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Abstract: Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide (GLP-1) are the 2 major
incretin hormones released after meals to enhance glucose-stimulated insulin secretion. In patients with type 2 diabetes, a
loss of activity of GIP for insulinotropic function and a reduced secretion of GLP-1 exist in response to oral glucose while
GLP-1 action is preserved. GLP-1 is therefore an attractive avenue for treating type 2 diabetes. Due to the short
circulating half-life of GLP-1, which is degraded by dipeptidyl peptidase IV (DPP-IV), 2 approaches have been
undertaken. One is to develop long-acting GLP-1 analogs, such as exendin-4 that is resistant to degradation. Here we
review another approach for developing DPP-IV inhibitors. This group of potential drugs covers several major chemical
classes and their derivatives, such as amino acid amide, carbocyclic, alkylamine, and heterocyclic compounds. More than
100 patents have been issued for DPP-IV inhibitors to be used either as a monotherapy or in combination with other
antidiabetic agents for the treatment of type 2 diabetes, as well as metabolic syndrome, osteoporosis, and arthritis.
Structure-based drug design is currently under intensive investigation for future development of more selective
therapeutic agents.
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INTRODUCTION

Diabetes mellitus, a chronic disease, is one of the main
threats to human health in the 21st century. The total number
of people with diabetes worldwide was estimated at between
151 million and 171 million in the year 2000. The disease is
projected to increase to 221 million in 2010 and 366 million
by 2030 [1]. While type 1 diabetes is characterized by β-cell
failure, partly due to autoimmune destruction [2], type 2
diabetes arises as a result of β-cell failure combined with
concomitant insulin resistance [3]. Patients with insulin
resistance do not develop hyperglycemia until their β-cells
are unable to meet the demands for insulin; thus,
enhancement of insulin secretion from the islet β cell is a
practical target for treatment of patients with type 2 diabetes.
Current insulin secretagogues, including sulfonylureas and
glitinides, frequently exhibit a secondary failure and may
cause hypoglycemia in patients with type 2 diabetes [4];
hence, much interest has been shown in the identification of
newer agents that enhance insulin secretion in a sustained
glucose-dependent manner in patients with type 2 diabetes.

THE INCRETIN CONCEPT

Because orally ingested glucose leads to a far greater
insulin response than intravenous glucose with similar
postprandial plasma glucose excursions, the phenomenon
has been termed the ''incretin effect'' [5, 6]. Up to two thirds
of insulin normally secreted in relation to meal intake is
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thought to be due to the insulinotropic actions of the so-
called incretin hormones [7]. Studies have revealed that
secretion of incretin hormones is diminished in type 2
diabetes [8].

TWO MAJOR INCRETIN HORMONES

Two gastrointestinal hormones, glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP), are the 2 major incretin hormones identified to date
[9, 10]. GLP-1 is a product of the glucagon gene [11], which
is mapped on the human chromosome 2q36-q37. It is
expressed in pancreatic α-cells and the L-cells located
predominantly in the ileum and colon, although GLP-1-
producing L-cells have also been identified more proximally
in the duodenum and jejunum [12]. The protein product of
the glucagon gene in pancreatic α-cells is glucagon while the
expression in the L-cells is the release of the C-terminal
products GLP-1 and GLP-2, which show approximately a
50% sequence homology with glucagon [13]. On the
contrary, GIP (also known as gastric inhibitory polypeptide)
is a 42-amino acid hormone produced from a different gene
on chromosome 17q21.3-q22.

INCRETIN DEFECTS AND THE THERAPEUTIC
POTENTIAL OF GLP-1 IN TYPE 2 DIABETES
MELLITUS

Interestingly, patients with type 2 diabetes are charac-
terized by 2 defects related to incretin effect: 1) the secretion
of GLP-1 is decreased and 2) the insulinotropic effect of GIP
is reduced [14]. In addition, GLP-1 may represent a more
attractive treatment option for type 2 diabetes because of its
multiple effects, including the simulation of satiety in the
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central nervous system by crossing the blood-brain barrier.
Therefore, the development of GLP-1 therapeutics, instead
of a GIP supplement, is now being considered for type 2
diabetes [15,16].

GLP-1 stimulates glucose-dependent insulin secretion
[17-19] and insulin gene expression [20], inhibits glucagon
secretion [21, 22], and delays gastric emptying [23]. In vitro
and in vivo data showed that GLP-1 increases β-cell mass by
stimulating islet cell neogenesis and inhibiting apoptosis of
islets [24-26]. GLP-1 infusion in conscious dogs with
advanced dilated cardiomyopathy showed dramatic improve-
ments in left ventricular function and systemic hemodyna-
mics through its insulinomimetic effect on myocardial
glucose uptake [27]. The physiological functions and its
beneficial effects on pathophysiological conditions of GLP-1
are summarized in Table 1.

