
be a powerful tool to manage core disease as well as the associated
complications of type 2 diabetes.

The aim of the investigations reported here for the first time is to
present collaborative data from several centres on the mode of action of
imeglimin and its anti-diabetic effects, demonstrating that it represents
a promising treatment for type 2 diabetes by acting on the three key
pathological defects of the disease.

Materials and Methods
Anti-diabetic effects in experimental diabetes

Streptozotocin diabetic rats: Diabetes was induced by
intraperitoneal administration of streptozotocin (STZ - 50 mg-kg! in
saline solution) to Wistar rats. Several groups of diabetic rats received
either oral imeglimin (25, 50, or 100 mg-kg'-day for 35 days) or oral
metformin (50 mg-kg'-day" for 35 days), with a further group serving
as a placebo control. Blood samples were collected after 35 days in rats
fasted for 16 h for fasting plasma glucose and HbAlc measurements.
Results are expressed as the mean and standard error of the mean
(SEM) for each experimental group. Results were analysed using
analysis of variance (ANOVA) and statistical significance was assessed
using Student’s t-test.

Goto-Kakizaki rats: The effect of chronic administration of oral
imeglimin (25, 75, or 150 mg-kg' bid) for 8 weeks was investigated
using male genetic type 2 diabetic Goto-Kakizaki (GK) rats. An OGTT
was performed on rats after 8 weeks of treatment, with a 2 g-kg! body
weight glucose load administered 2 h after the last administration of the
drugs. Blood samples were collected at the time of the glucose load and
60, 120, and 180 min afterwards.

In another experiment, the effect of chronic administration of oral
imeglimin (50, 100 or 200 mg-kg" bid) for 16 days was investigated
using genetic type 2 diabetic GK rats. An OGTT was performed and
the insulinogenic index (AI/AG) was calculated. This was defined as
the ratio of the incremental change (AI) in plasma insulin between
time 0 and 30 min post oral glucose load and the incremental change
(AG) in plasma glucose between time 0 and 30 min after the glucose
load. Statistical analysis was performed using ANOVA followed by a
Bonferroni/Dunnett protected least-significant differences post hoc
test.

Hepatic glucose production

Isolated hepatocytes: Hepatocytes were isolated from male
Wistar rats using the method of Seglen [18]. After a 4-h attachment
period, the cells were cultured for 16-18 h. One set of wells (n = 5)
contained Dulbecco medium (DME) only, and subsequent sets of
wells contained AMPc (50 pmol-L"!) / dexamethasone (0.5 umol-L?)

and imeglimin at either 0.125, 0.25, 0.5, 1.0, or 1.5 mmol-L" (n = 5
for each concentration). At the end of the culture period, the medium
was removed and replaced by Krebs buffer supplemented with lactate/
pyruvate (10 mM/ImM respectively) gluconeogenic precursor for
3 additional h. The concentrations of AMPc/Dex and imeglimin
remained as previously described. After the three-h incubation period,
the amount of glucose in the medium was measured. Imeglimin
activity was expressed as percentage inhibition of glucose production.
Dunnett’s t-test was used to analyse differences between imeglimin and
the control group.

Liverslices: Precision-cutliver slices were prepared from 48-h fasted
male rats aged 10-12 weeks and were incubated for 4 h in oxygenated
Krebs-Henseleit medium with 2-'3C-labeled lactate (5 mmol-L"') in the
absence or presence of imeglimin. Addition of perchloric acid was used
to terminate the incubations. Consumption of these substrates and
product accumulation was measured enzymatically and utilization/
production rates were calculated as the difference between the amount
of substrate or product present before and after incubation. Results are
presented as means and standard error of the means (SEMs) and were
analysed using Student’s t-test.

Muscle glucose uptake

In vitro H-2Kb muscle cell line: H-2Kb cells were derived from
heterozygous H-2Kb transgenic mice and were seeded in plates coated
with matrigel. Cells were cultured at 33°C for 4 days under permissive
conditions [19], and then switched to non-permissive culture
conditions at 37°C in the absence of interferon-y. The cells were then
incubated for 4 h in Dulbeco’s Modified Eagle’s Medium containing
1 gL' of glucose and various concentrations of imeglimin (0.125-
2.0 mmol-L") or insulin (170 nmol-L"). Glucose uptake was measured
by incubating cells for 10 min with 2-deoxy-D-[1,6 *H] glucose and
then terminating glucose uptake by rapid washing of the plates with
ice-cold sodium chloride. Cells were solubilized and radioactivity was
measured using liquid scintillation counting. A parallel quantification
of protein was performed using the colourimetric Lowry method.
Results were expressed as pmol incorporated glucose/min/mg protein.
Results for each dose were compared with controls using Dunnett’s
multiple comparison test.

