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Abstract

The prevalence of type 2 diabetes (T2D) is evolving
globally at an alarming rate. Prediabetes is an interme-
diate state of glucose metabolism that exists between
normal glucose tolerance (NGT) and the clinical entity
of T2D. Relentless B-cell decline and failure is respon-
sible for the progression from NGT to prediabetes and
eventually T2D. The huge burden resulting from the
complications of T2D created the need of therapeutic
strategies in an effort to prevent or delay its develop-
ment. The beneficial effects of incretin-based therapies,
dipeptidyl peptidase-4 inhibitors and glucagon-like
peptide-1 (GLP-1) receptor agonists, on p-cell func-
tion in patients with T2D, together with their strictly
glucose-depended mechanism of action, suggested
their possible use in individuals with prediabetes when
greater B-cell mass and function are preserved and
the possibility of p-cell salvage is higher. The pres-
ent paper summarizes the main molecular intracellular
mechanisms through which GLP-1 exerts its activity on
B-cells. It also explores the current evidence of incretin
based therapies when administered in a prediabetic
state, both in animal models and in humans. Finally it
discusses the safety of incretin-based therapies as well
as their possible role in order to delay or prevent T2D.
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Core tip: The beneficial effects of incretin-based thera-
pies on B-cell function in patients with type 2 diabetes
(T2D) suggested their possible use in individuals with
prediabetes, when greater B-cell mass and function
are preserved. Both dipeptidyl peptidase-4 inhibitors
and glucagon-like peptide-1 receptor agonists have
demonstrated improvements on B-cell function both in
preclinical studies and short-term clinical studies. Until
future date for their safety are available, large, long
term, prevention trials will be required in order to de-
termine whether they can stabilize or reverse B-cell
loss and promote a sustained reduction in the devel-
opment of T2D in this population.
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INTRODUCTION

The prevalence of type 2 diabetes (I2D) is evolving
globally at an alarming rate!'!, Tt is estimated that by the
year 2030 approximately 366 million people will have dia-
betes and more than 90% of them T2D"?. Prediabetes
1s an intermediate state of glucose metabolism that exists
between normal glucose tolerance (NGT) and the clinical
entity of T2D. Tt encompasses both impaired fasting
glucose (IFG) and impaired glucose tolerance IGT). IFG
is defined by a fasting plasma glucose of 100 mg/dL to
125 mg/dL, while IGT is defined by a 2 h plasma glucose
concentration of 140 mg/dL to 199 mg/dL aftera 75 g
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oral glucose tolerance test (OGTT)W]. Furthermore, the
American Diabetes Association suggested that glycated
hemoglobulin (A1C) between 5.7% and 6.4% can also be
used for the diagnosis of prediabetes, considering that
A1C test must be performed by a method that is certi-
fied by the National Glycohemoglobin Standardization
Program and standardized or traceable to the Diabetes
Control and Complications Trial reference assay'”. Ap-
proximately 471 million people worldwide (8% of the
wortld’s adult population) are estimated to have IGT by
the year 2035'",

Individuals with IGT have moderate to severe muscle
insulin resistance and normal to slightly decreased he-
patic insulin sensitivity. They are characterized by defects
in both early (0-30 min) and late-phase (60-120 min) of
insulin secretion to an oral glucose load”. Individuals
with IFG have moderate hepatic insulin resistance with
normal muscle insulin sensitivity and decreased basal and
early phase of insulin secretion”. The Veterans Adminis-
tration Genetic Epidemiology Study and the San Antonio
Metabolism (SAM) study have shown a progressive de-
cline in pancreatic -cell function in individuals with pre-
diabetes®™”. The SAM study has demonstrated that when
the 2 h plasma glucose during an OGTT was 180-190
mg/dL, B-cell function had already declined by 75% to
80%"". Eventually, approximately 20%-34% of the indi-
viduals with IFG or IGT progress to T2D over five to
six years, while those with combined IFG and IGT have
a cumulative incidence of 38%-65%, especially if they
have low insulin secretion and severe insulin resistance™”.
Relentless B-cell decline and failure is responsible for the
progression from NGT to IGT and eventually T2D.

A two to three fold greater increase in plasma insulin
response is observed after glucose ingestion compared
to a parenteral isoglycemic glucose infusion. This phe-
nomenon was defined as the incretin effect; it accounts
for approximately 70%-80% of total insulin release after
oral glucose administration! ", Glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP) are the two major incretins described; they
account for approximately 90% of the incretin activity!"”,
GLP-1 contributes in the overall maintenance of glucose
homeostasis through the reduction of glucagon secretion,
slowing of gastric emptying and control of body weight,
by its appetite suppressant effect!"™. GLP-1 levels are
significantly decreased in T2D (approximately 50% com-
pared to healthy individuals) UM GIP levels are found to
be elevated in patients with T2D as a result of resistance
to its biological effects. Sensitivity of B-cells can be re-
sorted after normoglycemia is established, suggesting that
resistance to GIP is a manifestation of glucotoxicityﬂs].

Impairment in incretin hormone secretion/activity in
individuals with prediabetes has been reported, although
data are not consistent' . However, reduced GLP-1
levels were reported in the majority of these studies and
mainly in subjects with isolated IGT or combined IFG
and IGT; early phase GLP-1 response was found to be
severely diminished""*. Interestingly, Toft-Nielsen ez al”
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have shown that during the progression from NGT to
IGT and eventually T2D, there is a progressive decline
in GLP-1 levels. Early GLP-1 therapy was suggested to
preserve f-cell function in subjects with IGT or mild
2D,

Native GLP-1 is rapidly inactivated (halfe-life of 1-2
min) by the ubiquitously expressed proteolytic enzyme
dipeptidyl peptidase-4 (DPP-4)""". The DPP-4 inhibi-
tors are a class of oral antidiabetic agents that improve
glycemic control, in patients with T2D, by increasing
both GLP-1 and GIP concentrations”!. GLP-1 receptor
(GLP-1R) agonists mimic the actions of GLP-1 and are
resistant to DPP-4 degradation; they have achieved signif-
icantly lower A1C values in patients with T2D that were
associated with significant weight reduction™. Studies in
cell cultures and animal models demonstrated that both
DPP-4 inhibitors and GLP-1R agonists have trophic ef-
fects on pancreatic 3-cells. Specifically they enhance [3-cell
proliferation, regeneration and differentiation; thus they
increase [3-cell mass. They also inhibit 3-cell apoptosis, in-
cluding human [-cells, through inhibition of the caspase
pathwayp*%]. The identification of their antiapoptotic
properties, combined with observations of B-cell func-
tion preservation and sustained glycemic control during
their administration, suggested their possible use as early
in the clinical course of T2D as possible or even earlier
in order to prevent the onset of this disease”™. The pres-
ent paper summarizes the main molecular intracellular
mechanisms through which GLP-1 exerts its activity on
B-cells. It also explores the current evidence of incretin-
based therapies, DPP-4 inhibitors and GLP-1R agonists,
when administered in a prediabetic state both in animal
models and in humans. Finally it discusses the safety of
incretin-based therapies, as well as their possible role in
order to delay or prevent T2D.