Table 1. Physiological Functions of GLP-1

• Stimulates insulin secretion, glucose-dependently

• Increases β-cell mass in animal models

• Decreases glucagon secretion, glucose-dependently

• Delays gastric emptying, decreases food intake and body weight

• Improves insulin sensitivity; enhances glucose disposal

• Has beneficial cardiovascular effects

• Has beneficial CNS effects in animal models

GLP-1 METABOLISM

GLP-1 is derived from a larger proglucagon precursor
that encodes related proglucagon derived peptides, including
glucagon, GLP-2, oxyntomodulin, and glicentin [28]. GLP-1
secretion from the distal gut is controlled by both neural and
endocrine signals initiated by nutrient entry in the proximal
GI tract, as well as by subsequent direct contact of open-type
L-cells with digested nutrients. Ingestion of a mixed meal or
a meal enriched with specific fats and complex carbohy-
drates is particularly effective in stimulating GIP and GLP-1
release in human subjects [29, 30]. Although the vagal nerve,
via M1 muscarinic receptors, along with several neuroen-
docrine peptides contribute to the regulation of GLP-1
release in rodents [31, 32], the factors responsible for rapid
nutrient-stimulated GLP-1 release in human subjects are
largely unknown.

GLP-1(7-37) is a naturally occurring peptide hormone;
however, GLP-1(7-36) amide is even more abundant under
physiological conditions. The 2 forms of GLP-1 secreted
after meal ingestion, GLP-1(7-37) and GLP-1(7-36) amide,
differ by a single amino acid. Both peptides are equipotent
and exhibit identical plasma half-lives and biologic activities
acting through the same receptor [33,34]. The majority
(≈ 80%) of circulating active GLP-1 is GLP-1(7-36) amide
[35]. Compared with GLP-1(7-37), GLP-1(1-37) has a 100-
fold lower affinity for the GLP-1 receptor [36].

Native GLP-1 is degraded rapidly with a very short
plasma half-life for either GLP-1(7-37) (6.1+0.8 min) or
GLP-1(7-36) amide (5.3+0.4 min) after intravenous injection

in healthy subjects. GLP-1 is heavily degraded by the serum
enzyme dipeptidyl peptidase (DPP)-IV, leading to GLP-1(9-
37) or GLP-1(9-36) amide, which may function as weak
competitive antagonists at the receptor level. Evidence
suggests that the membrane-bound ectopeptidases are invol-
ved in the postsecretory metabolism of GLP-1. However, the
physiological relevance of this pathway remains to be
elucidated [37].

The clinical development of GLP-1 and its long-acting
degradation-resistant GLP-1 analogs are beyond the scope of
this present review.

DIPEPTIDYL PEPTIDASE IV (DPP-IV; EC 3.4.14.5)

DPP-IV/CD26 is a cell-surface protease belonging to the
prolyloligopeptidase family. DPP-IV was first reported in
1966 as glycyl-prolyl-β-naphthylamidase [38] and later
named dipeptidyl peptidase IV, as recommended by the
Enzyme Commission. Under the enzyme classification list,
within the same clans (SC), families (S9), and subfamilies
(B), some enzymes are apparent other than DPP-IV, such as
DPP 9, DPP 8, DPP 6 (DPPX), fibroblast activation pro-
tein α (FARα), and so forth (http://www.chem.qmw.ac.
uk/iubmb/enzyme/index.html) with different degrees of
amino acid identity and, therefore, enzymatic specificity.
Recently, the crystal structure of DPP-IV has been solved
[39, 40]. In the natural states, DPP-IV monomers associate to
form homodimers [41]. DPP-IV also forms heterodimers
with FARα on the cell surface of fibroblasts and
melanocytes [42, 43].

DPP-IV is identical to adenosine deaminase (ADA)
complexing protein-2 and to the T-cell activation antigen
CD26. Sequence analyses reveal that ADA-binding protein
is identical to CD26, a T-cell activation molecule and a 110-
kD glycoprotein that is also present on epithelial cells of
various tissues, including liver, kidney, and intestine [44,
45]. This enzyme cleaves a dipeptide from the N-terminus of
the protein, resulting in inactivation of incretin hormones. In
fact, metabolites, such as GIP 3-42 and GLP-1 9-36 amide,
can act as antagonists at their respective receptors [46, 47].
The DPP-IV enzyme occurs both in soluble form in
circulation and membrane-bound form on the endothelial
surfaces, so that the conversion can occur intravascularly as
well as upon organ and tissue passage [48].