In vivo soleus and gastrocnemius muscle: Uptake of glucose
by soleus and gastrocnemius muscles was investigated in STZ rats
according to the modified Sokoloff method. After injection of STZ
(50 mgkg') rats were treated with various doses of imeglimin
(25, 50, or 100 mgkg' per day) dissolved in drinking water and
administered once daily. After 45 days, *C-2-deoxy glucose
(150 mCi-mmol’-L") was injected in the jugular vein and blood
samples collected 15, 30, and 45 min after administration. Animals
were then sacrificed and soleus and gastrocnemius muscle samples
weighed accurately. Muscle tissues were digested and radioactivity
was counted. Mean glucose uptake values were expressed as
pumol-min-g" tissue. Statistical analysis on results was performed using
Student’s t-test.

Pancreatic glucose-dependent insulin secretion

Perfused pancreas: Pancreatic insulin secretion was also
investigated using the perfused pancreas model. Male Wistar rats were
made diabetic by administration of STZ (100 mg-kg" intravenously) at
birth (NOSTZ). Isolation and perfusion of the pancreas was performed
on animals at 10-17 weeks old using a modification of the Sussman
technique [20,21]. Krebs Ringer Bicarbonate (KRB) buffer pH 7.4
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was continuously oxygenated (0,:CO,; 95:5). D-glucose (16.5 mM,
final concentration) or L-arginine (19 mM, final concentration) were
administered through a side-arm syringe. The bolus of 19 mM arginine
was performed at the end of the experiment to assess the integrity of
the pancreata.

Four groups were assessed: controls (n = 5) and imeglimin at
50pumol-L* (n = 5), 100 pmol-L"* (n = 4), and 250 umol-L* (n = 4).
Following a 20-min equilibration period, pancreata were perfused
for 35 min with KRB alone (control group) or imeglimin. Glucose
was added (final concentration 16.5 mmol-L') to both control (KRB)
and imeglimin pancreata, and the tissues were perfused for a further
20 min. The insulin secretion rate was calculated by multiplying the
insulin concentration by the flow rate and expressed as pU-min". The
effect of imeglimin on peak insulin response to glucose was analysed
using ANOVA followed by a Student-Newman-Keuls test.

Hyperglycaemic clamp: The effects of imeglimin (200 mg-kg') on
insulin secretion were investigated using the hyperglycaemic clamp
method in anaesthetized female non-diabetic Wistar rats (n = 7) and
NOSTZ Wistar rats (n = 12). Imeglimin was compared against the
insulin secretagogue repaglinide (0.1 mg-kg™'; n = 7 for the non-diabetic
Wistar rats and n = 11 for the NOSTZ Wistar rats respectively), the
incretin enhancer sitagliptin (3 mg-kg’; n = 8 and n = 11 respectively),
and controls (n = 7 and n = 9 respectively). Sitagliptin was chosen
as a comparator because it is the first oral glucose-dependent insulin
secretagogue in the incretin class. Animals received their allotted
treatment following a 1-h fast. A tracheotomy was performed on the
anaesthetized animals and blood sampling was undertaken using a
carotid artery catheter. A saphene vein was isolated and catheterized
for glucose infusions. Fifty-five min post-treatment (T0), a blood
sample was collected to assess basal levels of insulin and glucose.
Thirty min later, glucose was infused to maintain plasma glucose
at 2 distinct levels: 9.5 mmol-L" (first-stage hyperglycaemia) and
12.5 mmol-L"' (second-stage hyperglycaemia) for the Wistar rats;
and 19.5 mmol-L"' (first-stage hyperglycaemia) and 24.7 mmol-L*
(second-stage hyperglycaemia) for the NOSTZ rats. Blood was collected
from the carotid artery at 0 min (TO0); 50, 55, and 60 min (for first-
stage hyperglycaemia); and 80, 85, and 90 min (for second-stage
hyperglycaemia). Blood insulin and glucose levels were subsequently
measured, with insulin concentrations expressed as pmol-L™. Statistical
analyses were performed using ANOVA and Dunnett’s t-test.

Cell death

Pancreatic B-cell apoptosis: Male Wistar rat islets were cultured
in a cytokine cocktail that mimicked inflammatory stress in diabetes.
Islet cells were isolated using collagenase and cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium incorporating
glucose (11 mmol-L') supplemented with 10% foetal calf serum,
penicillin (100 U-mL?), streptomycin, (100 ug-mL*), and gentamycin
(100 pg-mL™). One hour before cytokine addition, cells were incubated
separately either with imeglimin (0.1 or 1.0 mmol-L"), cyclosporin A
(0.83 pmol-L!"), or exenatide (10 nmol-L") to assess protective effects
in unstressed cells. Following this, a cocktail of rat cytokines was
added at 2 ng:-mL" each: tumour necrosis factor-a, interleukin-1p,
and interferon-y. Quantification of cytoplasmic nucleosomes, directly
indicative of apoptosis, was performed with a Cell Death Detection
enzyme-linked immunosorbent assay (ELISA) kit (Roche, Basel,
Switzerland). Each experimental condition involved 50 rat islets in

duplicate with four independent experiments performed. Statistical
analysis of results (means and SEM) was performed using one-way
ANOVA with Bonferroni and Dunnett post-hoc tests.