MAIN MOLECULAR INTRACELLULAR
MECHANISMS OF GLP-1 ACTIVITY ON
THE PANCREATIC B-CELL

Increased glucose levels are first transported into the

B-cell by the type 2 facillitative glucose transporter
(GLUT-2) and are phosphorylated by glucokinase to
glucose-6-phosphate, promoting an increased rate of
aerobic glycolysis; this in turn generates substrates (mainly
pyruvate) for mitochondrial oxidative metabolism. Glyco-
lytic and mitochondrial respiration promotes an increased
cytosolic adenosine triphosphate (ATP)/adenosine di-
phosphate (ADP) concentration™. This major cellular
metabolic signal provides the link between glucose stimu-
lus and insulin secretion. The increase of ATP/ADP
ratio promotes the closure of ATP-sensitive KK channels
(Karp), thereby initiating plasma membrane depolariza-
tion, activation of voltage-dependent Ca’" channels
(VDCCs), Ca®* influx and an increase in the intracellular
Ca”" concentration. This in turn stimulates the granules
that contain insulin and promotes their release into the
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blood compartment. Repolarization of [-cells is mainly
mediated by Ca”"-sensitive voltage-depended K* (Kc.)
channels and voltage-dependent K (Kv) channels. These
channels open after glucose-induced membrane depolar-
ization so as to restore the outward flux of K,

GLP-1 is a 30-amino acid peptide produced in the
intestinal epithelial L-cells of the distal ileum and colon
by differential processing of the proglucagon gene from
the prohormone convertase PC1/3[30]. GLP-1 binds to
GLP-1R, a class 2 G protein-coupled receptor, in the cell
membrane of the pancreatic islets”". Through this re-
ceptor it mainly exerts its insulinotropic activity, which is
strictly glucose-depended. Specifically, it stimulates adenyl-
ate cyclase resulting in the production of cyclic adenosine
3,5’-monophosphate (cAMP). Downstream effectors of
cAMP include protein kinase A and the cAMP-regulated
guanine nucleotide exchange factor II. Through the ac-
tivation of these two important cellular pathways GLP-1
enhances and amplifies insulin secretion vz its effects on
ATP/ADP concentration ratio, Karr channels, Kv and
Kea channels, VDCCs, Ca”" influx and intracellular con-
centrations and insulin granule exocytosis or priming[32’33].
In this way GLP-1 restores glucose-depended insulin se-
cretion in metabolically compromised [-cells; it promotes
the induction of glucose competence (Figure 1P+,

In addition to its insulinotropic effects, GLP-1 acts as
[-cell growth factor. After binding to its receptor, GLP-1
induces the transactivation of the epidermal growth
factor receptor, which activates phosphatidylinositol-3
kinase (PI3-K) and its downstream targets protein kinase
B (PKB/Akt), extracellular signal-related kinase, p38
mitogen-activated protein kinase (MAPK) and protein
kinase C( poaT, Through these pathways GLP-1 exerts
its action on B-cell proliferation and survival. Moreover
GLP-1 promotes an increased expression and activity of
the pancreatic and duodenal homeobox-1 (PDX-7) gene;
hence it increases total PDX-1 levels and promotes its
translocation to the nucleus™. PDX-1 is of major sig-
nificance for most of the proliferative, glucoregulatory
and cytoprotective actions of GLP-1. It regulates the
expression of genes important for 3-cell function such as
insulin, GLUT-2 and glucokinase. It also replenish [3-cell
insulin stores and in a long term basis it prevents {3-cell
exhaustion”” . Moreover, GLP-1 stimulates B-cell pro-
liferation through CREB-mediated Irs2 gene expression,
leading to activation of PI3-K/PKB signaling pathway[43].
Its proliferative activity was also related to insulin growth
factor (IGF)-1 expression and autocrine IGF-2 secre-
tion by the B—cellw. Furthermore, GLP-1 prevents 3-cell
apoptosis, induced by a vatiety of cytotoxic stimuli, and

.. 264546
enhances [3-cell survival®**,

DPP-4 INHIBITORS IN A PREDIABETIC
STATE
Vildagliptin

Studies organized in animal models: Vildagliptin
(LAF237) is an oral agent that inhibits DPP-4 and in-
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creases both active GLP-1 and GIP levels; it achieved
improved glycemic control in patients with T2D"". Five-
week-old female C57BL/6] mice were fed with a high-fat
diet, as 2 model of IGT and T2D, or a normal diet for 8
wki™. After 4 wk, the mice were treated with vildagliptin
in their drinking water (approximately 3 pmol per day per
mouse). Controls were given only water. All mice were
subjected to an OGTT after 4 wk of treatment. In both
high-fat diet-fed mice and the normal diet-fed mice, ad-
ministration of vildagliptin improved glucose tolerance in
association with markedly augmented insulin secretion.

Vildagliptin was also administered in anesthetized
obese insulin resistant cynomolgus monkeys in a dose of
1 umol/ kgm]. Each animal received two OGTTs 45 min
after oral administration of vildagliptin or vehicle, 3 wk
apart. Plasma DPP-4 activity was inhibited by 82% with
vildagliptin therapy (P < 0.001) and remained suppressed
throughout the duration of the OGTT. Peak plasma
GLP-1 levels in the vildagliptin group were significantly
higher than those in the vehicle-treated animals, after
the glucose load was given (P < 0.001). Vildagliptin re-
duced glucose excursions during OGTTs compared to
the vehicle (P < 0.05). There was also a trend towards an
enhanced insulinogenic response to glucose after vilda-
gliptin therapy.

Clinical studies: Although incretins are stimulated dut-
ing an oral challenge, it was postulated that due to the
long half-life of DPP-4 inhibitors, basal levels of active
GIP and GLP-1 could play a role in the improvement
of B-cell function in individuals with IFG. Vildagliptin
was investigated in a single-blind, single-treatment design
study, in which 22 individuals with IFG were enrolled.
The drug was administered in a dose of 100 mg daily
for 6 wk. Two weeks of placebo treatment before (run-
ning period) and after (washout period) the 6 wk were
also studied™. Treatment with vildagliptin resulted in a
slight increase in fasting GIP but not GLP-1 levels, while
marked increases of both intact GLP-1 and GIP levels
during a meal tolerance test were reported. Fasting plas-
ma glucose (FPG) levels were not significantly reduced.
Incremental area under the curve (AUC) of glucose and
2 h glucose decreased after a meal tolerance test. Al-
though AUC of C-peptide and insulin responses did not
change significantly, when the decrease in glucose levels
was taken into consideration, both markers were im-
proved. Since a formal OGTT was not performed in the
population enrolled, the possibility that some individuals
had combined IFG and IGT could not be excluded. The
disposition index (DI) was increased by 69% and insulin
sensitivity by 25% after an intravenous glucose tolerance
test IVGTT), suggesting an improvement of f3-cell func-
tion when no dynamic change in incretin release would
be expected to occur. However, after the 2-wk washout
period, all the beneficial effects observed returned to
baseline levels.

In a multicenter 12-wk double-blind study 179 in-
dividuals with IGT were randomized to receive either
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Figure 1 Glucagon-like peptide-1 and the B-cell: Amplification of the glucose-stimulated insulin secretion. Increased glucose levels are transported into the
B-cell by GLUT-2. They are phosphorylated by GK to glucose-6-P, promoting an increased rate of aerobic glycolysis. Pyruvate is the main substrate for mitochondrial
oxidative metabolism. Increased cytosolic ATP/ADP concentration is the major cellular metabolic signal between the glucose stimulus and insulin secretion. It pro-
motes the closure of Kate channels, thereby initiating plasma membrane depolarization, activation of VDCCs, Ca™ influx and an increase in the intracellular Ca™ con-
centration. This in turn stimulates the granules that contain insulin and promotes their release into the blood compartment. Repolarization of -cells is mainly mediated
by Kca and Kv channels. GLP-1 binds to GLP-1R, a class 2 G protein-coupled receptor, in the cell membrane of the pancreatic cells. Through this receptor it mainly
exerts its insulinotropic activity. It promotes increased levels of cAMP through stimulation of adenylate cyclase. Downstream effectors of CAMP are PKA and Epac.
Through the activation of these two important cellular pathways GLP-1 amplifies insulin secretion via its effects on ATP/ADP concentration ratio, Kare channels, Kv
and Kca channels, VDCCs, Ca®* influx and insulin granule exocytosis. GLU: Glucose; GLUT-2: Type 2 facillitative glucose transporter; GK: Glucokinase; Glucose-6-P:
Glucose-6-phosphate; Kate: ATP-sensitive K* channels; VDCCs: Voltage-dependent Ca” channels; Kca: Ca”-sensitive voltage-depended K* channels; Kv: Voltage-
dependent K" channels; GLP-1: Glucagon-like peptide-1; GLP-1R: Glucagon-like peptide-1 receptor; cAMP: Cyclic adenosine 3',5-monophosphate; PKA: Protein
kinase A; ATP: Adenosine triphosphate; ADP: Adenosine diphosphate.