To establish the role for DPP-IV/CD26 in physiologic
glucose homeostasis, a knockout mice deficient for CD26
was generated. Targeted inactivation of the CD26 gene
yielded healthy mice that had normal blood glucose levels in
a fasted state. However, a reduced glycemic excursion was
demonstrated after a glucose challenge. Levels of glucose-
stimulated circulating GLP-1 and insulin were increased in
CD26-/- mice. More interestingly, a pharmacologic inhibitor
of DPP-IV improved glucose tolerance in the wild-type
mice, but not in CD26-/- mice [49]. Further, studies indicated
that DPP-IV plays a role in body weight control and insulin
sensitivity in mice. When mice were fed a high-fat diet, the
wild-type mice displayed accelerated weight gain and
hyperinsulinemia, but the mice lacking the DPP-IV gene
were refractory to obesity and hyperinsulinemia [50]. Using
pair-feeding and indirect calorimetry techniques, both
reduced food intake and increased energy expenditure were
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found and accounted for resistance to obesity in the DPP IV-
null mice. Moreover, ablation of the DPP-IV gene was also
associated with protection against streptozotocin-induced
loss of β-cell mass. Similarly, in Fischer DPP-IV mutant rats
with a naturally occurring mutation in the DPP-IV gene, data
also suggested that glycemic excursion after glucose loading
was reduced with an increase in circulating GLP-1 and
insulin levels [51]. These findings not only provide an in
vivo role of DPP-IV in the physiologic regulation of glucose
homeostasis but also provide a basis for therapeutic
intervention with DPP-IV inhibitors in treating metabolic
disorders related to diabetes and obesity.

CLINICAL DEVELOPMENT OF DPP-IV INHIBI-
TORS

DPP-IV/CD26 exerts its biological effects via 2 distinct
mechanisms of action. First, it binds ADA and, when
activated, conveys intracellular signals independent of its
enzymatic function via dimerization and activation of
intracellular signaling pathways. The signaling properties of
membrane-associated CD26 have been most extensively
characterized in T-cells. Second, when functioning as an
enzyme, DPP-IV rapidly inactivates the insulinotropic
hormone GLP-1. Thus, inhibition of DPP-IV by DPP-IV
inhibitors enhances the hormone activity of GLP-1 and other
bioactive peptides (e.g., GIP, pituitary adenylyl cyclase-
activating polypeptide-38 [PACAP38] and gastrin-releasing
peptide [GRP]), thereby stimulating the release of insulin
and reducing the secretion of glucagon. Both effects
contribute to regulation of elevated blood glucose levels in

type 2 diabetic patients. The major advantage of DPP-IV
inhibitors is its ability to achieve sustainable reductions in
hemoglobin A1c with an orally administered, well-tolerated
agent. In addition, available data from clinical phase II
studies suggest that long-term treatment with DPP-IV
inhibitors was not associated with weight gain [52-54];
however, this was not observed in animal studies [55,56].
Preclinical and clinical profiles obtained thus far for DPP-IV
inhibitors are very promising and of potential therapeutic
value. Increase of biological activities of GLP-1 by DPP-IV
inhibitors could improve hyperglycemia control via facili-
tating insulin functions in gastric and blood, and provide
better control of glucose influx and utilization in peripheral
tissues (Fig. 1). The outstanding benefits of DPP-IV class
compounds are 1) orally active, 2) glucose dependency, 3)
glucose competence, 4) inhibition of glucagons secretion,
and 4) effect on food intake and satiety.

DPP-IV INHIBITORS UNDER DEVELOPMENT FOR
TREATMENT OF DIABETES

Currently, worldwide sales of drugs for type 2 diabetes
exceed $12 billion (¤9.9 billion) per year. The increased
interest of the pharmaceutical industry in DPP-IV inhibitors
reflects their market attractivity and patent application. There
are over 100 patents filed with several different chemical
structures, including amino acid amide, carbocyclic,
alkylamine, and heterocyclic (mainly pyrrolidine, pyridine,
and xanthine derivatives). With available favorable clinical
and preclinical studies, DPP-IV inhibitors have become a
research area of intense focus with a number of

Fig. (1). Roles of DPP-IV inhibitors under hyperglycemia.
Legend: Hyperglycemia is caused by excess food consumption, reduced insulin secretion, and increased insulin resistance with the impaired
peripheral glucose uptake. All these aspects involved in deregulation of glucose homeostatic in type 2 diabetes could be corrected (marked
with X) by GLP-1, whose bioactivities were eliminated by the protease activity of DPP4. With DDP4 inhibitors to prolong GLP-1 half life in
serum, the normoglycemia could be achieved by slowing gastric emptying and promote satiety, or enhancing insulin secretion/biosynthesis
and prevent β cell death, and also improving the peripheral glucose utilization and correcting the insulin resistance (as shown in circles).
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pharmaceutical companies involved in the development of
what is hoped is a new diabetes therapy that will affect
approximately 8-10% of the adult western population.