Protection of INS-1 cells from glucose-induced cell death: An
insulinoma cell line (INS-1) was maintained in RPMI 1640 medium
supplemented with HEPES (10 mmol-L), heat-inactivated calf serum
(10%), L-glutamine (2 mmol-L), penicillin (100 U-mL") streptomycin
(100pg-mL™"), sodium pyruvate (1 mmol-L"'), and 2-mercaptoethanol
(50 mmol-L?). Cells were incubated at 37°C in a humidified atmosphere
of 95% air/5% CO,.

For glucose-induced cell death, cells were incubated for 72 h
in complete RPMI 1640 medium supplemented with 19 mmol-L*
D-glucose (final concentration 30 mmol-L"). Osmotic control was
performed by supplementing RPMI 1640 medium with mannitol
(19 mmol-L"). Before exposure to 30 mmol-L"' glucose, cells were
incubated in the presence or absence of imeglimin (100umol-L?) for
24 h.

Apoptosis analyses were performed using a double-stain system
with FluoProbes 488 conjugated with Annexin V (Interchim) and
propidium iodide (Sigma Aldrich). INS-1 cells were detached by
trypsinization, washed by centrifugation, and incubated with 100uL of
Annexin-V buffer 1X (HEPES/NaOH 10 mmol-L*, NaCl 150 mmol-L*,
KCI 5 mmol-L}, MgCl2 1 mmol-L?, CaCl2 1.8 mmol-L}; pH7.4). Cells
were subsequently incubated for 15 min at room temperature in the dark
in the presence of Annexin-V-FP488. Labeled cells were transferred in
900 uL phosphate buffered saline and propidium iodide (10L from a
1 mg-mL™" stock) was added. The suspension was immediately analysed
using a FACSCAN flow cytometer (Becton Dickinson Biosciences)
equipped with a 15-mW argon ion laser tuned to 488 nm and Cell Quest
Pro software (Becton Dickinson Biosciences). Data were presented as
a function of fluorescence intensity on FL-1 (530 nm/30 nm band-pass
filter) (Annexin V) and propidium iodine channels (585-542 nm band-
pass filter). Normal healthy cells were both Annexin V/propidium
iodine negative. Results were presented as means (SEM) and statistical
analysis of any differences was analysed using Student’s t-test.

Results
Anti-diabetic effects in experimental diabetes

STZ diabetic rats: After 35 days, imeglimin treatment significantly
lowered fasting plasma glucose concentrations in a dose-dependent
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Figure 1: The effects of imeglimin and metformin on fasting plasma glucose
concentrations after 35 days of treatment and 2 h after the last drug
administration were investigated as described in Methods. Results are means

and SEM for n = 10 (**P<0.01 compared with control).
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SEM for control (n = 18) and imeglimin at doses of 25, 75, and 150 mg-kg™ bid
(n =12 each; ***P<0.0001 compared with control GK, Bonferroni/Dunnett test).
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Figure 4: The effects of imeglimin in GK diabetic rats after 16 days of treatment
on insulinogenic index ([30 min insulin - fasting insulin]/30 min glucose - fasting
glucose) was calculated as described in Methods. Results are means and SEM
for n =7 (control) and n = 7 (each imeglimin dose).

manner in STZ diabetic rats. This effect was similar to that of metformin
(Figure 1). When compared with control STZ rats (9.83%), fasting
HbA, concentrations were significantly reduced by imeglimin doses of
50 (6.21%) and 100 mg-kg' (6.24%) (P<0.01). This was a similar effect
to that of metformin (6.78%) (Figure 2).

GK diabetic rats: The results for the OGTT in GK diabetic rats
after 35-days of treatment are shown in Figure 3. At the highest

dose (150 mgkg'), imeglimin (2,402 mmol-L"h') significantly

improved glucose tolerance (P<0.0001)

the concentration-time curve over 3 h (AUC

controls (3,447 mmol-L*-h).

in terms of area under

oan) compared with

In the second OGTT experiment, the effect of imeglimin on the
insulinogenic index (i.e. the incremental change in plasma insulin
concentration from 0 to 30 min divided by the change in glucose
concentration over the same period) after 16 days of treatment is
shown in Figure 4. Imeglimin increased the insulinogenic index when
compared to control rats. There was a trend towards dose response,
with imeglimin doses of 50, 100, and 200 mg-kg'-day" bid producing
increases of 70.6, 81.0, and 124.3% respectively. These data suggest that
imeglimin increases insulin secretion in response to glucose.

Inhibition of hepatic glucose production

Isolated hepatocytes: Imeglimin (0.25-1.5 mmol-L") decreased
the levels of hepatic gluconeogenesis induced by cAMP/Dex with
lactate/pyruvate as precursors (Figure 5) in isolated rat hepatocytes.
The strong inhibitory effect was concentration dependent, with
percentage inhibitions of 9% (0.25 mmol-L!), 34% (0.5 mmol-L ), 68%
(I mmol-L"), and 80% (1.5 mmol-L"). At the higher doses, this effect

was comparable to that of metformin (data not shown).

