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1 | INTRODUCTION

Imeglimin is the first in a new tetrahydrotriazine-containing class of

oral antidiabetic agents referred to as ‘glimins’. Its discovery was
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Abstract

Imeglimin is an investigational first-in-class novel oral agent for the treatment of type
2 diabetes (T2D). Several pivotal phase Ill trials have been completed with evidence of
statistically significant glucose lowering and a generally favourable safety and tolerabil-
ity profile, including the lack of severe hypoglycaemia. Imeglimin's mechanism of action
involves dual effects: (a) amplification of glucose-stimulated insulin secretion (GSIS)
and preservation of B-cell mass; and (b) enhanced insulin action, including the potential
for inhibition of hepatic glucose output and improvement in insulin signalling in both
liver and skeletal muscle. At a cellular and molecular level, Imeglimin's underlying mech-
anism may involve correction of mitochondrial dysfunction, a common underlying ele-
ment of T2D pathogenesis. It has been observed to rebalance respiratory chain activity
(partial inhibition of Complex | and correction of deficient Complex Il activity),
resulting in reduced reactive oxygen species formation (decreasing oxidative stress)
and prevention of mitochondrial permeability transition pore opening (implicated in
preventing cell death). In islets derived from diseased rodents with T2D, Imeglimin also
enhances glucose-stimulated ATP generation and induces the synthesis of nicotin-
amide adenine dinucleotide (NAD") via the ‘salvage pathway’. In addition to playing a
key role as a mitochondrial co-factor, NAD" metabolites may contribute to the increase
in GSIS (via enhanced Ca** mobilization). Imeglimin has also been shown to preserve
B-cell mass in rodents with T2D. Overall, Imeglimin appears to target a key root cause
of T2D: defective cellular energy metabolism. This potential mode of action is unique
and has been shown to differ from that of other major therapeutic classes, including

biguanides, sulphonylureas and glucagon-like peptide-1 receptor agonists.
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enabled by an in vivo phenotypic screen (based on antihyperglycaemic
activity in rodents), followed by additional chemical modification of a
lead molecule (Figure 1 depicts the chemical structure). Imeglimin is

under investigation, with three pivotal phase Il clinical trials having
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been recently completed in Japan. Clinical experience with Imeglimin
in Japanese and Caucasian patients with type 2 diabetes (T2D) to date
has shown significant and durable antihyperglycaemic activity, gener-
ally favourable safety and tolerability, and a lack of severe
hypoglycaemia in multiple trials, including combinations with metfor-
min, dipeptidyl peptidase-4 inhibitors, insulin and other classes.x™

As described in this review, the mode of action of Imeglimin is
unique and distinct compared with other major classes of therapeutic
agents. It involves dual effects, both to enhance insulin action and to

5 The mode of action of

reverse pancreatic B-cell dysfunction.
Imeglimin is generally well aligned with our current understanding of
the pathophysiology of T2D. A genetic predisposition plus key envi-
ronmental factors, principally overnutrition and reduced energy
expenditure, are drivers of disease.® Consequently, defects in insulin
action plus pancreatic islet B-cell dysfunction develop and conspire to
yield glucose intolerance and, subsequently, the onset of overt
diabetes.”””

Insulin resistance occurs in several tissues including skeletal mus-
clel® and in the liver, where the effect of insulin to suppress glucose
production is attenuated.!! Deficient B-cell function is evident from a
marked reduction in the acute insulin secretory response to glucose—
both in vivo and in islets isolated from patients—and partial loss of the
response to other stimuli including glucagon-like peptide-1
(GLP-1).812-14 A clear loss of B-cell mass has also been documented
in humans with T2D.1>1¢

At the molecular level, mitochondrial dysfunction is a prominent
feature of T2D pathology that contributes to both B-cell defects'”~1?
and insulin resistance.?°=2% The importance of mitochondrial function
is underscored by the existence of rare inherited forms of T2D that
result from mutations in mitochondrial DNA.242> Mitochondrial dys-
function is manifested in several ways. Deficient oxidative metabolism
and reduced ATP generation have been described in several tissues,
along with more specific defects leading to reduced or incomplete
fatty acid oxidation that are implicated as causes of cellular lipid accu-
mulation.?>2¢ Reduced mitochondrial content and structural damage
are also reported.?® Defects in function of the mitochondrial respira-
tory chain also cause excessive reactive oxygen species (ROS)
formation,?® which has a clearly causative role in T2D pathophysiol-
ogy.27'28 Nicotinamide adenine dinucleotide (NAD™) is a critical co-
factor that is required for mitochondrial function and several other
core cellular functions, including cell survival.2?~3! Importantly, meta-
bolic disorders, including obesity and T2D, are associated with altered
NAD™ metabolism and generally reduced levels.>?> Moreover, exoge-
nous nicotinamide, an NAD" precursor, has been shown to augment

islet B-cell function.33-3>
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FIGURE 1 Chemical structure of Imeglimin hydrochloride salt