Up to date there are more than 20 different DPP-IV
inhibitors developed for various therapeutic interests -
mainly type 2 (non-insulin-dependent) diabetes. Although, a
number of DPP-IV inhibitors have been described, all have
limitations relating to potency, stability, or toxicity.
Accordingly, a great need exists for novel DPP-IV inhibitors
which are useful in treating conditions mediated by DPP-IV
inhibition and which do not suffer from the abovementioned
limitations. Among currently developed oral DPP-IV
inhibitors, vildagliptin (LAF237), sitagliptin (MK-0431) and
saxagliptin (BMS-477118) from Novartis, Merck & Co., and
BMS, respectively, are in advanced phase III development
and are competing to be “first in class” of a new oral
treatment modality for type 2 diabetes. The most advanced
DPP-IV inhibitor-related compounds are described below
(see Table 2).

Vildagliptin (LAF237)

Novartis has been developing a series of pyrrolidine-
based compounds with DPP-IV inhibitor activities, including
valine-pyrrolidine and N-substitute 2-cyanopyrrolidine
(DPP728 and LAF237). Structure-activity relationship
(SAR) studies have revealed structure-related stability with
the LAF237 compound. Also, studies of specificity of
LAF237 revealed that the respective IC50 for DPP-IV was in
the lower nM range. One other related enzyme found to be
inhibited by LAF237 was DPP8 with an IC50 of 9.0 ± 0.1
mM; the activities of DPP-II, prolyloligopeptidase, amino-
peptidase P, and aminopeptidase N were not significantly
affected by vildagliptin [57,58].

In a phase IIb study, 42 patients were given oral LAF237
plus metformin once daily while 29 patients received
placebo plus metformin. HbA1c levels were measured over
the course of 52 weeks. In patients treated with LAF237 plus
metformin, HbA1c levels decreased significantly, and those
levels were maintained up to 52 weeks. In the patients who
continued on metformin alone, glycemia control deteriorated
over time. At the end of study, an average difference of 1.1%
in HbA1c between the 2 groups (p<0.0001) was shown.
Glucose levels measured after 8 to 12 hours of fasting and 1
to 2 hours after eating a meal were also reduced in patients
taking metformin plus LAF237 versus continued therapy
with metformin alone. Also LAF237 was found to be well
tolerated in these studies [54, 59]. Currently, phase IIb/III
trial results demonstrate strong efficacy in lowering HbA1c
levels and excellent tolerability without weight gain, which
is consistent with earlier studies. These results also indicate
the ability of LAF237 to improve and sustain pancreatic islet
cell function and insulin sensitivity, along with better
glycemia control over a 1-year period [54, 60]. With such
strong positive phase IIb/III trial results, the first regulatory
submission of LAF237 is expected in 2006.

Saxagliptin (BMS-477118)

Bristol-Myers Squibb (BMS) is developing saxagliptin
(BMS-477118; pyrrolidine-based structure), an oral DPP-IV
inhibitor, for a potential once-daily treatment of type 2
diabetes. In early structure-activity relationships (SAR)

studies, BMS has investigated a series of 3,4- and 4,5-
disubstituted methanoprolinenitrile dipeptide mimetics and
found that compounds with the highest degree of beta-
branching had the greatest stability. The stable compounds
have demonstrated some anti-diabetes activities by
suppressing postprandial glucose elevation [61-63]. Several
patents have been filed for BMS-477118 including the
specific process for preparation of intermediates involved in
the production of saxagliptin, including the enzymatic
process allowing for a faster procedure and the isolation of
crystalline forms without the use of ammonium hydroxide
[64-66]. In addition, saxagliptin has been shown not to
inhibit T-cell activity in vivo [61]. In some clinical studies,
saxagliptin exhibited several beneficial effects: for example,
10 mg qd patients showed glucose and HbA1c lowering, and
good toleration of the drug. Phase III trials (both as a
monotherapy and in combination with other oral agents)
were initiated during late 2005 with results expected soon.
According to BMS, the US patent covering composition of
matter for saxagliptin will expire in 2021.