Liver slices: As shown in Figure 6, imeglimin caused a dose-
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Figure 5: The effect of imeglimin (0.125-1.5 mmol-L"") on gluconeogenesis was
studied in primary rat hepatocyte cultures as described in Methods. Results are
the mean values of five wells each. Imeglimin significantly inhibited glucose
production (**P<0.01) at doses from 0.25-1.5 mmol-L" when compared with
controls.
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gluconeogenesis was studied in liver slices from 48 h fasted non-diabetic ZDF
rats as described in Methods. Results are the mean values n = 5 for controls
and each dose of imeglimin. Imeglimin significantly inhibited glucose production

(*P<0.01) in a dose-dependent manner.
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Figure 9: The effects of imeglimin (0.05, 0.1, or 0.25 mmol-L") on insulin
secretion in the perfused pancreas were investigated as described in Methods.
Values are mean (SEM). Imeglimin had no effect in insulin secretion in the
absence of glucose but showed strong potentiation of first-phase glucose-
induced insulin secretion.

dependent inhibition of “C-glucose production in liver slices from
48-h-fasted non-diabetic ZDF rats following 4 h acute treatment.

Decreases in *C-glucose production were 14% (2.5 mmol-L'), 48%
(5 mmol-L") and 84% (10 mmol-L).

Stimulation of skeletal muscle glucose uptake

In vitro H-2Kb muscle cell line: Imeglimin significantly stimulated
glucose uptake (P<0.001) by in vitro H-2Kb muscle cells in a dose-
dependent manner (from 0.5 to 2.0 mmol-L*) (Figure 7). A maximum
stimulation of glucose uptake by 3.3-fold was observed at the highest
dose (2.0 mmol-L") of imeglimin.

In vivo soleus and gastrocnemius muscle: Muscle glucose uptake
by soleus and gastrocnemius in vivo was reduced in STZ rats compared
with controls under basal conditions (P<0.01). Following 45 days of
treatment with imeglimin, glucose uptake was significantly increased
(P<0.01) by the lowest dose of imeglimin (25 mg-kg"') and was restored
to normal levels by the two higher doses of the drug (50 and 100
mg-kg) (P<0.05 and P<0.01 respectively) (Figure 8).

Stimulation of glucose-dependent insulin secretion

Perfused pancreas: Imeglimin (0.05, 0.1, or 0.25 mmol-L*) had no
effect on insulin secretion in the absence of glucose, but in the presence
of glucose (16.5 mmol-L!) it induced a strong potentiation of first-
phase glucose-induced insulin secretion (Figure 9). First-phase insulin
secretion is markedly diminished in this particular model of diabetes.
The response to imeglimin did not appear to be dose-dependent,
although this may have been due to the variability in response observed
at the 0.05 mmol-L! concentration.
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Figure 10: The effects of imeglimin, sitagliptin and repaglinide on insulin
secretion in response to glucose were investigated in non-diabetic Wistar rats
and diabetic NOSTZ rats, using the hyperglycaemic clamp as described in
Methods. In addition to basal (TO) levels, two levels of hyperglycaemia were
studied. In the non-diabetic Wistar rats, imeglimin increased insulin secretion
versus controls at the highest glycaemic level only. In the diabetic NOSTZ rats,
imeglimin increased insulin secretion versus controls at all levels of glycaemia,
and at an increased magnitude to that of the other two anti-diabetic agents
(**P<0.01; ***P<0.001 compared with controls).
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Figure 11: The effects of imeglimin (0.1 mmol-L" or 1 mmol-L") on protection
of rat pancreatic B cells against apoptosis were investigated as described in
Methods. Values are mean (SEM) of n = 4 in each group. Imeglimin provided
significant protection against apoptosis in the presence of cytokines controls:
§ P<0.05 and §§§ P<0.001 for between group comparisons as indicated on
the graph; ***P<0.001 compared with control plus cytokines; ### P<0.001
compared with control minus cytokines.
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Figure 12: The effects of imeglimin (0.1 mmol-L") on protection of rat INS-
1 cells against glucose-induced cell death was investigated as described in
Methods. Values are mean (SEM) of n = 4 in each group.

Hyperglycaemic clamp: In the non-diabetic Wistar rats,
imeglimin increased insulin secretion by 25% at the highest level of
hyperglycaemia (12.5 mmol-L') when compared to controls. This
increase was equal to that of sitagliptin (25%) and more prominent
than that of repaglinide (11%) (Figure 10a). No imeglimin-related
increases in insulin secretion were observed at basal glycaemic levels
(T0) or at the (relatively low) first stage of hyperglycaemia (glycaemia:
9.5 mmol-L"). In the diabetic NOSTZ rats, imeglimin increased insulin
secretion versus controls at all glycaemic levels, evoking a 48% increase
at TO (glycaemia: 10.8 mmol-L"); a 62% increase at the first stage of
hyperglycaemia (glycaemia: 19.5 mmol-L"); and a 68% increase at
the second stage of hyperglycaemia (glycaemia: 24.7 mmol-L?). At
first-stage hyperglycaemia, and second-stage hyperglycaemia, these
increases were comparatively higher than those evoked by either
sitagliptin (34%, and 39% respectively) or repaglinide (8%, and 37%
respectively) (Figure 10b).