vildagliptin 50 mg/daily (z = 90) or placebo (# = 89)"". therapy between the three groups. Baseline A1C was low-
Approximately 80% of the patients were IFG and IGT. est in the vildagliptin group and higher in the pioglitazone
In individuals receiving vildagliptin there was a marked group (P = 0.01). A1C reduction was statistically signifi-
and sustained increase in active GLP-1 and GIP levels cant between treatment groups and placebo (placebo s
compared to the placebo group (5-fold and almost 2-fold pioglitazone: -0.17% £ 0.33% »s +0.09% * 0.26%; P =
increases in the incremental AUCs for GLP-1 and GIP, 0.013; placebo »s vildagliptin: -0.11% £ 0.25% »s +0.09%
respectively). These effects were associated with signifi- T 0.26%; P = 0.049). Vildagliptin and pioglitazone re-
cant improvements in B-cell function, as estimated by duced the 2 h plasma glucose at three months compared
insulin secretion relative to that of glucose (insulin secre- with baseline (vildagliptin: -20 + 24 mg/dL; P = 0.002
tory rate AUCO-2 h/glucose AUC0-2 h, mean change and pioglitazone: -23 + 29 mg/dL; P = 0.004), while only
between groups 6.1 * 2.0 pmol/min per meter per mil- pioglitazone slightly reduced FPG.

limoles per liter, P = 0.002). Improvements were also

reported in o-cell function [glucagon AAUCO-2 h, mean  Sitagliptin

change between groups (-3.0 £ 2.0 pmol/L per hour, P Studies organized in animal models: Sitagliptin is the
= 0.003)]. These beneficial effects contributed approxi- first DPP-4 inhibitor introduced in clinical practice™.
mately to 30% reduction of AAUC for glucose. Vilda- Sitagliptin and glyburide were administered in obese pre-
gliptin was well tolerated with a good safety profile and diabetic spontaneously hypertensive rat-obese (SHROB)

no hypoglycemia was documented. in order to investigate whether it could reverse the meta-

A three month, double-blind, placebo-controlled study bolic abnormalities in the secretion of both insulin and
was organized in a population of 48 stable renal transplant glucagon®™, Sitagliptin was found to normalize glucose
recipients, at least six months after transplantation, with tolerance following an OGTT, at least as effective as
newly diagnosed IGT". Participants were randomized glyburide, in this rat model of metabolic syndrome and
to receive 50 mg of vildagliptin, 30 mg of pioglitazone prediabetes. Sitagliptin also restored the first phase of
ot placebo in a 1:1:1 ratio (16 individuals in each group). insulin secretion after an OGTT more effectively than
There was not any significant difference in corticosteroid ~ glyburide. Fasting glucagon levels, which were elevated
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in the SHROB model, were normalized after 5 wk of si-
tagliptin therapy. Fasting insulin and liver glucogen levels
were not affected by both drugs. It was suggested that if
sitagliptin actions could extend to human prediabetics,
then sitagliptin might delay the onset of diabetes™.

Sitagliptin was also administered in a mouse model of
diet-induced obesity with increased FPG and postpran-
dial hyperinsulinemia®™. It was reported that 12-wk of
sitagliptin therapy improved glucose tolerance, reduced
FPG, and lowered plasma insulin in randomly fed mice
compared with untreated insulin-resistant obese mice.
A significant reduction in glucose excursions during an
intraperitoneal glucose tolerance test was found. Sita-
gliptin was also shown to induce a change in the islet size
distribution. Specifically, a significantly higher percentage
of small islets and a reduced relative percentage of very
large islets (due to the very high-fat diet) was demonstrat-
ed. This result may explain the better insulin secretory
response observed after sitagliptin therapy in response to
an zn vitro glucose challenge.

An animal model with clinical and metabolic char-
acteristics similar to those of individuals with IGT was
recently studied”. Fructose administration to normal
rats for 21 d induced insulin resistance, IGT, hypertriglyc-
eridemia and decreased B-cell mass, due to an increased
percentage of apoptosis. The control group was con-
sistent of rats that were fed with a standard commercial
diet. Homeostasis model assessment for insulin resistance
(HOMA-IR) and for B-cell function (HOMA-B) de-
creased to almost control values after sitagliptin therapy.
Sitagliptin significantly increased [-cell mass by 68%,
attaining values close to those measured in standard
commercial diet fed rats; inhibition of B-cell apoptosis
was the main cellular mechanism for this effect. These
changes were associated with normalization of IGT and
liver triacylglycerol content.

Clinical studies: In a double blind placebo-controlled
trial 22 individuals with IFG, after a baseline meal study,
received sitagliptin 100 mg daily (# = 11) or placebo (#
= 11) over an 8-wk treatment period””. They underwent
a second meal study at the end of the treatment period.
Sitagliptin did not alter fasting but increased postprandial
intact GLP-1 concentrations, while total postprandial
GLP-1 concentrations were reduced. Both fasting and
postprandial glucose values were unchanged with sita-
gliptin therapy. Although sitagliptin resulted in a slight
improvement in B-cell function (a slightly increased DI
was found), this was not sufficient to alter glucose uptake
and production and overcome the defect on insulin ac-
tion. It was speculated that the limited ability of DPP-4
inhibitors to increase insulin secretion in IFG could be
due to their glucose depended mechanism, since glucose
concentrations are only modestly elevated in IFG. This
speculation can also explain the differing effectiveness of
sitagliptin on postprandial concentrations in this study
compared to other studies in individuals with IGT, with
higher postprandial glucose concentrations.
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A four week open-label, parallel group study inves-
tigated the effects of sitagliptin on insulin secretion and
endogenous glucose production in individuals with IFG
and no history of prior antidiabetic therapy™. Twenty-
three individuals with either IFG (z = 10) or NGT (» =
13) were studied by a fasting glucose test and OGTT. All
participants received open-label sitagliptin 100mg once
daily for 4 wk. Treatment with sitagliptin resulted in a
small but significant decrease in FPG compared to base-
line in both groups (P < 0.05). Endogenous glucose pro-
duction was unchanged after 4 wk of sitagliptin therapy.
Administration of sitagliptin did not altered insulin or
glucose excursions in the post-intervention OGTT, but
did increase AUC for active GLP-1 and C-peptide com-
pared to baseline levels (P < 0.01 for both). Insulin sen-
sitivity and B-cell response indices remained unchanged
after administration of sitagliptin.

Beta-cell function in Glucose abnormalities and Acute
Myocardial Infarction was a 12-wk multicentre, double-
blind, randomized, parallel group study that investigated
the effects of sitagliptin 100 mg daily (#» = 34) compared
to placebo (7 = 37) in 71 patients with acute coronary
syndrome having IGT or T2D", Investigation of -cell
function was achieved using the insulinogenic index (IGI)
derived from an OGTT and acute insulin response to
glucose (AIRg) after a frequently sampled IVGTT. At
the time of randomization 71% and 62% of the indi-
viduals in the sitagliptin and the placebo group had I1GT,
while 29% and 38% had T2D, respectively. IGI increased
significantly, from baseline to 12 wk (9.9 prnol/rnrnol
to 85.0 pmol/mmol) in the sitagliptin group compared
to the placebo group (66.4 pmol mmol” to 58.1 pmol/
mmol, P = 0.013). The AIRg increased significantly in
the sitagliptin group compared to the placebo group:
1909 pmol L' per minute »s 1043 pmol/L per minute (P
< 0.0001). During the OGTT and the frequently sampled
IVGTT, glucose levels were significantly lower in the
sitagliptin arm comparted to the placebo arm. Immediate
insulin response was higher after sitagliptin therapy, while
it remained unchanged after placebo. By 12 wk, 76%,
18% and 6% of the participants in the sitagliptin group
had NGT, IGT and T2D respectively. In the placebo arm
41%, 35% and 24% of the participants had NGT, IGT
and T2D respectively.