MK-431

In collaboration with Banyu Pharmaceutical Co. Ltd.
(Merck's Japanese subsidiary) and Ono Pharmaceutical Co
Ltd., Merck is developing sitagliptin (Januvia), a DPP-IV
inhibitor, for potential once-daily treatment of type 2
diabetes. The original discovery of substituted piperazines as
novel DPP-IV inhibitors was achieved through SAR studies
leading to the incorporation of multiple fluorine atoms and
modification of the piperazine ring to yield potent and
selective compounds related to MK-431. MK-431 is a beta-
amino acid-based compound, which is the monophosphate
salt of (2R)-4-oxo-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]
triazolo[4,3-a]pyrazin-7(8H)-yl]-1-(2,4,5-trifluorophenyl)
butan-2-amine. Key factors in optimizing the affinity and
pharmacokinetic properties of the structurally novel
piperazine family included the proper location of two or
more fluorine atoms onto the phenyl ring of the compounds,
and substitution of the metabolically labile piperazine moiety
with more metabolically robust heterocylic analogs [67-70],
which not only improved the affinity and bioactivities of
derived compounds, but also dramatically improved the
bioavailability about 20 folds in rats [69,70]. Optimization of
the fluorine substitution pattern of the phenyl ring of the
beta-amino group, from 3,4-di-F to 2,5-di-F and 2,4,5-tri-F,
led to further affinity improvements and the discovery of
MK-431, which was selected for development [69].
Attempted deletion of the trifluoromethyl group of the MK-
431 structure led to a drastic loss of bioavailability in rats
(from 76 to 3%) and a 4-fold decrease in DPP-IV inhibitory
potency, demonstrating the importance of this group for the
pharmacokinetic profile and potency of the compound.
Intriguingly, the 2-fluorophenyl analog was also more
selective for DPP-IV versus a related enzyme, QPP (quie-
scent cell proline peptidase, also called DPP-II). This is of
importance because QPP is thought to be significant in the
physiology of immune function. Selectivity against this
enzyme is, therefore, an appropriate goal for compound
optimization [71]. Throughout its studies, MK-431 was also
highly selective for DPP-IV versus other proteases, including
aminopeptidase P, prolidase, prolylendopeptidase (also
called prolyloligopeptidase or post-proline cleaving
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Table 2. Summary for DPP-IV Inhibitors in the Advanced Developmental Stages

Name Structure Company
(originator)

Actions status Related
Patents

LAF237

Cyanopyrrolidine derivatives

Novartis

Glucagen-like

peptide 1

metabolism

modulator,

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

Pre-

registration

WO9819998

WO0034241

US000746249

US6110949

EP0937040

Sitagliptin/

MK0431

(Januvia)

Piperazines derivatives

Merck &amp;

Co Inc

Glucagen-like

peptide 1

metabolism

modulator,

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

FDA

approved

WO-05072530

WO-05030127

WO-05020920

WO-04085661

WO-03004498

WO-05097733

WO-06033848

Saxagliptin

(BMS-

477118)

l-cis-4,5-methanoprolinenitrile

Bristol-Myers

Squibb Co

Insulin sensitizer,

Dipeptidyl peptidase

IV inhibitor

Phase III

WO-00168603

WO-04052850

WO-05094323

WO-05106011

WO-05108594

WO-05115982

WO-05117841

WO-06020664

SYR-322

Pyrimidine derivatives

Takeda San

Diego Inc

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

Phase III

WO-05095381

US20050070706

US20050070531

PHX1149 *
Phenomix

Corp

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

Phase II

GRC-8200 tricyclic derivatives*
Glenmark

Pharm. Ltd.

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

Phase II WO-05033099

Ile-

Thiazolidide

amino acid cyclic amide derivative

Probiodrug

AG

Hypoglycemic agent,

Dipeptidyl peptidase
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US-7084120

US6949515
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(Table 2) Contd….

Name Structure Company
(originator)

Actions status Related
Patents

SSR-162369

biocyclic 8-pyrrolidinoxanthine

SANOFI-

AVENTIS

DEUTSCHLA

ND GMBH

Hypoglycemic agent,

Dipeptidyl peptidase

IV inhibitor

Phase I

WO06015701

WO06015700

WO06015699

WO06015691

* Information not available (database search from Delphion, covered up to July 2006).

enzyme), QPP (IC50 values > 10 µM), and the more closely
related enzymes, FAPalpha (fibroblast activation protein-
alpha, also called seprase; IC50 value > 100 µM), DPP 8
(IC50 value = 48 µM) and DPP 9 (IC50 value > 100 µM) [69].
This was an important finding, as inhibition of the closely
related DPP 8 and DPP 9 enzymes has been associated with
severe toxicity in animal studies. The toxic effects of DPP-
IV inhibitors identified thus far in preclinical studies have
included alopecia, thrombocytopenia, anemia, enlarged
spleen, multiple histological pathologies, and animal
mortality shown in dogs [72]. In addition, the observation of
skin lesions in monkeys administered DPP-IV inhibitors led
to a decision by the US Food and Drug Administration to
require testing of all DPP-IV inhibitors in monkeys. Data
from these studies should clarify whether skin lesions are
due to DPP-IV inhibition itself or to some other mechanism
of action, for example the inhibition of related enzymes,
such as DPP-8 or DPP-9. MK-431 was reported to be safe
and well tolerated in phase IIb trials and to lower blood
glucose levels effectively [73,74]. It is anticipated that
dosing frequency will be once daily. Concurrently, Merck is
currently developing MK-431A, a combination of sitagliptin
+ metformin (qv), for the treatment of type 2 diabetes; a New
Drug Application (NDA) file is slated for 2007.