Protection against cell death

B-cell apoptosis: In the absence of cytokines, imeglimin
(0.1 mmol-L") appeared to have a protective effect on basal apoptosis:
10% less apoptosis than untreated islets. Exenatide (10 nmol-L)
produced a 16% decrease in cell death. Conversely, a 17% increase
in apoptosis was noted with cyclosporin A. The cytokine cocktail
caused a 12% increase in cell death. This was completely abrogated
in the presence of imeglimin, with 37% less apoptosis at the lower

concentration and 25% less at the higher concentration (Figure 11).
It is noteworthy that both concentrations of imeglimin abolished
the pro-apoptotic effect of the cytokines. This may be explained by
the cytokines’ sequential bimodal effect on B cells (stimulatory then
suppressive) which is directly dependent on cytokine dose, duration
of exposure, and ambient glucose concentration [22]. Exenatide also
decreased apoptosis by 29%, whereas cyclosporin A resulted in an 8%
increase in apoptosis over and above that caused by cytokines. The
protective effect of imeglimin was 49% greater than that achieved by
exenatide.

Protection of INS-1 cells from cell death: As shown in Figure 12,
cell viability was dramatically affected by 30 mmol-L" glucose, whereas
previous experiments have shown that osmotic change (exposure to
mannitol 19 mmol-L?) does not affect the viability of INS-1 cells (data
not shown). Importantly, imeglimin (0.1 mmol-L") had a significant
protective effect on glucose-induced toxicity.

Discussion

Imeglimin is the first in a new glimin class of anti-diabetic drugs
and is currently being developed for the treatment of type 2 diabetes.
Management of type 2 diabetes emphasizes glycaemic control in
terms of HbA, (lowering fasting and post-prandial blood glucose
concentrations); there is an ongoing need for new agents which have
sustained efficacy and excellent safety. Early studies showed that
imeglimin is as effective as metformin in regulating glycaemic control
[1]. This paper strengthens these findings by investigating other effects
of imeglimin, including peripheral skeletal glucose uptake and insulin
secretion.

Most of the anti-diabetic compounds currently available act either
on peripheral organs to control hepatic glucose production and/or
muscle glucose uptake or on B-cell failure to improve insulin secretion
and/or exert B-cell protection. But none of these compounds is able
to target all defects. We report here that imeglimin is an innovative
compound able to regulate multiple targets, including insulin resistant
organs as well as p-cell failure.

Imeglimin was tested in two animal models of type 2 diabetes, the
STZ and the GK rat models. An improvement comparable to metformin
was observed on all glycaemic parameters: fasting plasma glucose, post
absorptive plasma glucose, HbA, and glucose tolerance. These effects
were observed after 5 and 8 weeks of treatment in STZ and GK rats,
respectively. Skeletal muscle is the major tissue for insulin-mediated
glucose disposal, accounting for approximately 75% of insulin-
stimulated glucose uptake in the body as a whole [23]. Decreased uptake
of glucose by muscle (peripheral insulin resistance) is an important
factor resulting in hyperglycaemia in type 2 diabetes. The in vitro
increase in glucose uptake observed with imeglimin in the muscle cell
line has been confirmed in vivo with a complete restoration of glucose
consumption in two types of muscles (soleus and gastrocnemius) after
45 days of treatment in STZ rats. Moreover, preliminary data from
an acute euglycaemic hyperinsulinaemic clamp performed in GK rats
suggested that imeglimin shows some anti-hyperglycaemic properties
at the dose of 100 mg-kg'h' in basal conditions associated with an
increased glucose utilization rate (data not shown).

Overcoming the excessive hepatic glucose production observed
in type 2 diabetes is also an important therapeutic aspect of glycaemic
control as it participates in the control of both fasting and post-
prandial plasma glucose. Imeglimin demonstrates dose-dependent
decrease in hepatic glucose production in primary hepatocytes from
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Wistar rats in the absence of insulin. Inhibition of hepatic glucose
production was also confirmed in liver slices of lean 48-h fasted rats
after a 4 h acute treatment using isotopic method (**C-glucose). This
effect is correlated with a decrease in the gene transcription of two
important enzymes controlling gluconeogenesis and glycogenolysis,
namely phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase), in H4IIE cells (data not shown).

Progression of type 2 diabetes is caused by insufficient insulin
secretion, usually in the context of resistance of peripheral tissues
to the action of the hormone, and is characterized by progressive
deterioration of B-cell function over time [24], which occurs very
early in the course of the disease. Associated with the reduced p-cell
function (50% of normal level at the time of diagnosis), a reduction in
B-cell mass is also observed (reduction of 60% at necropsy), involving
both increased apoptosis and reduced proliferation of pre-existing
cells [25]. Among the factors contributing to overall B-cell failure are
hypersecretion of insulin secondary to insulin resistance and/or insulin
secretory drugs, glucotoxicity, lipotoxicity and glucolipotoxicity.