As discussed below, Imeglimin's dual mechanism of action may
result from more specific effects that target the above noted
molecular aspects of diabetes pathophysiology. This includes the
reversal of p-cell dysfunction via amplification of glucose-
stimulated insulin secretion (GSIS) and augmentation of insulin
action in liver and skeletal muscle. Underlying these effects are
improvements in mitochondrial function that have been shown in
multiple cell types. In addition, Imeglimin induces an increase in the
cellular NAD" pool (in islets) that has also been linked to Ca** mobi-
lization and enhanced GSIS.

There are several existing classes of therapeutic agents available
today for the treatment of T2D.34%” However, these medicines are
often only partially effective and may also confer safety risks or are
poorly tolerated in some patients.®”-*8 Therefore, there is an ongoing
need for new therapies that target core aspects of pathophysiology
and could potentially address persistent unmet medical needs.
Imeglimin's unique mechanism of action is consistent with its known
clinical profile and may support its potential inclusion in the future
treatment paradigm.

2 | REVERSAL OF PANCREATIC ISLET
B-CELL DYSFUNCTION

21 | Clinical evidence

Direct evidence of increased GSIS in patients with T2D was
obtained from a translational medicine study where the response
to hyperglycaemia during a clamp procedure was substantially
enhanced after 7 days of treatment with Imeglimin versus pla-
cebo.®? The homeostatic model assessment (HOMA)-B score, an
index of B-cell function,*® was also increased versus placebo in a
phase Il monotherapy trial (Poxel, unpublished data). In addition,
Imeglimin significantly reduced the proinsulin/insulin (or proinsulin/
C-peptide) ratio in phase Il studies,® further suggesting an improve-

ment in B-cell function.

2.2 | Improved glucose-stimulated insulin
secretion in animal models of T2D

A robust effect of Imeglimin to attenuate B-cell dysfunction and
to amplify GSIS in rodent models of T2D has been described in
several studies. Imeglimin improved hyperglycaemia in both
streptozotocin (STZ) diabetic rats and Goto-Kakizaki (GK) rats,
models that are characterized by a primary defect in B-cell mass
and function.** Increases in insulinogenic index during oral glu-
cose tolerance tests were also noted in these models*! and in
additional studies performed in Zucker diabetic fatty (ZDF) rats.*?
As illustrated in the example depicted in Figure 2, Imeglimin treat-
ment markedly potentiated in vivo GSIS in both lean and high-
fat-fed (HFF) rats*3; a similar effect was noted in high-fat high-
sucrose diet (HFHSD) mice.** Increased in vivo GSIS was also
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In vivo effect of Imeglimin (150 mg/kg) to enhance glucose-stimulated insulin secretion (GSIS) in a rodent model of type

2 diabetes. A, Plasma insulin levels and B, insulin area under the curve (AUC) obtained during an oral glucose tolerance test in HFF rats are shown.
Although there is a trend towards higher plasma insulin levels at the end of this experiment (90 minutes time point), glucose levels returned to
baseline at this time point and no hypoglycaemia was observed. Additional details are described in Perry et al.*® Copyright © 2016 The American

Physiological Society

evident in hyperglycaemic clamp studies performed in both non-
diabetic and STZ-diabetic rats.*!

An acute and direct effect of Imeglimin to affect pancreatic
islet B-cell function has been shown in several contexts. Firstly,
first phase glucose-dependent insulin secretion was increased up
to 6-fold in an isolated perfused pancreas model derived from STZ-
diabetic rats.*! Secondly, a direct effect to amplify insulin secretion
in the presence of high glucose was observed using islets isolated
from normal rats.*® Thirdly, in more recent studies, we determined
that in vitro incubation with Imeglimin could acutely, albeit par-
tially (relative to non-diabetic control animals), restore glucose-
responsive insulin secretion in isolated islets derived from diseased
GK- and STZ-diabetic rats, an effect that was also similar to GLP-1
studied as an active comparator.*® Note that the variant of the
STZ-diabetic rat used here has a small number of residual islet
B-cells, which allowed for an effect on GSIS to be seen. Impor-
tantly, no effect of Imeglimin on insulin secretion in the presence
of low glucose was detected in these studies or in the clamp stud-
ies described above; by contrast, a sulphonylurea (tolbutamide)
was shown to stimulate insulin release from GK rat islets incubated
in low glucose in parallel experiments.