Other DPP-4 inhibitors

Alogliptin is the newest DPP-4 inhibitor approved for
T2D therapy, either alone or in combination with other
antidiabetic agentsm]. It was administered alone ot in
combination with voglibose in prediabetic db/db mice®",
Specifically, 6 wk old prediabetic db/db mice were fed
with a powder CE-2 diet containing 0.001% voglibose
alone (equivalent to 1.8 mg/kg per day), 0.03% aloglitpin
alone (equivalent to 72.8 mg/kg per day), or combination
of both agents (equivalent to alogliptin: 53.8 mg/kg per
day + voglibose: 1.8 mg/kg per day) for 27 d. Control
db/ db and non-diabetic db/+ mice were fed by a drug-
free powder CE-2 diet (vehicle). Plasma DPP-4 activity
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was reduced significantly by 18%, 72% and 80% and
plasma active GLP-1 levels were increased significantly by
1.8, 4.5 and 9.1-fold in voglibose, alogliptin and combina-
tion treated db/db mice, compared with vehicle treated
db/db mice, respectively. Pancreatic insulin content was
increased significantly by 3.4, 1.8 and 8.5-fold and A1C
was reduced significantly by 1.6%, 0.5% and 2.1% in vo-
glibose, alogliptin and combination treated db/db mice,
compared with vehicle treated db/db mice, respectively.
Although quantitative analysis was not preformed, com-
bination treatment resulted in an increased pancreatic
insulin staining, PDX-1 staining and GLUT2 membrane
localization in (-cells. It also maintained normal distri-
bution of B/a-cells in islets; it was suggested that this
combination could preserve pancreatic B-cells in db/db
mice®. The combination of alogliptin and pioglitazone
was also found to improve glycemic control and increase
pancreatic insulin content in 0b/0b mice; however the ad-
dition of alogliptin to pioglitazone therapy did not con-
tributed to the prevention or the delay of T2D onset in
UCD-T2DM rats'**,

The effects of chronic administration of the DPP-4
inhibitor FE 999011 were investigated in both obese and
insulin resistant fatty Zucker rats and Zucker diabetic
fatty (ZDF) rats Y. Fatty Zucker rats experience mild glu-
cose intolerance, while ZDF become overtly diabetic af-
ter 8 wk of age, if they are fed with a diet containing 6.5%
of fat. When administered in the fatty Zucker rats, FE
999011 produced a dose-depended reduction in plasma
glucose excursion during the OGTT. During an intra-
duodenal glucose tolerance test it increased GLP-1 levels,
while glucose excursions were indistinguishable from
that of lean controls. Chronic treatment with FE 999011
in the fatty Zucker rats significantly improved glucose
tolerance, as suggested by the decrease in the insulin-to-
glucose ratio. Chronic treatment with FE 999011 twice
daily in ZDF rats maintained euglycemia for at least 21 d
and delayed the onset of diabetes. Lower basal insulin se-
cretion due to improved insulin sensitivity was reported.
It also increased basal GLLP-1 levels, stabilized food and
water intake to prediabetic levels, reduced hypertriglyceri-
demia and prevented the rise of circulating non-esterified
fatty acids (NEFAs). Up-regulation of pancreatic GLP-1
receptor gene expression was also induced by FE 999011.

The DDP-4 inhibitor isoleucine thiazolidine (P32/98)
was orally administered for 3 wk to fatty Zucker rats
with incipient IGT (IGT) and 6 wk in rats with mani-
fest IGT (mIGT) in a dose of 21.61 mg/kg (» = 10 per
group)™. Control rats received the same amount of
placebo. Blood glucose day-night profile was significantly
reduced in iIGT Zucker rats achieving values near not-
malization; it was also improved in mIGT rats. P32/98
tended to reduce food intake and body weight gain, as
well as non-fasting plasma insulin levels, only in Zucker
rats with iIGT. P32/98 bolus before OGTT increased
insulin secretion and reduced glucose load both in iIGT
and mIGT Zucker rats, suggesting a broad therapeutic
efficacy in animal models of IGT. Treatment of isolated
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pancreatic islets of mIGT Zucker rats with this agent de-
creased pancreatic insulin content and increased glucose
responsiveness, while the 3-cell volume density was not
improved.

The DPP-4 inhibitor PFK 275-055, a vildaglitpin
analogue, was investigated in obese, insulin resistant pre-
diabetic rats for 4 wk in a dose of 10 mg/kg per day™.
GLP-1 levels increased after PFK 275-055 therapy. In-
sulin levels were decreased after therapy with this agent,
while glucose levels were not affected; an increased B-cell/
a-cell ratio was observed. The DPP-4 inhibitor DA-1229
improved pancreatic insulin content, 3-cell function and
delayed the onset of diabetes in young db/db mice”.
Currently, several studies have been launched and are re-
cruiting individuals in order to explore the possible role

of alogliptin and saxagliptin in a prediabetic state ™!,

GLP-1R AGONISTS IN A PREDIABETIC
STATE

Exenatide

Studies organized in animal models: Exenatide is the
synthetic form of the naturally occurring exendin-4, a
39-amino-acid peptide hormone secreted by the salivary
glands of the venomous lizard Heloderma suspectum,
otherwise known as the Gila monster™. Tt shares 53%
structural homology with human GLP-1 and resists
inactivation by the DPP-4. In an animal model of pro-
found insulin resistance, IGT, hypertriglyceridemia and
decreased B-cell mass, exendine-4 significantly increased
B-cell mass by 201%"", This effect was achieved after a
significant decrease in 3-cell apoptosis, although the mo-
lecular effect for this activity was not studied. HOMA-
IR and HOMA-f indexes remained within normal rage.
Normalization of IGT and liver triacylglycerol content
was also achieved.

In another well-organized study, exendin-4 was ad-
ministered to obese prediabetic db/db mice at 6 wk of
age for 16 d"™. By the age of 8 wk, vehicle treated mice
developed T2D, while mice treated with exendin-4 main-
tained FPG in the normal range, indicating that this agent
delayed the onset of T2D. Improvement in glucose toler-
ance was also observed with exendin-4. No significant
differences were observed between the two groups as far
as insulin sensitivity is concerned. Glucose alone induced
a two to five-fold increase in insulin secretion in the ex-
endin-4 group, while the pancreas of vehicle-treated mice
was unresponsive to the same dose of glucose. A 1.4-fold

increase in (3-cell mass was observed in exendin-4 mice,
which was the result of both increased -cell prolifera-
tion and decreased [-cell apoptosis; these changes were
related to higher expression of the protein kinases Aktl
and MAPK.

The ability of exendin-4 to promote (3-cell prolifera-
tion in young Goto-Kakizaki (GK) rats during the pre-
diabetic state, and therefore prevent the development of
T2D when animals become adults, was also exploredm.
Four groups of rats were investigated: two control
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groups (control GK and control non-diabetic Wistar rats)
and two experimental groups. In the two experimental
groups, GK rats received either a subcutanecous daily
injection of GLP-1 (400 pg/ kg of body weight) or exen-
din-4 (3 pg/kg of body weight) for five days (day’s two
to six) after their birth. Animals were killed seven days ot
two months after birth. Seven days after their birth GK
rats showed significantly higher pancreatic insulin content
and doubling of B-cell mass compared to the untreated
GK group; this effect resulted from both differentiation
(neogenesis) and proliferation enhancement of B-cells.
Follow up from day seven to the adult age (two months)
showed that both treatments decreased postabsorptive
basal plasma glucose levels and increased pancreatic insu-
lin content compated to the untreated GK arm. In G/
GLP-1 and GK/exendin-4 groups, [-cell mass was sig-
nificantly increased and represented 71% and 63% of the
[B-cell mass of the Wistar group, respectively. Glucose-
stimulated insulin release, as evaluated during an IVGTT,
was significantly improved in both treated groups. It was
concluded that GLP-1 or exendin-4 treatment limited the
prediabetic period and delayed the development of T2D
in this animal model of prediabetes.

Exendin-4 activity was explored in a rat model of
uteroplacental insufficiency'””. Intrauterine growth retard-
ed JUGR) rats experience a progressive decline in 3-cell
mass weeks before the onset of T2D; hence there is a
prediabetic neonatal period, which was investigated. At
two weeks, exendin-4 significantly decreased body weight
in both IUGR and control pups and this effect persisted
into adulthood. It also improved glucose tolerance, which
was maintained at 7 wk of age. Interestingly, at three
months of age, vehicle-treated IUGR rats developed
T2D (their B-cell mass declined by almost 80%) whereas
exendin-4 treated IUGR rats had NGT and normal 3-cell
mass. At 18 months of age, exendin-4 treated IUGR rats
were normoglycemic, while all vehicle treated IUGR rats
had died. Exendin-4 therapy in IUGR rats at 14 d re-
stored PDX-1 mRNA levels, in concentrations similar to
controls; this effect persisted for three months.