SYR322

Takeda San Diego (formerly Syrrx) has been developing
a series of small molecules with moiety of heterocyclic
structures (pyrimidine and 1,2-thiazine/piperidine) as orally-
available DPP-IV inhibitor, for the potential treatment of
diabetes. In 2006, a global phase III trial began. The
company is also investigating additional DPP-IV inhibitors
as part of this program and several Investigational New Drug
applications were filed in the United States. Initially, Takeda
San Diego cooperated with PPD, the pharmaceutical services
provider, to jointly develop and commercialize Syrrx-
designed human DPP-IV inhibitors for the treatment of type
2 diabetes and other diseases in 2003. Among highly potent
SYR-series compounds, SYR-111791 and SYR-11792 had
IC50 values of 70 and 16 nM, respectively; SYR-110085A,
dosed at 3 mg/kg, has been shown to lower plasma DPP-IV
activity in beagle dogs [75]. Another candidate, SYR322,
has been shown to lower plasma DPP-IV concentration in

monkeys. In this study, the half-life of SYR322 was 5.7 h
with a bioavailability of 100%. SYR322 was also found to
reduce glucose excursion following an oral glucose tolerance
test in C57BL/6 mice [76]. In early 2004, two different
patentable Syrrx-designed chemical classes as DPP-IV
inhibitors, SYR619 and SYR322, have been filed for the
Investigational New Drugs. These compounds were consi-
dered to be variants from nearly all other DPP-IV inhibitors,
which were based on the almost ubiquitous 2-pyrrolonitrile
chemotype [77]. In January 2006, a global phase III trial of
SYR322 began. The use of DPP-IV inhibitors for treating
diabetes with secondary sulfonylurea failure was claimed
[78]. Takeda's approach, as claimed in this application,
provides a highly distinct chemotype that may provide some
distinct advantages in comparison with the other DPP-IV
inhibitors that are in advanced developmental stage such as
vildagliptin.

PHX-1149

Phenomix is developing PHX-1149, the lead from a
series of orally active DPP-IV inhibitors, including PHX-
1004, for the potential treatment of type 2 diabetes. At the
Metabolic Diseases World Summit in San Francisco, CA in
2005, PHX1149 was announced to have low protein binding,
high aqueous solubility and a low Vd, suggestive of
extravascular localization, where DPP-IV is located, also
minimizing off-target toxicity. Pharmacokinetic and pharma-
codynamics studies in dog and monkey supported once-daily
dosing regimes in humans. Also, 9 mg/kg doses in dogs and
monkeys produce over 50% and 80% DPP-IV inhibition
after 24 hours, respectively. The half-life of PHX-1149 was
6.3 hours, time to Cmax was 0.8 hour, Cmax concentration
was 555 ng/ml and AUC concentration was 2030 hour .ng/ml,
with excellent selectivity over other DPP-IV-related protea-
ses [79]. A 4-week phase II trial of PHX1149 was initiated
early 2006 and the primary endpoint was measurement of
post-meal glucose levels.

GRC8200

Glenmark Pharmaceuticals has exploited several different
patentable chemical moiety derivatives as DPP-IV inhibitors,
including acetamide, carbazolyamine, pyrrolidine and
cyclophenyl. GRC8200 and GRC-8116, tetrahydro-carbazole

N

N N

N

O

CH3

O

O

CH3H3C

NHH

H
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and closely related tricyclic derivatives with DPP-IV
inhibitor action, are now in phase II clinical trial. Initial
preclinical studies demonstrated both compounds with
excellent IC50 values of 1.61 and 6.27 nM, respectively,
against a human recombinant DPP-IV enzyme assay.
Furthermore, these 2 compounds had specificities over
10,000-fold and over 600-fold, respectively, over DPP-II,
PPCE and the other proteases tested [80,81]. In 2005,
Glenmark patented the process for the preparation of
tetrahydro-carbazole and closely related tricyclic derivatives
of DPP-IV inhibitors [82]. Results from the initial phase I
clinical trial showed that GRC8200 was well tolerated at all
dose levels with a linear pharmacokinetic profile, supporting
once-daily dosing. Phase II trial begins in 2006.