Therefore, multiple preclinical experiments involving both in vivo
and in vitro approaches have revealed a consistent and strong effect
of Imeglimin to improve pancreatic B-cell function by amplifying insu-

lin release in an exclusively glucose-dependent fashion.

2.3 | Improvement in islet B-cell mass

In addition to direct effects to amplify GSIS, previous in vitro studies
performed with isolated human or rat islets or cultured rat insulinoma
(INS1) cells showed a protective effect of Imeglimin to reduce cell
death in response to cytokines or high glucose incubation.*4¢ These
effects suggested that Imeglimin might have longer term benefits to
prevent the loss of functional B-cell mass in T2D. To address this
hypothesis, chronic effects of Imeglimin have also been characterized

in male ZDF rats, an extreme model of obesity-driven T2D associated

with inadequate B-mass and increased B-cell death.*” In this context,
Imeglimin treatment for 5 weeks attenuated the decline in B-cell loss
normally seen in this model; this effect appeared to be caused by a
modest increase in B-cell proliferation and a decline in cell death from
apoptosis.*? These newer preclinical findings suggest the possibility of
disease-modifying benefits on islets in patients with T2D. Whether
there might be some potential for greater durability than is usually the
case with other oral therapies will require longer term clinical studies
in the future.

3 | ENHANCED INSULIN ACTION

3.1 | Clinical evidence

In the TIMES 1 phase lll monotherapy trial, Imeglimin treatment for
24 weeks produced a significant effect on the Quantitative Insulin
Sensitivity Check Index (QUICKI), a measure of insulin sensitivity that
correlates with results from glucose clamp studies.*® Specifically,
mean QUICKI values were increased by 0.0093 in Imeglimin versus
placebo-treated patients (P = .005) after 24 weeks (Poxel, unpublished
data). A similar effect on the related Stumvoll Index—an alternative
calculated estimate of insulin sensitivity*”—was noted in an additional
unpublished phase Il trial. Future studies are being planned to more
directly measure the effect of Imeglimin on insulin sensitivity in

humans.

3.2 |
models

Functional effects in animal and cellular

In addition to prominent effects to reverse B-cell dysfunction, sev-
eral lines of evidence indicate that Imeglimin can augment insulin
action.

In a HFHSD mouse model of T2D, treatment with Imeglimin
enhanced the glucose-lowering effect of exogenous insulin.** An

insulin-sensitizing effect of the molecule in both liver and skeletal
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muscle was also reported; this was determined by measuring the degree
of PKB (Akt) phosphorylation via Western blot—a key component of the
insulin signalling pathway—in response to exogenous insulin.** In the
same model, chronic treatment with Imeglimin also reduced hepatic
steatosis (decreasing triglycerides, cholesterol and diacyglycerol), an
effect that would predict improved hepatic insulin sensitivity.** After
Imeglimin treatment for 45 days, increased in vivo 14C-2-deoxy glucose
uptake into skeletal muscles of STZ-diabetic rats was also observed*L:
this effect is consistent with improved insulin sensitivity but was also
probably influenced by improvements in insulin secretion. Using cultured
(H-2Kb) skeletal muscle cells, Imeglimin incubation was also shown to
mediate an insulin-like effect on glucose uptake in vitro.**

Effects of Imeglimin to exert insulin-like effects on the liver
include dose-dependent inhibition of glucose production using pri-
mary cultured rat (Wistar) hepatocytes; a similar effect that was also
shown with in vitro incubation of liver slices derived from insulin-
resistant ZDF rats.*' The above noted effect of Imeglimin to inhibit
gluconeogenesis in isolated rat hepatocytes has also been replicated
in additional experiments®® and appears to be similar to that of met-
formin; however, as discussed below and summarized in Table 1, the
underlying mechanisms for Imeglimin and metformin are distinct.