Clinical studies: One hundred fifty two obese [average
body mass index (BMI): 39.6 + 7.0 kg/m’| individuals
with NGT or IGT or IFG were randomized to receive
either exenatide (#» = 73) (10 pug with a 4-wk 5 ug dose
titration period) or placebo (# = 79), along with lifestyle
modification for 24 wk'™. Thirty eight individuals (25%)
had IFG or IGT. Exenatide-treated individuals lost 5.1 +
0.5 kg from baseline #5 1.6 = 0.5 kg in the placebo group
(treatment difference: -3.3%, P < 0.001). An important
percentage of individuals with prediabetes returned to
NGT after the end of the period (77% compared to 56%
in the placebo group). No significant baseline to end
point changes was shown for FPG, A1C and OGTT. Di-
arrhea was reported by 14% and 3% and nausea by 25%
and 4% of the exenatide and placebo groups, respec-
tively. Adverse effects were mild or moderate in severity
in most cases. It was concluded that exenatide therapy in
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addition to lifestyle modification is a promising therapeu-
tic approach for obese prediabetic individuals.

In another non randomized study, 105 individuals
with IGT and/or IFG were treated with: (1) Lifestyle
modification only (z = 18). Participants were advised to
achieve 7% body weight loss over three months and to
walk 30 min daily, seven days per week; (2) Pioglitazone
15mg daily and metformin 850mg daily (z = 40); and (3)
A triple combination of pioglitazone 15mg daily, met-
formin 850 mg daily and exenatide 10 mcg twice daily (#
= 47)"™. All individuals who received drug therapy had
the same advice on lifestyle intervention. Mean follow-
up period was 8.9, 6.9, and 5.5 mo in the three groups
respectively. Individuals in the lifestyle intervention group
achieved only a slight reduction of body weight (82.3 kg
to 80.9 kg). No significant change on insulin sensitivity
and B-cell function was observed. In the pioglitazone and
metformin group FPG was decreased from 109 mg/dL
to 102 mg/dL and mean glucose AUC during OGTT
was reduced by 12% (P < 0.001). Insulin sensitivity and
B-cell function improved by 42% and 50% respectively,
while 14% of the individuals with IGT and 36% of the
individuals with IFG reverted to NGT. Interestingly, in
the triple therapy group, a robust 109% improvement in
B-cell function and a 52% increased in insulin sensitivity
was observed, while 59% of the individuals with IGT
and 56% of the individuals with IFG reverted to NGT.
No patient in both double and triple therapy groups de-
veloped T2D.

A 24-wk prospective randomized outpatient clinical
trial explored the possible role of exenatide (10 pg twice
daily) and metformin (1000 mg twice daily), alone or in
combination, on menstrual cyclicity and metabolic and
endocrinological parameters in 60 overweight/obese
women with polycystic ovary syndrome (PCOS)™. Forty
two participants (70%), 14 in each arm completed the
study protocol. Weight loss was more profound in the
exenatide arms compared to metformin (P = 0.003).
Combination treatment promoted a dramatic improve-
ment in central adiposity. At the end of the study, the
combination arm experienced weight loss of 6 = 0.5 kg,
the exenatide arm 3.2 £ 0.1 kg, and the metformin arm 1.6
* 0.2 kg. Eighteen women with PCOS had glucose intol-
erance and 11 of them completed the study. Seven (64%0)
of them had NGT at the end of the trial (three of three
in the combination arm, three of five on the metformin
arm and one of three on the exenatide arm). Insulin sen-
sitivity and HOMA-IR were significantly improved in all
treatment groups. Insulin secretion, as measured by the
corrected insulin response at glucose peak, was signifi-
cantly reduced in the exenatide and combination arms (P
< 0.016). The insulin secretion-sensitivity index increased
progressively from metformin arm (232 £ 1106) to the ex-
enatide arm (395 £ 112) and the combination arm (516 *
117) (P < 0.005), suggesting an improved [-cell function
with enhanced insulin sensitivity.

The role of exenatide in order to improve postpran-
dial endothelial function in individuals with IGT (» =
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16) and patients with recent T2D with optimal glycemic
control (z = 12) was investigated in a double-blinded ran-
domized crossover studym. Endothelial function was es-
timated by reactive hyperemia peripheral arterial tonom-
etry (PAT). In individuals with IGT, PAT index tended
to increase after exenatide and was higher compared
to the placebo period. Exenatide reduced postprandial
rises in insulin, glucose and triglycerides concentrations.
Postprandial PAT index was inversely correlated only
with mean postprandial concentrations of triglycerides,
possibly due to the high fat content of the meal adminis-
tered. Change in postprandial triglycerides after exenatide
accounted for 64% of the estimated effect of exenatide
on postprandial endothelial function. Exenatide also
reduced the postprandial elevation of triglycerides, apoli-
poprotein B-48, apolipoprotein CIII, remnant lipoprotein
cholesterol and remnant lipoprotein triglyceride in indi-
viduals with IGT (# = 20) and patients with recent onset
T2D (n = 15)[77]. These effects were not affected either
with statin therapy or by glucose tolerance status. Both
studies suggested an additional cardiovascular benefit of
this agent beyond the improved glycemic control in this
population”"”. Another randomized 3-wk head-to-head
study examined the effects of exenatide s metformin on
microvascular endothelial function in 50 individuals with
abdominal obesity and prediabetesml. Similar effects of
both agents were shown on microvascular endothelial
function, vascular activation, oxidative stress and markers
inflammation. Exenatide did not demonstrate any ben-
eficial effect on postprandial function in individuals with
IGT. It was suggested that the reason for this observation
was the administration of a glucose-only meal instead
of a high fat meal, which would be expected to increase
postprandial triglycerides”*™,

Liraglutide

Studies organized in animal models: Liraglutide is
a long acting analog with 97% homology to human
GLP-1. It has an additional 16-carbon fatty acid and a
small amino acid-spacer that promotes reversible binding
to albumin and enhances resistance to DPP-IV degrada-
tion, providing a half-life of approximately 13 h"™. The
possible role of chronic liraglutide therapy in prediabetic
UCD-T2D rats, in order to prevent or delay T2D, was in-
vestigated in a well organized study™. The UCD-T2D rat
model develops polygenic adult-onset obesity and insulin
resistance, followed by inadequate -cell compensation
and eventually T2D. UCD-T2D rats develop diabetes in
a later age than other animal models of T2D; thus they
are highly suitable for diabetes prevention studies™. At
two months of age male sibling rats were divided in three
groups (# = 32 per group): a control group (higher en-
ergy intake, body weight and adiposity compared to the
other groups), a food-restricted group and a liraglutide
group (0.2 mg/kg sc for 15 mo). Restricted rats were
food restricted to 9% less energy per kg of body weight
compared to the liraglutide group, in order to equalize
body weights between these two groups. Half of the ani-
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mals in each group were killed at 6.5 mo for tissue collec-
tion, while the remaining half continued treatment until
T2D onset. FPG and A1C were lower in the liraglutide
and food-restricted groups. Liraglutide treatment delayed
T2D onset by 4.1 £ 0.8 mo compared to controls (P
< 0.0001) and by 1.3 * 0.8 mo compared to restricted
animals (P < 0.05). Liraglutide-treated animals had lower
fasting plasma triglycerides, glucagon and leptin levels, as
well as body fat (despite similar body weight), compared
to both groups. Decreased body fat could be the result of
an increased lipid oxidation. Rats in the liraglutide group
had significantly lower fasting plasma insulin compared
to the other groups (P < 0.001), starting from one month
and lasting throughout the 6 mo period, suggesting that
this effect was not solely related to reduced body weight.
Liraglutide treatment and energy restriction equally pre-
served pancreatic insulin content and islet morphology,
possibly due to the lower weight gain and delayed hyper-
glycemia. Pancreatic insulin content in the control group
was approximately one-third of that of the two other
groups.