Imeglimin addresses B-cell failure by targeting both p-cell function
and survival. Its effects on insulin secretion have been well documented
in isolated perfused pancreas of NOSTZ rats and confirmed in
hyperglycaemic clamps performed in Wistar and NOSTZ rats, and also
during OGTT performed in GK rats (AI/AG at 30 min). The glucose-
dependency of insulin secretion observed with imeglimin provides
clear advantages in terms of safety regarding the risk of hypoglycaemia.
In the clamp experiments, the effect was comparable to the effect
observed with the DPP-IV inhibitor sitagliptin in the Wistar rat and
higher in the NOSTZ rat. Sitagliptin has been shown to induce glucose-
dependent insulin secretion through an incretin effect, by increasing
GLP-1 half-life and subsequently GLP-1 concentration. Although the
mechanism of action of imeglimin on insulin secretion has not yet been
fully elucidated, it is reasonable to assume that it is distinct from DPP-
IV inhibitors, thereby leading to a potential additive effect. Whether
this hypothesis is correct needs to be further investigated.

The effects of imeglimin on B-cell function are associated with a
significant protective effect on cells in vitro which have been submitted
to various acute stresses. Experiments have been conducted in two
types of B cells, isolated rat islets and the rat insulinoma cell line INS-1.
The B-cell preparations have been submitted to two different stresses: a
cocktail of cytokines and a high glucose concentration. Both are relevant
in subjects with type 2 diabetes as they mimic the hyperglycaemic
and inflammatory environment of P cells in these patients. In both
situations, imeglimin strongly protects p cells against apoptosis, even
in the absence of additional stress as demonstrated in rat islets, where
it shows protective effects under basal conditions. In this experiment,
the effects observed with imeglimin were comparable to the GLP-1
analogue exenatide. Although there are difficulties in demonstrating an
additive effect in vitro, because both compounds evince a full protective
effect under these conditions, we may anticipate greater benefits on
long-term preservation of -cell mass in type 2 diabetic patients.

Maintenance of B-cell mass together with an improvement in -cell
function, as demonstrated by glucose-stimulated insulin secretion, may
suggest a durable effect of imeglimin. Moreover, the additional effects
of imeglimin on insulin resistant organs, by decreasing hepatic glucose
production and increasing peripheral glucose utilization, should also
contribute to decreased glucotoxicity and P-cell exhaustion, thereby
supporting the sustained effects of imeglimin on glycaemic control.
This also suggests that imeglimin could be beneficial at a very early

stage of the disease, in order to exert its protective effect while B-cell
mass is still sufficient and the threshold for reversibility of decreased
B-cell mass has not been exceeded.

Acknowledgements

This study was funded by Poxel SA, a biopharmaceutical company developing
innovative first-in-class drugs with a primary focus on Type 2 diabetes.

The authors would like to thank IMC Healthcare Communication for their
assistance in preparing this manuscript. This service was funded by Poxel SA.

Conflict of Interest

S Bozec and P Fouqueray are employees of Poxel SA. X Leverve, E Fontaine,
M Baquié, and C Wollheim received Institutional funding to cover the investigation
costs of this study from Poxel SA. H Lebovitz received consultancy fees for his
intellectual contribution to this study from Poxel SA.

References

1. Pirags V, Lebovitz H, Fouqueray P (2010) Imeglimin, a novel glimin oral
antidiabetic, exhibits good glycaemic control in type 2 diabetes mellitus
patients. Presented at the 46th EASD Annual Meeting, Stockholm, Sweden.

2. DeFronzo RA, Bonadonna RC, Ferrannini E (1992) Pathogenesis of NIDDM. A
balanced overview. Diabetes Care 15: 318-368.

3. McDonnell ME (2007) Combination therapy with new targets in Type 2
diabetes: a review of available agents with a focus on pre-exercise adjustment.
J Cardiopulm Rehabil Prev 27: 193-201.

4. Campbell RK (2009) Fate of the beta-cell in the pathophysiology of type 2
diabetes. J Am Pharm Assoc (2003 ) 49 Suppl 1: S10-S15.

5. Guillausseau PJ, Meas T, Virally M, Laloi-Michelin M, Medeau V, et al. (2008)
Abnormalities in insulin secretion in type 2 diabetes mellitus. Diabetes Metab
34 Suppl 2: S43-S48.

6. Standl E (2007) The importance of beta-cell management in type 2 diabetes.
Int J Clin Pract Suppl 10-19.

7. Krentz AJ, Patel MB, Bailey CJ (2008) New drugs for type 2 diabetes mellitus:
what is their place in therapy? Drugs 68: 2131-2162.

8. Hoerger TJ, Segel JE, Gregg EW, Saaddine JB (2008) Is glycemic control
improving in U.S. adults? Diabetes Care 31: 81-86.