In additional experiments, an euglycaemic hyperinsulinaemic
clamp was performed to assess the effects of Imeglimin treatment on
insulin sensitivity (Figure 3). After 2 weeks’ treatment of STZ-diabetic
rats, the total glucose infusion rate required to maintain euglycaemia
was significantly increased (+215%; P < .01), indicating a substantial
improvement in whole body insulin sensitivity. Basal endogenous glu-
cose production was not significantly affected; however, in the pres-
ence of hyperinsulinaemia, Imeglimin-treated rats showed a
significant decrease in hepatic glucose production compared with
controls (—40%,; P < .05). By contrast, Perry et al. did not observe sig-
nificant effects of Imeglimin on whole body or hepatic insulin sensitiv-
ity in HFF rats after 2 weeks of treatment with Imeglimin.*® The
reason(s) for this discrepancy are unknown but may involve several
factors. In addition to strain (Wistar vs. Sprague-Dawley) and model
differences, there are possible differences in drug exposure because
of different modes of administration (oral gavage vs. admixture with
food). It should also be noted that HFF and STZ rats were clamped at
different levels of glucose. In addition, longer treatment periods may
be needed to produce clear effects on insulin sensitivity because
improvements in HFHSD mice with insulin resistance were observed
after 6 weeks of treatment.**

On balance, the available data indicate that Imeglimin enhances insulin
action in vivo. Direct effects to suppress gluconeogenesis in hepatocytes and

promote glucose uptake in skeletal muscle cells have also been described.

4 | MOLECULAR MECHANISMS

4.1 | Improved mitochondrial function

Given the effects of Imeglimin on multiple organs and cell types, it is

not surprising that effects related to mitochondrial dysfunction—

TABLE 1 Imeglimin's mode of action is distinct versus metformin

Imeglimin Metformin
In vivo (clinical)

Glucose-stimulated insulin No reported effect on insulin

secretion (hyperglycaemic secretion®%7?
clamp)®

Evidence of insulin sensitivity - No clear increase in insulin
QUICKI?, Stumvoll® sensitivity” %72

In vivo (preclinical)

Glucose-stimulated insulin No effect on insulin secretion”?

secretion (GTT)*4;
hyperglycaemic clamp*%43

71,72

Glucose disposal; insulin + Insulin sensitization

sensitivity (Figure 3); insulin

signalling®*#4

Cell and organ

Glucose-stimulated insulin No effect on glucose-stimulated

secretion (islets/perfused insulin secretion”*73
pancreas)*1#34°
Islet B-cell protection; preserved  In vitro B-cell protection’*”>; no

41,42

B-cell mass known in vivo effects on B-cell

mass71

Muscle glucose uptake*! + Muscle glucose uptake”?

Gluconeogenesis Gluconeogenesis (hepatocytes)”’*
(hepatocytes)*!
Intracellular
Competitive/partial Uncompetitive mitochondrial

Complex | inhibition;
decreased respiration
decreased ROS formation

mitochondrial Complex |
inhibition; no decrease in
mitochondrial respiration;
decreased ROSP
formation®+>1>°

55,71,
’
76,77

No effect on mitochondrial
glycerophosphate®

Mitochondrial glycerophosphate
dehydrogenase>®

No increase in Ca**;”®

on NAD" reported®

Increased NAD" synthesis; no effect

potentially via NAMPTS;
increased glucose-responsive
intracellular Ca**4%

?Poxel, unpublished data.

PReactive oxygen species.

“Nicotinamide phosphoribosyltransferase.

Abbreviations: GTT, glucose tolerance test; NAD*, nicotinamide adenine
dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; ROS,
reactive oxygen species.

which involves multiple tissues in T2D72%%°_might underlie the
pleiotropic beneficial phenotypic changes imparted by Imeglimin
treatment. As depicted in Figure 4, there are several documented
effects of Imeglimin leading to modulation of mitochondrial function
and to potentially favourable downstream sequelae.

In diseased pancreatic islets, Imeglimin enhances ATP generation
and increases the ATP/ADP ratio implicating a net improvement in
mitochondrial function.*® In addition, the effect of Imeglimin to
amplify GSIS is maintained when obligate mitochondrial fuels such as