In another study, 12-wk old Otsuka-Long-Evans-
Tokushima fatty (OLETF) rats (# = 8) were treated with
three doses of liraglutide (50, 100, and 200 pg/kg twice
a day) or 0.9% saline intraperitoneally (» = 8), twice daily
for 12 wk. Eight Long-Evans-Tokushima-Otsuka rats
with saline injection served as normal controls™. At the
end of the 12 wk of treatment, all rats were euthanized
and pancreatic tissues were used for histopathological and
immunohistochemical analysis; only in the liraglutide 100
ug/kg group an analysis was performed, since this dose
can be converted to a human equivalent dose. OLETF
rats experienced obesity, IFG, hyperinsulinemia, insulin
resistance, increased cholesterol levels, and a high inflam-
matory state. Although liraglutide treatment had only an
acute effect on food intake, its beneficial effect on weight
loss was sustained independently of feeding. All three
doses of liraglutide suppressed IFG, IGT and insulin
resistance. At the end of the 12-wk intervention period,
87.5% of the vehicle-treated OLETT progressed to T2D.
On the contrary, 42.9% of IFG rats wete reversed to
NGT, while none of the liraglutide-treated OLETF rats
progressed to T2D compared to vehicle-treated animals
(P < 0.0001). Liraglutide improved both triglyceridemia
and the inflammatory state observed. It also preserved
islet morphology. Up-regulation of the anti-apoptotic
Bcl-2 protein and down-regulation of the pro-apoptotic
Bax factor were reported, which may contribute to the
improvement of pancreatic islet function and structure.

When liraglutide was administered in a dose of 150
mg/kg twice daily for 6 wk in prediabetic rats, it strongly
attenuated T2D developmentm]. Approximately 53%
of the antihyperglycemic effect observed was mediated
by a reduction in food intake. In the experiments with
60% pancreatectomized rats, liraglutide significantly re-
duced glucose excursions after an OGTT. Furthermore,
when NGT status was established, no increase in 3-cell
proliferation and mass was observed in both models of

December 15, 2014 | Volume 5 | Issue 6 |



B-cell deficiencies. It was suggested that the influence
of GLP-1 agonism on [-cell mass dynamics én vivo was
strongly related to the glycemic state observed.

Clinical studies: In a 20-wk prospective multicentre
study, 564 nondiabetic obese individuals (31% of whom
had prediabetes) were randomized to treceive either one
of four doses of liraglutide (1.2 mg, 1.8 mg, 2.4 mg, or
3.0 mg, 7: 95, 90, 93 and 93, respectively) or placebo (z =
98) administered once daily subcutaneously or open label
otlistat 120 mg three times daily (z = 95). All individu-
als increased their physical activity using pedometers and
were advised to adhere a low fat diet with about to 500
kcal per day deficit. Sixty-one percent of the individuals
in the liraglutide groups lost at least 5% of body weight
from baseline, which was significantly more than the
placebo arm. The proportion of individuals who lost
more than 10% of baseline weight was dose depended
and was greater in the 3 mg liraglutide arm than in the
placebo arm (28% »s 2%). Systolic/diastolic blood pres-
sure was reduced by 5.7/3.7 mmHg. The incidence of
metabolic syndrome was reduced by more than 60% in
those treated with liraglutide 2.4 mg and 3.0 mg. The
prevalence of prediabetes was decreased by 84-96% with
liraglutide 1.8 mg, 2.4 mg and 3 mg. Mean FPG was de-
creased by 7%-8% in the liraglutide arm, while no visible
effect was described in the two other arms. Mean A1C
was slightly reduced in a dose depended fashion in indi-
viduals treated with liraglutide compared to that in the
two other groups. Mean change in plasma glucose during
OGTT was reduced in all liraglutide groups compared
to that of orlistat and placebo. Liraglutide therapy did
not have any effect on insulin resistance as estimated by
HOMA. However, median [-cell function was decreased
with orlistat and placebo by 21% and 17% respectively,
but increased in the liraglutide arm by 5%-24%. Fasting
insulin levels initially increased, but as body weight and
glucose concentrations gradually decreased, insulin levels
were reduced, suggesting the glucose-depended activity
of liraglutide on insulin secretion.

The two-year results from the extension of this
20-wk trial were recently reported®. Three hundred
ninety eight individuals entered the extension and 268
(67%) completed the two-year trial. All participants con-
tinued on randomization treatment for one year, after
which liraglutide or placebo individuals switched initially
to liraglutide 2.4 mg and then 3 mg (based on 20-wk and
one-year results, respectively). After two years, individu-
als on liraglutide 2.4/3.0 mg lost 3.0 kg (1.3-4.7 kg) more
weight than those on orlistat (P < 0.001). Approximately
70% of the individuals on liraglutide 2.4/3.0 mg main-
tained weight loss more than 5% of screening weight
after two years, 43% maintained more than 10% loss and
25% maintained more than 15% loss. Estimated weight
loss of 7.8 kg and mean systolic blood pressure reduc-
tion of 12.5 mmHg was sustained with liraglutide 2.4/3.0
mg in completers from screening. Between 52%-62% of
liraglutide-treated individuals with prediabetes at random-
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ization achieved NGT after two years compared to 26%
in the otlistat arm. Mean FPG and A1C concentrations
were also reduced. The two year prevalence of prediabe-
tes and metabolic syndrome in the liraglutide 2.4/3.0 mg
group was decreased by 52% and 59% respectively. The
most frequent liraglutide-associated adverse effects were
gastrointestinal, mainly nausea and vomiting, as expected
from T2D trials. However, most nausea/vomiting epi-
sodes were transient; more than 90% were mild or mod-
erate in intensity.

Recently, a 14-wk double blind, randomized placebo-
controlled study was launched in order to investigate the
possible role of liraglutide 1.8 mg treatment in 68 older
(mean age: 58 £ 8 years) overweight/obese (mean BMI:
31.9 kg/mz) individuals with prediabetes IFG and/or
IGT)[SG]. Participants were also advised to eat a moderate
catbohydrate diet and decrease total calotic intake by 500
keal/d. Twenty four (68%) individuals randomized in the
liraglutide group and 27 (82%) individuals in the placebo
group completed testing at the end of the trial. Partici-
pants randomized to liraglutide arm lost twice as much
weight as those assigned to placebo (6.8 kg »5 3.3 kg; P <
0.001). More individuals in the liraglutide arm finally lost
7% of baseline weight compared to the placebo arm (54%
vs 4%); 10% weight loss was only observed in the liraglu-
tide arm (17%). Weight loss after liraglutide therapy was
assoclated with significant reduction of insulin resistance.
Steady state plasma glucose concentrations were reduced
by 29% in the liraglutide arm compared with no change
in the placebo arm; FPG (-0.5 mmol/L »s 0 mmol/L),
systolic blood pressure (-8.1 mmHg »5 -2.6 mmHg), and
triglyceride levels (-0.4 mmol/L »s -0.1 mmol/L) wete
also significantly decreased in the liraglutide arm com-
pared to the placebo arm respectively (P < 0.04). In
addition, 75% of the participants in the liraglutide arm
achieved normal FPG. The most common adverse ef-
fect in the liraglutide arm was nausea (67% »s 26% in the
placebo arm). It was suggested that the improvement of
glycemia in the liraglutide group appeared to be better
than reported with weight loss alone in this population.

Indeed, the effects of GLP-1R agonists on insulin se-
cretion are not a simple phenomenon. These medications
can increase glucose secretion in a glucose-depended
manner after acting directly on the f-cell; they can also
decrease insulin secretion secondary to weight loss and
enhancement of insulin sensitivity. In this view, it is
unclear what the net effect would be when they are ad-
ministered in individuals with prediabetes. In order to in-
vestigate this observation, a parallel study was organized
in order to evaluate the relative impact of the indirect
effect of weight loss and increase insulin sensitivity com-
pared to the direct effect of GLP-1R agonists on [-cell
function®™”. In this recent double-blind, randomized,
placebo-controlled, parallel-group study 49 individu-
als (mean age: 58 years, mean BMI: 32.9 kg/mz) with
prediabetes (isolated IFG, isolated IGT and combined
IFG/IGT) received either liraglutide 1.8 mg daily (» =
24) or placebo (7 = 25). All participants were instructed
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to decrease total energy intake by 500 kcal per day and to
continue their baseline physical activity[gﬂ. There was a lit-
tle overlap in the degree of weight loss between the two
arms since 88% of the individuals in the liraglutide arm
lost more than 5% of baseline body weight compared to
22% in the placebo arm. Weight loss promoted a signifi-
cant improvement on insulin resistance in the liraglutide
arm compared to the placebo arm (-7.7% vs5 -3.9%, P <
0.001). Insulin response, after intravenous glucose infu-
sion, was decreased by 7% in the placebo arm whereas it
increased by 34% in the liraglutide arm. C-peptide AUC
was increased by 29% in individuals receiving liraglutide
and NEFAs concentration was reduced. Placebo treat-
ment had no effect on these two parameters. Regression
analyses suggested that weight loss was not associated
with any changes in pancreatic 3-cell function. Despite
weight loss and reduction of insulin resistance in the lira-
glutide arm, the insulin secretion rate was significantly in-
creased and there was no association between weight loss
and changes on insulin secretion. It was concluded that
changes following liraglutide treatment in patients with
prediabetes are not those that are described after weight
loss and improved insulin sensitivity, but rather similar ef-
fects after an acute GLP-1 infusion® ™.