9. Holman RR, Farmer AJ, Davies MJ, Levy JC, Darbyshire JL, et al. (2009)
Three-year efficacy of complex insulin regimens in type 2 diabetes. N Engl J
Med 361: 1736-1747.

10. Nathan DM, Buse JB, Davidson MB, Ferrannini E, Holman RR, et al. (2009)
Medical management of hyperglycemia in type 2 diabetes: a consensus
algorithm for the initiation and adjustment of therapy: a consensus statement of
the American Diabetes Association and the European Association for the Study
of Diabetes. Diabetes Care 32: 193-203.

11. Brown JB, Conner C, Nichols GA (2010) Secondary failure of metformin
monotherapy in clinical practice. Diabetes Care 33: 501-506.

12. Tahrani AA, Piya MK, Kennedy A, Barnett AH (2010) Glycaemic control in type
2 diabetes: targets and new therapies. Pharmacol Ther 125: 328-361.

13. Christensen M, Knop FK, Holst JJ, Vilsboll T (2009) Lixisenatide, a novel GLP-
1 receptor agonist for the treatment of type 2 diabetes mellitus. IDrugs 12:
503-513.

14.1dris 1, Donnelly R (2009) Sodium-glucose co-transporter-2 inhibitors: an
emerging new class of oral antidiabetic drug. Diabetes Obes Metab 11: 79-88.

15. Pourcet B, Fruchart JC, Staels B, Glineur C (2006) Selective PPAR modulators,
dual and pan PPAR agonists: multimodal drugs for the treatment of type 2
diabetes and atherosclerosis. Expert Opin Emerg Drugs 11: 379-401.

16. Levetan C (2007) Oral antidiabetic agents in type 2 diabetes. Curr Med Res
Opin 23: 945-952.

17. Salvatore T, Carbonara O, Cozzolino D, Torella R, Sasso FC (2009) Progress
in the oral treatment of type 2 diabetes: update on DPP-IV inhibitors. Curr
Diabetes Rev 5: 92-101.

J Diabetes Metab
ISSN:2155-6156 JDM, an open access journal

Volume 2 - Issue 4 + 1000126


http://www.abstractsonline.com/Plan/ViewAbstract.aspx?mID=2565&sKey=4dbf0b2b-64cf-4b28-9f7e-7f813599f7b8&cKey=4624ed85-01a7-455c-960b-0b69b56fa10d&mKey=%7b10A86782-07E4-4A2D-9100-F660E5D752A9%7d
http://www.abstractsonline.com/Plan/ViewAbstract.aspx?mID=2565&sKey=4dbf0b2b-64cf-4b28-9f7e-7f813599f7b8&cKey=4624ed85-01a7-455c-960b-0b69b56fa10d&mKey=%7b10A86782-07E4-4A2D-9100-F660E5D752A9%7d
http://www.abstractsonline.com/Plan/ViewAbstract.aspx?mID=2565&sKey=4dbf0b2b-64cf-4b28-9f7e-7f813599f7b8&cKey=4624ed85-01a7-455c-960b-0b69b56fa10d&mKey=%7b10A86782-07E4-4A2D-9100-F660E5D752A9%7d
http://www.ncbi.nlm.nih.gov/pubmed/1532777
http://www.ncbi.nlm.nih.gov/pubmed/1532777
http://www.ncbi.nlm.nih.gov/pubmed/17667012
http://www.ncbi.nlm.nih.gov/pubmed/17667012
http://www.ncbi.nlm.nih.gov/pubmed/17667012
http://www.ncbi.nlm.nih.gov/pubmed/19801360
http://www.ncbi.nlm.nih.gov/pubmed/19801360
http://www.ncbi.nlm.nih.gov/pubmed/18640585
http://www.ncbi.nlm.nih.gov/pubmed/18640585
http://www.ncbi.nlm.nih.gov/pubmed/18640585
http://www.ncbi.nlm.nih.gov/pubmed/17594389
http://www.ncbi.nlm.nih.gov/pubmed/17594389
http://www.ncbi.nlm.nih.gov/pubmed/18840004
http://www.ncbi.nlm.nih.gov/pubmed/18840004
http://www.ncbi.nlm.nih.gov/pubmed/17934153
http://www.ncbi.nlm.nih.gov/pubmed/17934153
http://www.ncbi.nlm.nih.gov/pubmed/19850703
http://www.ncbi.nlm.nih.gov/pubmed/19850703
http://www.ncbi.nlm.nih.gov/pubmed/19850703
http://www.ncbi.nlm.nih.gov/pubmed/18945920
http://www.ncbi.nlm.nih.gov/pubmed/18945920
http://www.ncbi.nlm.nih.gov/pubmed/18945920
http://www.ncbi.nlm.nih.gov/pubmed/18945920
http://www.ncbi.nlm.nih.gov/pubmed/18945920
http://www.ncbi.nlm.nih.gov/pubmed/20040656
http://www.ncbi.nlm.nih.gov/pubmed/20040656
http://www.ncbi.nlm.nih.gov/pubmed/19931305
http://www.ncbi.nlm.nih.gov/pubmed/19931305
http://www.ncbi.nlm.nih.gov/pubmed/19629885
http://www.ncbi.nlm.nih.gov/pubmed/19629885
http://www.ncbi.nlm.nih.gov/pubmed/19629885
http://www.ncbi.nlm.nih.gov/pubmed/19125776
http://www.ncbi.nlm.nih.gov/pubmed/19125776
http://www.ncbi.nlm.nih.gov/pubmed/16939380
http://www.ncbi.nlm.nih.gov/pubmed/16939380
http://www.ncbi.nlm.nih.gov/pubmed/16939380
http://www.ncbi.nlm.nih.gov/pubmed/17407651
http://www.ncbi.nlm.nih.gov/pubmed/17407651
http://www.ncbi.nlm.nih.gov/pubmed/19442094
http://www.ncbi.nlm.nih.gov/pubmed/19442094
http://www.ncbi.nlm.nih.gov/pubmed/19442094