d.43

leucine or succinate are employe As further described below,

Imeglimin also promotes the synthesis of NAD" in diabetic GK rat
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FIGURE 3 Imeglimin improves insulin sensitivity in vivo. Male Wistar rats (age 40-42 weeks, weighing 200-225 g) were treated with
streptozotocin (STZ) (50 mg/kg in citrate buffer via intraperitoneal injection) to produce mild diabetes (mean basal fasting glucose 5-6 mM); after
1 week, animals were randomized into two groups based on their fasting glucose levels. Beginning 10 days post-STZ, animals were treated with
Imeglimin (150 mg/kg BID; red barsm) or vehicle (0.5% methylcellulose; black bars m) for 15 days. An euglycaemic hyperinsulinaemic clamp was
then conducted, beginning 45 minutes after the last administration of Imeglimin or vehicle in overnight fasted rats (15 hours). Plasma insulin was
increased to a constant level via primed, continuous infusion of exogenous insulin (0.5 Ul/kg/h); plasma glucose was maintained at a constant
euglycaemic level by varying the infusion of exogenous glucose. Two key variables were assessed during the clamp: A, The steady state glucose
infusion rate (GIR) was measured as an index of whole body insulin sensitivity. B, [3-3H]-glucose was infused to assess endogenous glucose
production (glucose production rate [GPR]). Both basal and hyperinsulinaemic conditions were studied. *P < .05; **P < .01 vs. vehicle control
(Student t-test); n = 10 rats per group

Other Cellular \ //mproves p-cell Function\

Metabolic Pathways & p-cell Protection
«increases NAMPT 45 -,
/ Mitochondria  increases NAD* 45 v’ - increases glucose-
. V. dependent insulin
v secretion41-45
*increases Ca™ * prevents p-cell death#246
mobilization® 4) « increases functional p-cell

kmass42 /

« partially inhibits (competitive) Complex | 55

¢ reduces ROS* formation 4 CnvrensasssAIIAARRR ARSI * E h / I A t
« restores Complex Il function** / hhances insulin Action \
« prevents mPTP# opening®'.........ceourenee » lessens release of Liver
« increases ATP generation (B-cell)*5 pro-apoptotic - reduces excessive
proteins5’ | ia41,55
gluconeogenesis

* decreases steatosis*?
Muscle
* increases insulin signaling#*
« stimulates glucose

Kuptake41 44 /

FIGURE 4 Summary of Imeglimin's dual mode of action. Imeglimin has direct effects on islet B-cells to enhance glucose-stimulated insulin
secretion (GSIS) (and to potentially prevent loss of B-cell mass); enhanced insulin action occurs in both liver and skeletal muscle. Underlying
cellular effects include modulation of mitochondrial function and an additional effect in islet B-cells to enhance generation of NAD" that
contributes to Ca** mobilization in the insulin secretion amplification pathway. *reactive oxygen species; #permeability transition pore; @
Nicotinamide Phosphoribosyl-transferase; ¢ Nicotinamide Adenine Dinucleotide (NAD®)

islets.** In this context there was no change in cellular NADH content the NAD" pool suggests the potential for an increased supply of
but the NAD/NADH ratio was significantly increased by 30%-31%.%° reducing equivalents needed to fuel oxidative phosphorylation via the
Despite the lack of a net increase in total islet NADH, an expansion of mitochondrial electron transport chain.?’
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Improvements in respiration were measured using mitochondria
isolated from liver tissue of diet-induced diabetic mice after Imeglimin
treatment.** More specifically, Imeglimin restored deficient Complex
Il activity while partially inhibiting Complex I. This rebalancing effect
was associated with a substantial decrease in excess disease-
associated ROS formation, as measured by H,O, production with suc-
cinate as a substrate. Taken together, a decrease in ROS generated
from reverse electron flux via Complex | could potentially be impli-
cated by these results. Potentially beneficial effects of Imeglimin on
components of mitochondrial structure (e.g. cardiolipin content) were
also documented in this study.** Using human endothelial cells
(HMEC-1), the effect of Imeglimin to suppress ROS formation via
decreasing reverse electron transport through Complex | was repli-
cated; and no net reduction in cellular oxygen consumption was
noted.>?

Elevated ROS production is known to enhance opening of the
mitochondrial permeability transition pore (PTP). This occurs in a vari-
ety of pathological states and can result in the release of pro-
apoptotic proteins into the cytosol, resulting in cell death.5%°% In
HMEC-1 cells, Imeglimin effectively prevented PTP opening and this
was associated with reduced cell death.>® This finding raises an
intriguing possibility that the aforementioned effects of Imeglimin to
deter cell death in cultured islet B-cells** might be attributable to the
effect on PTP opening; however, as these are very different cell types,
further studies would be needed to confirm this hypothesis.