SAFETY OF INCRETIN-BASED THERAPIES

An acceptable safety profile is of major importance for

every intervention administered in order to prevent or
delay T2D. As far as GLP-1R agonists are concerned, the
most common adverse effects are gastrointestinal, includ-
ing nausea, vomiting and diarrhea®™. However, they occur
early on during treatment and tend to be transient. For
DPP-4 inhibitors, adverse effects resemble that of pla-
cebo, with nasopharyngitis and headache being the most
common described”. Moreover, discontinuation of
therapy because of side effects was similar to placebom.
Small preclinical studies, as well as some post-
marketing reports, raised the possibility of an increased
risk of pancreatitis with incretin based therapies[%%].
In a study that data were collected from the Food and
Drug Administration (FDA) adverse event reporting
system database, GLP-1 based therapies were associated
with pancreatitis and pancreatic cancer””. Another case-
control study reported an increased risk for hospitaliza-
tion for acute pancreatitis with GLP-1 based therapies
(after combining exenatide and sitaglitpin treatments)
and adjusting for potential confounders”™. Concerns
were also raised after the results of a study organized in
organ donors with T2D, who received either sitagliptin
or exenatide. A possible expansion of endocrine and
exocrine pancreatic compartments after incretin-based
therapy, the former being associated by a-cell hyper-
plasia with the potential progression to neuroendocrine
tumors and the latter with an enhanced proliferation and
dysplasia, was described”. Furthermore, a recent case-
control analysis, based on the French pharmacovigilance
database, suggested an association of all incretin-based
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therapies with pancreatitis“oo]. A trend towards a slightly
elevated risk of pancreatitis, only with GLP-1R agonists,
was also shown in a recent pooled analysis of phase Il
trials, although the number of cases was very small and
the statistical power was limited""".

However larger preclinical studies did not established
an association of incretin-based therapies with pancreati-
tis! 1", Interestingly in three of these studies, GLP-1R
activation or DPP-4 inhibition had a beneficial effect on
exocrine pancreatic function and structure! '™, A recent
study also suggested that pancreatic findings attributed
to incretin-based therapies in rodents are commonly ob-
served background findings, without any drug treatment
and independent of diet or glycemic status'"”. Moreover
large retrospective population studies and recent meta-
analysis suggested a negative association of incretin-
based therapies with either pancreatitis or pancreatic
cancer!""?, Recently the FDA reevaluated more than
250 toxicology studies, organized in nearly 18000 healthy
animals, and found no association with pancreatitis or
any pancreatic toxicity. The European Medicines Agency
conducted a same review and reported no pancreatic tu-
morts in mice and rats treated with incretin-based drugs,
even at doses that greatly exceed the level of human clini-
cal exposure[m].

A higher expression of GLP-1Rs in rodent calcito-
nin-producing thyroid C cells, (mainly in rats and mice)
combined with sustained GLP-1R activation can result in
stimulation of calcitonin secretion, hyperplasia, adenoma
and eventually medullary thyroid cancer”*'*. Indeed,
both liraglutide and exenatide were shown to promote
the development of thyroid C cell cancer after chronic
therapy in rodents' ™. An elevated risk for thyroid car-
cinoma was described in one study””. However, thyroid
C cells in humans and monkeys express lower levels of
GLP-1Rs"™, Long-term treatment with high doses lira-
glutide did not produced thyroid C cell proliferation in
monkeys, while no association between calcitonin levels
and liraglutide, up to 3 mg daily, was established in large
numbers of patients with T2D",

Retrospective analysis of phase Il clinical trials, in
which major cardiovascular events were reported as
adverse events, have been published for exenatide, lira-
glutide, vildagliptin, sitagliptin, alogliptin, saxagliptin, and
linagliptin“%]. In all of these studies the relative risk for a
major cardiovascular event (acute myocardial infarction,
sttoke and cardiovascular death) was reduced relative to
placebo or a comparator therapy to a value below one.
However, the 95%CI was more than one in most of
these studies, thus the number of events was too small
so as to extract definite conclusions. Both the Saxagliptin
Assessment of Vascular Outcomes Recorded (SAVOR)-
Thrombolysis in Myocardial Infarction (TIMI) 53 (SA-
VOR-TIMI 53) and the Examination of Cardiovascular
Outcomes with Alogliptin #s Standard of Care (EXAM-
INE) trials met the FDA criteria for non inferiority of
saxagliptin and alogliptin over placebo respectively, but
unfortunately they did not demonstrated any positive evi-
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Table 1 Main clinical studies of dipeptidyl peptidase-4 inhibitors in a prediabetic state

Ref. Study population Study design Main results

Utzschneider et al™ 22 individuals with IFG VILDA was administered in a dose of 100 FPG levels were not significantly reduced. AUC GLU
mg daily for 6 wk. Two weeks of placebo and 2-h GLU decreased after a MTT. DI was increased
treatment before (running period) and after by 69% and insulin sensitivity by 25% after an IVGTT

(washout period) 6 wk was studied These effects were not sustained in the washout period

Rosenstock ef al®™ 179 individuals with IGT Multicenter 12-wk double-blind study Improvements in B-cell function as estimated by insulin
(80%: IFG + IGT) 90 participants received VILDA 50 mg/daily  secretion relative to that of GLU. Improvements were

and 89 received placebo therapy also reported in a-cell function. These beneficial effects

contributed to approximately 30% reduction in prandial
GLU excursions

Werzowa et al®™ 48 IGT renal transplant  3-mo, double-blind, placebo-controlled study. ~ A1C reduction was statistically significant between
recipients Participants were randomized to receive 50  treatment groups and placebo. VILDA and PIO reduced
mg of VILDA, 30 mg of PIO or placeboina1:1:1  the 2 h plasma GLU at three months compared with
ratio (n = 16 in each arm) baseline, while only PIO reduced FPG
Bock et al™” 22 individuals with IFG ~ 8-wk double blind placebo-controlled study SITA increased postprandial intact GLP-1
Participants received SITA 100 mg daily (7 =  concentrations. Both fasting and postprandial GLU
11) or placebo (1 = 11) values were unchanged with SITA therapy. A slightly
increased DI was reported
Perreault et al™ 23 individuals with either ~ 4-wk open-label, parallel group study. All SITA resulted in a small, but significant decrease in
IFG (n = 10) or NGT participants received SITA 100 mg once daily =~ FPG compared to baseline in both groups (P < 0.05)
(n=13) Administration of SITA did not altered insulin or GLU

excursions in the post-intervention OGTT, but did
increase AUC for active GLP-1 and C-peptide compared
to baseline levels (P < 0.01 for both)

GLP-1: Glucagon-like peptide 1; IFG: Impaired fasting glucose; IGT: Impaired glucose tolerance; NGT: Normal glucose tolerance; FPG: Fasting plasma glu-
cose; AUC: Area under the curve; DI: Disposition index; IVGTT: Intravenous glucose tolerance test; MTT: Meal tolerance test; A1C: Glycated hemoglobulin;
VILDA: Vildagliptin; SITA: Sitagliptin; PIO: Pioglitazone; GLU: Glucose; OGTT: Oral glucose tolerance test.