SSR-162369

In February 2006, Sanofi-Aventis reported that the DPP-
IV inhibitor SSR-162369 was in phase I trials. However, this
compound is probably a structural analog of vildagliptin,
which has demonstrated some specificity problems related to
DPP-IV inhibition. Recently, Sanofi-Aventis has applied a
patent related to novel bicyclic 8-pyrrolidinoxanthine
derivatives [83]. This application is one of four concurrent
filings from Sanofi-Aventis (84-86), substantially augmen-
ting the company's patent filings in the area. Furthermore,
the compounds claimed in these applications are xanthine
derivatives and bear greater resemblance to the bicyclic
heterocycle sitagliptin. However, no suitable advantage was
given and no compounds were specifically claimed, for
example, 8-(cis-hexahydropyrrolo[3,2-b]pyrrol-1-yl)-3-
methyl-7-(3-methyl -butyl-2-enyl)-1-(2-oxo-2-phenylethyl)-
3,7-dihydropurin-2,6-dione, which had an IC50 value of 18
nM. In addition, in using these compounds as hypoglycemic
agents for the treatment of type 2 diabetes, they were found
to be useful for the treatment of psychiatric disorders (e.g.,
depression, anxiety, schizophrenia, and circadian rhythm
disorders), immune disorders, drug abuse, cancer, arthritis,
osteoarthritis, osteoporosis, sleep disorders, sleep apnea,
male and female sexual dysfunction, inflammation, skin
disease (e.g., acne and psoriasis), pigmentation disorders,
steroid metabolism disorders, mycosis and neurodegene-
rative disorders (e.g., multiple sclerosis and Alzheimer's
disease) and as weight-loss promoters.

GSK-23A

GlaxoSmithKline (GSK) has investigated a series of 2-
cyano-4-fluoro-1-thiovalylpyrrolidine inhibitors of DPP-IV
as hypoglycemia agents. Among other similar bioactive
compounds, the preliminary studies indicated that GSK-23A,
when administered to ob/ob mice at an oral dose of 10 mg/kg
twice daily for 8 weeks and then with a subsequent 4-hour
fasting, the GLP-1 level was double that of the vehicle
control. Triglyceride levels also decreased and there was no
change in insulin and cholesterol levels observed. Dogs
dosed with 1 mg/kg GSK-23A showed good inhibition of
DPP-IV after 24 hours. The compound had an oral bio-
availability of 32% and 80% in rats and dogs, respectively.
[87]. Recently, GSK has developed one compound displayed
a Ki value of 53 nM and when dosed orally, 84% DPP-IV
inhibition was achieved in rats (1 mg/kg at 6 hours), and >
12 hours above the IC50 value at 0.2 mg/kg in dogs. The
compound had a half-life of 2.3 and 3.9 hours in rats and

dogs, respectively [88]. A total of three patents form GSK,
all published in January 2003, claim pyrrolidine and
thiazolidine and fluoropyrrolidine as DPP-IV inhibitors.
Now these compounds are still at the discovery phase.

COMPOUNDS ON THE PIPELINE AND
NEWCOMERS

There are a number of DPP-IV inhibitors being studied,
with names such as vildagliptin, saxagliptin and sitagliptin.
These agents basically inhibit 90% of the action of DPP-IV
and increase the life of GLP-1 in the body by about 3 times.
These agents have been tested alone and in combination with
metformin, and in general, are able to reduce HbA1c by
about 1% over 12 weeks. The weight reduction is not as
noticeable as with the GLP-1 analogues. These medications
were safe and tolerable in clinical trials. Another advanced
DPP-IV inhibitor, not previously mentioned, is isoleucine
thiazolidide (Ile-thiazolidide, P32/98) by Probiodrug, which
is in phase II study. P32/98 is a competitive transition-state
substrate analog inhibitor of DPP-IV, with a Ki of 130 nM
[89]. When given orally in humans, P32/98 exhibited a dose-
dependent decrease of plasma DPP-IV and a concomitant
increase of active GLP-1 [90], suggesting efficient intestinal
absorption. Researchers at the Technical University of
Munich have recently shown that the oral activity of P32/98
results from its ability to bind at the intestinal PEPT1
transporter thereby allowing transport across the gut wall
[91]. Such technology opens the way for the rational design
of peptide-linked drugs, like several DPP-IV inhibitors, with
improved intestinal absorption. In addition, harnessing
peptide transporters to allow the improved uptake and
targeting of therapeutics can be extended to other drug
classes and indications.