Finally, the effect of Imeglimin to inhibit gluconeogenesis in
hepatocytes—and potentially its effect to also suppress hepatic glu-
cose output in vivo—can be tentatively linked to partial inhibition of
respiratory chain Complex I. Metformin is also known to inhibit gluco-
neogenesis via mild inhibition of Complex 1.>* In isolated rat hepato-
cytes, both Imeglimin and metformin inhibit gluconeogenesis;
however, their effects on Complex | appear to be divergent. By mea-
suring the affinity of NADH for the respiratory chain in permeabilized
hepatocytes, Vial et al. recently observed®® that Imeglimin decreased
the affinity of NADH for the respiratory chain but did not affect its
Vmax (competitive inhibition), whereas metformin decreased both the
Vmax and the affinity (uncompetitive inhibition). Given that Imeglimin
produces mild, competitive Complex | inhibition without affecting
overall cellular oxygen consumption, the authors speculated that it
induces a kinetic constraint on the respiratory chain that does not
affect its maximal activity but which could be sufficient to affect glu-
coneogenesis in hepatocytes. By contrast, metformin is an uncompeti-
tive inhibitor of the respiratory chain and significantly reduces the
cell's oxygen consumption rate.>®> These data are also consistent with
other results obtained using HMEC-1 cells where metformin, but not
Imeglimin, produced a modest decrease in cellular oxygen
consumption.®!

The above noted findings raise some important questions that
remain to be answered in the future. What molecular mechanism(s)
might account for the observed effects on Complex | (or Complex IlI)?
Are there tissue-selective differences in the effects of Imeglimin on
mitochondrial function? If ATP levels are suppressed in hepatocytes,

why were they observed to increase in islets? In hepatocytes, high

concentrations (100-1000 uM) were studied; in islets, effects of
Imeglimin were observed at 25-100 uM. In addition, no detailed char-
acterization of the effects of Imeglimin on mitochondria was per-
formed in islets (or cell types other than hepatocytes and HMEC-1
cells). In addition, the increase in cellular NAD™ has to date only been
observed in islets. The effect of Imeglimin to increase Complex IlI
activity also suggests that net effects on ATP synthesis may relate to
the degree of baseline dysfunction in different components of the
respiratory chain (i.e. whether there is an underlying imbalance in
Complex | vs. Complex Ill that could be restored towards normal). The
extent to which Imeglimin's effects on ROS also translate to islets or
to in vivo situations also remains to be established. Most importantly,
a direct link between Imeglimin's effects on mitochondrial function
and in vivo improvements in GSIS or insulin action have yet to be
elucidated.

Increased plasma lactate and even lactic acidosis can occur rarely
with metformin overdose or in the setting of renal failure.>%>’
Because inhibition of Complex | may contribute to this risk,>” it is
important to consider whether Imeglimin might lead to increases in
lactate. Interestingly, metformin has also been shown to inhibit mito-
chondrial glycerophosphate dehydrogenase (mGPD), an effect that
could also lead to both inhibition of gluconeogenesis and lactate accu-
mulation.>® We recently determined that Imeglimin had no effect to
inhibit rat mGPD in comparison with metformin, which performed as
expected. Furthermore, additional in vivo studies were conducted in
two animal models to show that metformin, but not Imeglimin, could
provoke substantial elevations of plasma lactate (Poxel,
unpublished data).

Although there are some similarities in their respective chemical
structures, most of the in vivo and in vitro effects of Imeglimin are dis-
tinctly different from metformin, based both on head-to-head experi-
ments and a review of the available literature (Table 1). Both
metformin and Imeglimin have related effects to inhibit Complex I;
however, the specific mechanisms are divergent. Therefore, available
evidence strongly suggests that Imeglimin does not provoke increases
in lactate and has a lower potential risk of lactic acidosis compared

with that associated with metformin.

4.2 | Potential role of other pathways in
improvement of B-cell function

As mentioned above, Imeglimin increases the cellular pool of NAD" in
isolated islets from GK rats. Additional experiments suggested that
Imeglimin increases NAD™ synthesis by inducing the expression and
levels of nicotinamide phosphoribosyltransferase (NAMPT), a key
enzyme in the ‘salvage’ synthesis pathway.*> In addition to its role to
enhance mitochondrial function,® NAD™ is metabolized by CD38%° to
generate a second messenger, cyclic ADP-ribose (cADPR), which is
implicated in enhancing Ca** mobilization from intracellular stores via
its interaction with the ryanodine receptor (RyR).273%¢? Increases in

562

intracellular Ca*™* are required for GSI and potentiated by

Imeglimin as well as other stimuli, including incretin hormones.**> To
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TABLE 2 Comparison of Imeglimin with other major therapeutic classes

Therapeutic class

Biguanides (metformin)

Sulphonylureas, Glinides

Sodium-glucose co-
transporter-2 inhibitors

a-Glucosidase inhibitors
GLP-1 receptor agonists
(incretin mimetics)®

DPP4 inhibitors

Thiazolidinediones

Clinical HbA1c-lowering effect®

—0.7% to 1.2%"8

~—1.0% with potential loss of
effect over time”?