Citation: Fouqueray P, Leverve X, Fontaine E, Baquié M, Wollheim C, et al. (2011) Imeglimin - A New Oral Anti-Diabetic that Targets the Three Key
Defects of type 2 Diabetes. J Diabetes Metab 2:126. doi:10.4172/2155-6156.1000126

Page 8 of 8

18. Seglen PO (1976) Preparation of isolated rat liver cells. Methods Cell Biol 13: al. (1988) The bimodal effect of interleukin 1 on rat pancreatic beta-cells--

29-83. stimulation followed by inhibition--depends upon dose, duration of exposure,
19. Fryer LG, Hajduch E, Rencurel F, Salt IP, Hundal HS, et al. (2000) Activation of and ambient glucose concentration. Acta Endocrinol (Copenh) 119: 307-311.

glucose transport by AMP-activated protein kinase via stimulation of nitric oxide

synthase. Diabetes 49: 1978-1985. 23. Bjornholm M, Zierath JR (2005) Insulin signal transduction in human skeletal

muscle: identifying the defects in Type Il diabetes. Biochem Soc Trans 33:

20. Assan R, Boillot J, Attali JR, Soufflet E, Ballerio G (1972) Diphasic glucagon 354-357.
release induced by arginine in the perfused rat pancreas. Nat New Biol 239:
125-126. 24. Wajchenberg BL (2010) Clinical approaches to preserve beta-cell function in

) o X diabetes. Adv Exp Med Biol 654: 515-535.
21. Sussman KE, Vaughan GD, Timmer RF (1966) An in vitro method for studying

insulin secretion in the perfused isolated rat pancreas. Metabolism 15: 466-476. 25. Chang-Chen KJ, Mullur R, Bernal-Mizrachi E (2008) Beta-cell failure as a

22.Spinas GA, Palmer JP, Mandrup-Poulsen T, Andersen H, Nielsen JH, et complication of diabetes. Rev Endocr Metab Disord 9: 329-343.

J Diabetes Metab

ISSN:2155-6156 JDM, an open access journal Volume 2 - Issue 4 + 1000126


http://www.ncbi.nlm.nih.gov/pubmed/177845
http://www.ncbi.nlm.nih.gov/pubmed/177845
http://www.ncbi.nlm.nih.gov/pubmed/11117997
http://www.ncbi.nlm.nih.gov/pubmed/11117997
http://www.ncbi.nlm.nih.gov/pubmed/11117997
http://www.ncbi.nlm.nih.gov/pubmed/4507521
http://www.ncbi.nlm.nih.gov/pubmed/4507521
http://www.ncbi.nlm.nih.gov/pubmed/4507521
http://www.ncbi.nlm.nih.gov/pubmed/5931381
http://www.ncbi.nlm.nih.gov/pubmed/5931381
http://www.ncbi.nlm.nih.gov/pubmed/3051828
http://www.ncbi.nlm.nih.gov/pubmed/3051828
http://www.ncbi.nlm.nih.gov/pubmed/3051828
http://www.ncbi.nlm.nih.gov/pubmed/3051828
http://www.ncbi.nlm.nih.gov/pubmed/15787605
http://www.ncbi.nlm.nih.gov/pubmed/15787605
http://www.ncbi.nlm.nih.gov/pubmed/15787605
http://www.ncbi.nlm.nih.gov/pubmed/20217513
http://www.ncbi.nlm.nih.gov/pubmed/20217513
http://www.ncbi.nlm.nih.gov/pubmed/18777097
http://www.ncbi.nlm.nih.gov/pubmed/18777097

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	Anti-diabetic effects in experimental diabetes 
	Hepatic glucose production 
	Muscle glucose uptake 
	Pancreatic glucose-dependent insulin secretion 
	Cell death 

	Results
	Anti-diabetic effects in experimental diabetes 
	Inhibition of hepatic glucose production 
	Stimulation of skeletal muscle glucose uptake 
	Stimulation of glucose-dependent insulin secretion 
	Protection against cell death 

	Discussion
	Acknowledgements 
	Conflict of Interest 
	References 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12