dence on cardiovascular risk reduction””"*. Two recent investigation in order to understand the pathophysiol-
meta-analysis suggested that DPP-4 inhibitors may have a ogy of the early stages of hyperglycemia, which very
neutral effect or reduce the risk of cardiovascular events often progress to overt T2D within a few years, as -cell
and all-cause mortality in patients with 12D As far decline and failure progresses. The huge burden result-
as GLP-1R agonists are concerned two recent meta-anal- ing from the complications of T2D created the need
ysis reported that these agents do not appear to increase of novel therapeutic strategies in an effort to prevent
cardiovascular morbidity in comparison with placebo or its developmentlgj. The beneficial effects of incretin-
other active drugsll31’1321. based therapies on -cell function in patients with T2D,

Hospitalization for heart failure among T2D who re- together with their strictly glucose-depended mechanism

ceived saxagliptin in the SAVOR-TIMI 53 was increased of action, suggested their possible use in individuals
by 27% compared to the placebo group (3.5% vs 2.8%; with prediabetes, when greater 3-cell mass and func-
HR = 1.27; 95%CI: 1.07-1.51; P = 0.007), while no as- tion are preserved and the possibility of B-cell salvage is

sociation of alogliptin with heart failure was found in the highermsj. The main results of the most important clini-
EXAMINE studylmj. Two recent meta-analysis suggested cal studies of incretin-based therapies in individuals with
a possible increased risk of developing heart failure after prediabetes are shown in Tables 1 and 2.
DPP-4 therapyll34’135j. Currently, a large number of long- DPP-4 inhibitors have shown beneficial effects on
term cardiovascular outcome trials in patients with T2D B-cell mass and function in preclinical models of predia-
are being performed in order to clarify the cardiovascular betes. However short-term clinical studies (maximum du-
safety and efficacy of incretin-based therapiesm()]. ration of 12 wk) have only demonstrated a modest effect
In addition to safety and efficacy of incretin-based on glucose homeostasis, which was lost after treatment
therapies, cost is another significant issue that must be discontinuation”™. Whether longer periods of DPP-4
taken into consideration. Although the cost of incretin- inhibition in individuals with prediabetes can measurably
based therapies is greater compared to other glucose- alter B-cell function, in a way that is sustained even after
lowering therapies, long term effectiveness of these treatment discontinuation, remains unproven. One year
agents can be associated with a decreased in the cost of treatment with vildagliptin in drug-naive patients with
management of T2D and its complications compared to T2D and mild hyperglycemia initially increased [3-cell se-

other therapieslmj.

cretory capacity, but this effect was not maintained after
the washout periodlmj. However, when vildagliptin was
administered in drug-naive patients with T2D and mild

CONCLUSIONS-PERSPECTIVES hyperglycemia (A1C: 6.2%-7.2%) for two years, -cell

During the last two decades there has been an immense function tended to be greater after two years than after
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Table 2 Main clinical studies of glucagon-like peptide-1 receptor agonists in a prediabetic state

Ref. Study population Study design

Main results

73]

Rosenstock et al 152 obese individuals of

whom 38 had IGT or IFG
a4-wk 5 pg dose titration period) or
placebo (n =79) along with lifestyle
modification for 24 wk
Armato et al”™ 105 individuals with Participants were treated with: (1)
IGT and/or IFG. Mean  Lifestyle modification only (1 = 18); (2)
follow-up period was ~ PIO 15 mg daily and MET 850 mg daily
8.9,6.9,and 5.5 mo in the (1 =40); and (3) PIO 15 mg daily, MET
three groups respectively 850 mg daily and EXE 10 mcg twice
daily (n = 47)
Astrup et al® 564 obese individuals 20 wk double-blind prospective
(31% had prediabetes) multicentre study. Participants were
randomized to receive either one of
four doses of LIRA (1.2 mg, 1.8 mg, 2.4
mg, or 3.0 mg, n: 95, 90, 93 and 93) or
placebo (1 = 98) or open label orlistat
120 mg three times a day (1 = 95)
Kim et al®® 68 overweight/obese 14 wk double blind randomized
individuals with IFG placebo-controlled study. 24
and/or IGT individuals received LIRA 1.8 mg daily
and 27 placebo therapy
Kim et al®™ 49 individual with 14 wk double-blind, randomized,
isolated IFG, isolated placebo-controlled, parallel-group
IGT and combined IFG/  study. Participants received LIRA 1.8
IGT mg daily (n = 24) or placebo (1 = 25)

Participants were randomized to
receive either EXE (n = 73) (10 ug with kg in the placebo group (P < 0.001). An important percentage of

EXE-treated individuals lost 5.1 £ 0.5 kg from baseline vs 1.6 + 0.5

individuals with prediabetes returned to NGT after the end
period (77% compared to 56% in the placebo group)

A robust 109% improvement in B-cell function and 52%
increased in insulin sensitivity was observed in the EXE group,
while 59% of individuals with IGT and 56% individuals with
IFG reverted to NGT. No patient in both double and triple
therapy groups developed T2D

61% of the individuals in the LIRA groups lost at least 5% of body
weight from the baseline, which was significantly more than in
the placebo arm. The prevalence of prediabetes was decreased

by 84%-96% with LIRA 1.8 mg, 2.4 mg and 3 mg. Mean FPG
was decreased by 7%-8% only in the LIRA arm. Mean change
in plasma GLU during OGTT were reduced in all LIRA groups
compared with that of orlistat and placebo. Median B-cell
function increased in the LIRA arm by 5%-24%
Participants randomized to LIRA arm lost twice as much
weight as those assigned to placebo (P < 0.001). Steady
sate plasma GLU was reduced by 29% in the LIRA arm
compared with no change in the placebo arm. 75% of the
participants in the LIRA arm achieved normal FPG
Weight loss promoted a significant improvement in insulin
resistance in the LIRA arm compared to the placebo arm (-7.7%
vs -3.9%, P < 0.001). Insulin response, after intravenous GLU
infusion, was decreased by 7% in the placebo arm whereas it
increased by 34% in the LIRA arm. Despite weight loss and
reduction of insulin resistance in the LIRA arm, the insulin
secretion rate was significantly increased and there was no
association between weight loss and changes in insulin secretion

IFG: Impaired fasting glucose; IGT: Impaired glucose tolerance; NGT: Normal glucose tolerance; FPG: Fasting plasma glucose; EXE: Exenatide; LIRA: Lira-
glutide; PIO: Pioglitazone; MET: Metformin; T2D: Type 2 diabetes; GLU: Glucose; OGTT: Oral glucose tolerance test.

one year of treatment ",

GLP-1R agonists have also shown significant improve-
ments on B-cell mass and function in preclinical studies.
Important improvements on (-cell function and insulin
sensitivity were also reported in short term clinical stud-
ies, in which an important percentage of individuals with
prediabetes returned to NGT. Weigh reduction in over-
weight and obese individuals with prediabetes was also
shown, as well as improvements of endothelial function
and lipid profile. Whether GLP-1R agonists can prevent
or delay the transition to T2D needs further investigation
in well-designed long term studies. The Restoring Insulin
Secretion consortium will examine whether medication,
including liraglutide, or surgical intervention strategies can
reduce the progressive -cell dysfunction in adults and
youth with prediabetes or early T2D"*". The duration of
GLP-1R agonists therapy in order to promote sustained
B-cell improvements is also an issue of investigation. In-
terestingly, when exenatide was administered in patients
with T2D for one year, the treatment related improve-
ment of B-cell function was lost after a four-week drug
cessation"”, However, the three-year data of exenatide
treatment suggested a small but statistically significant ef-
fect on DI following a four-week off therapy period[m].

Recent evidence also demonstrates the presence of
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828

genetically induced GLP-1 resistance both in prediabetic
and diabetic states. Whether pharmacogenomic stud-
ies are needed in order to identify responders and non-
responders to incretin based therapies regarding glucose
metabolism, is an issue of future research!*.

The safety of incretin-based therapies remains a topic
of scientific discussion and exploration**"**"* Cur-
rently, precise estimates for the risk of possible serious
adverse effects associated with incretin-based therapies
cannot be estimated. Future data from cardiovascular
outcome studies and ongoing clinical studies, which will
improve the statistical power of prospective studies and
facilitate larger meta-analyses, are crucially anticipated in
order to clarify their long-term safety. Until these data
are available, large, long term, well designed future dia-
betes prevention trials of incretin-based therapies will be
required in order to determine whether they can stabilize or
reverse [3-cell loss and promote a sustained reduction in the
development of T2D in this population.
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