—0.6% to 0.9%%°

—0.44% to 1.0% (—0.78% at
100 mg TID)®2

—0.8% to 1.4%8%485

—0.6% to 0.8%%”

—1.0% to 1.6%%°

Other key attributes or liabilities

Possible risk of lactic acidosis; Gl
adverse effects”®

Hypoglycaemia; weight gain;
increased risk of CV mortality”®

Renal and CV benefits; mild weight
loss; reduced glycaemic efficacy
with renal insufficiency; volume
depletion; genito-urinary infections

Gl adverse effects (up to 74%);
modest weight loss®?

Weight loss; CV risk reduction®48°

Potential loss of efficacy after
9-12 mo

Weight gain; oedema; increased bone
fracture risk

Mechanism(s) of action

See Table 1

K*-ATP subunit (SUR) binding
channel closure glucose-
independent insulin secretion®®

Inhibits renal glucose reabsorption;
secondary insulin sensitivity®!

Inhibits intestinal carbohydrate
digestion®®

cAMP signalling increase GSIS;
decrease gastric emptying; other®

Stabilize and increase incretin levels
leading to GSIS®8

PPARY agonists insulin
sensitization”®

Imeglimin —0.94% to 1.0% *© -

?HbA1c data reported for dulaglutide and semaglutide (weekly injection).

Modulate mitochondrial function;
increase ATP and NAD" synthesis
(islets) increase GSIS; augment
insulin action

bData are reported as difference from placebo in 12-26 week clinical trials (as monotherapy or add-on to metformin in most cases).

“Poxel, unpublished data.

Abbreviations: CV, cardiovascular; DPP4, dipeptidyl peptidase-4; Gl, gastrointestinal; GLP-1, glucagon-like peptide-1; GSIS, glucose-stimulated insulin
secretion; NAD", nicotinamide adenine dinucleotide; PPARy, Peroxisome proliferator-activated receptor gamma.

further interrogate the possible link between Imeglimin's effects to
increase NAD" and promote Ca™ mobilization, additional experiments
were conducted.* Partial knockdown (siRNA) of CD38 appeared to
block Imeglimin's effects on GSIS; excess ryanodine was also used to
block RyR, resulting in a reduced ability of Imeglimin to augment GSIS.
Taken together, these results suggested that Imeglimin's effects on
GSIS are potentially mediated via this pathway.*> Although increased
NAD™ synthesis may contribute to enhancement of GSIS, it is improb-
able that this pathway accounts for other effects of Imeglimin
(e.g. insulin sensitization in other cells or tissues). Moreover, possible
effects of Imeglimin on NAD" (or NAD* metabolism and actions) in
other tissues have yet to be interrogated.

Importantly, Imeglimin's effects on GSIS were also shown to be
diazoxide-resistant, whereas sulphonylurea action was fully inhibited by
diazoxide as expected.*® Thus, the predominant action of Imeglimin in
islets appears to be independent from the classical ‘triggering’ pathway
involving K*-ATP channel closure.®® There are clear similarities between
Imeglimin's effect to amplify GSIS and the effects of GLP-1, which are
also diazoxide-resistant“; however, Imeglimin had no effect to increase
cAMP, which is an obligate mediator of incretin action.*®

Overall, the molecular basis for Imeglimin's strong effect to
improve f-cell function appears to be consistent with its ability to
modulate mitochondrial function and to also increase Ca** mobiliza-
tion, which can be tentatively linked to the synthesis and metabolism
of NAD®. Although increased mitochondrial respiration might be
expected to trigger insulin release via K*-ATP channel closure, it is

well known that additional anaplerotic mitochondrial metabolic path-
ways can result in K*-ATP-independent GSIS amplification.5%%>

In addition to the potential impact of this acute mechanism on
B-cell function, it is interesting to also speculate that the aforemen-
tioned effects of Imeglimin on B-cell protection might also be driven,
in part, by increases in cellular NAD™ levels. Indeed, NAD™" depletion is

known to potentiate apoptotic cell death,®®

31,67

whereas exogenous
NAD" is reportedly cytoprotective.

5 | ADDITIONAL EFFECTS AND
POTENTIAL BENEFITS

In light of evidence showing that Imeglimin modulates mitochondrial
function, reduces ROS and protects cells from death in response to
insults that include cytokines or hyperglycaemia, the potential for
organ protection may extend to other tissues that are damaged in the
context of diabetes. Using a Zucker fa/fa rat model of metabolic syn-
drome, Lachaux et al. recently described an effect of Imeglimin treat-
ment to ameliorate cardiac dysfunction.’® Specific improvements
included decreased left ventricle (LV) end-diastolic pressure and
increased LV tissue perfusion; moreover, these potential benefits
were associated with a parallel reduction in LV ROS production. In the
same experiment, Imeglimin was also shown to increase coronary
artery endothelium-dependent relaxation. Importantly, 90 days of

Imeglimin treatment in this model partially normalized elevated



HALLAKOU-BOZEC ET AL.

WILEY_L

of 385 in

251 mg/24 hours (P < .05); the mean value in lean control rats was

albuminuria, from a mean untreated rats to
108 mg/24 hours. This apparent renal benefit was also associated
with a significant decrease in kidney interstitial fibrosis; however,
tubular injury and interstitial inflammation were not significantly ame-
liorated.®® Thus, Imeglimin may have additional potential to address
important complications of diabetes, including cardiac dysfunction
and nephropathy; additional clinical studies are needed to assess the
extent to which these findings may translate to benefits for patients.
Regarding cardiovascular safety, no adverse effects have been
observed to date and recent clinical data also indicate a lack of QT
prolongation (or other ECG abnormalities) with Imeglimin treatment.®”

6 | CONCLUSIONS
Imeglimin is a first-in-class novel oral agent designed to target key compo-
nents of T2D pathophysiology. Its mechanism of action (Figure 4) involves
dual effects to improve pancreatic 3-cell function and to enhance insulin
action in key tissues, including liver and skeletal muscle. At the cellular
molecular level, the molecule modulates mitochondrial function, as docu-
mented in several cell types, leading to improvements in cellular energy
metabolism and protection from cell death associated with excess ROS
formation or other insults. An additional effect via increased NAD™ synthe-
sis and enhanced Ca** mobilization is operative in islet B-cells.
Importantly, Imeglimin's mechanism is distinct from existing thera-
pies used in the treatment of T2D (Table 2). Like GLP-1 receptor ago-
nists, Imeglimin amplifies insulin secretion in an exclusively glucose-
dependent fashion; however, cellular pathways employed by incretins
versus Imeglimin are divergent. Sulphonylureas and glinides function to
release insulin via K*-ATP closure in a glucose-independent way that
clearly differs from Imeglimin. In comparison with metformin, Imeglimin's
effects are also quite distinct, as described above and in Table 1. Other
major classes such as sodium-glucose co-transporter-2 inhibitors, Peroxi-
(PPARY)
(thiazolidinediones) and a-glucosidase inhibitors, mediate glucose lower-

some proliferator-activated receptor gamma agonists
ing via pathways that appear not to overlap with Imeglimin's actions.
Given these mechanistic distinctions, Imeglimin may have complemen-
tary effects when added to existing therapeutics, as has been previously
reported with sitagliptin? and with metformin.® In addition, the pharma-
cokinetic properties of Imeglimin appear to generally support combina-
tion therapy use. The molecule is well absorbed with a Tmax of 4 hours
and an elimination t;,, of 5-6 hours; it is largely cleared via the kidney
but there are no clinically meaningful interactions with either metformin
or sitagliptin.”®

Given its tolerability profile and consistent glucose-lowering effi-
cacy in a range of clinical trials,* Imeglimin may be suitable for use in
certain difficult-to-treat patients, such as the elderly or patients with
renal insufficiency. Although Imeglimin could be useful in a broad
range of patients with T2D, there may also be situations where it
should not be used. Patients who are well managed with other agents
or who are in need of additional effects (e.g. weight loss) that other

classes can provide may not be optimal candidates. Occasional

patients may also experience gastrointestinal symptoms (such as diar-
rhoea) although the frequency of such effects is substantially lower
than observed with metformin®; thus, patients experiencing such
symptoms may prefer alternative regimens. In addition, Imeglimin has
not been adequately characterized in selected patient populations,
including paediatric T2D or hepatic insufficiency.

The unique mechanism of action of this new investigational agent
is consistent with existing clinical data and suggests several key fea-
tures: there are no apparent risks of severe hypoglycaemia and the
risk of lactic acidosis appears to be very low; no mechanism-based
adverse effects are evident; longer term effects relating to durability
and disease modification in islets are possible; finally, direct organ pro-
tection in heart and kidney have also been suggested as possible
effects.
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