Furthermore, a number of biotechnology companies have
also announced active DPP-IV inhibitor compounds.
Borhringer Ingelheim Corp. has investigated xanthine-based
DPP-IV inhibitors suitable for once-daily use in glucose
level control [92]. Recently, Abbott Laboratories have also
developed acyl thiazolidide-based DPP-IV inhibitors which
exhibited selectivity over related serine proteases DPP7,
DPP8, POP and FAP-α with promising oral pharmacokinetic
profiles (t1/2 = 0.5h, F = 57.6%, Vss = 1.38 L/Kg, CLp = 1.94
L/H/Kg) in preclinical studies [93]. With these promising
results, Abbott has filed 2 utility patents, WO0502376 and
WO0402682, for exploiting these compounds as the
potential drugs for various indications including diabetes.
Pfizer has been investigating a series of DPP-IV inhibitors
for the potential treatment of type 2 diabetes mellitus. In
early 2003, a fluorinated cyclic amide inhibitor (CP-867534-
01) was revealed as one of the compounds in this series [94].
However, due to the structure-related phenomenon of
sloughing of the colonic epithelium, which manifested itself
as the passage of bloody, mucoid stools within 2 hrs of
dosing, CP-867534-01 was discontinued in the early disco-
very phase. Later, DP-893 (a novel sulfonamide derivative)
displayed an effective IC50 value against the human
recombinant form of DPP-IV and a half-life of about 5 hrs
and 2 hrs in dogs and rats, respectively [95].

Recently, the structure activities relationship studies of
DPP-IV were key tools for the optimization step for the kind
of drugs involved in multidiscipline biological systems. In
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addition to its role in glucose homeostasis, DPP-IV has been
implicated in immune disorders, HIV-1 infection and tumor
progression due to the similarity of DPP-IV-related gene
family. Therefore, a key question for DPP-IV as a potential
target for the type 2 diabetes therapeutics fields is the
specificity of inhibitors. Studies have examined the two most
advanced DPP-IV inhibitor drug candidates, LAF237 and
MK431, in respect to structure-related selectivity. DPP-IV
inhibitors with N-substituted glycine in the P2 site, such as
LAF-237 or DPP-728 [96], or 2-cyanopyrrolidine with P2-
site 4-substituted glutamic acid derivatives [97] or with an
aromatic moiety involving in hydrophobic interaction with
the side chain of Phe357, such as β-amino acid MK-431
[98], provided excellent selectivity over DPP8. Inhibition of
DPP8 by an isoindoline containing compound was found to
give rise to profound toxicity in rats, including anemia,
multiple histologic pathologies and mortality [72]. Minding
these results, selective inhibition of DPP-IV may be required
for an acceptable safety and tolerability level of future
antihyperglycemic agents of this type. On the other hand,
inhibitors of the related enzyme PEP (EC 3.4.21.26) have
potential as drugs to treat neurodegenerative disorders [98].

CURRENT & FUTURE DEVELOPMENTS

The therapeutic potential of inhibitors of post-proline
cleaving enzymes like DPP-IV has been the focus of recent
pharmaceutical research. Three DPP-IV inhibitors are in
advanced clinical development: saxagliptin (Bristol-Myers
Squibb Co.), which is in phase III clinical trials, and
vildagliptin (Novartis) and sitagliptin (Merck & Co Inc.),
both of which have had New Drug Applications filed.
Regulatory filings of the first class DPP-IV inhibitors are to
be expected in 2006. Available data show differences in
duration of action and anticipated dosing frequency, whereas
data to compare clinical efficacy and safety is not available
presently. The DPP-IV inhibitors are evaluated being as
monotherapy or in combination with other antidiabetic
drugs, e.g. metformin, thiazolidinediones, and/or PPARγ
agonists.

Although human trial results in type 2 diabetes with
DPP-IV inhibitors look promising, the lack of selectivity, i.e.
inhibition of the structurally related enzymes DPP-8 and
DPP-9, has been a potential concern. Based on the crystal
structure resolved, it is expected to develop certain
therapeutic agents such as small peptide via binding to the
catalytic binding site as a ‘‘substrate-selective’’ DPP-IV
inhibitor [96, 99-104]. Recently, one exiting finding is to
show the activity of such DPP-IV inhibitors is due in part to
their specific absorption by the small intestinal di- and tri-
peptide uptake transporter, PEPT1 [91], thus establishing a
system for optimizing the orally active peptidomimetic drugs
such as amino acid-based DPP-IV inhibitors.

CONCLUDING REMARK

In general, the safety profiles of most DPP-IV inhibitors
are very promising but additional studies are certainly
needed to obtain a thorough insight in the in vivo  effects of
DPP-IV inhibition. The beneficial effects of DPP-IV
inhibitors on treatment for type 2 diabetes not only offer
advantages over the current therapies but also provide more
therapeutic applications beyond the treatment for diabetes

due to the biological diversity of DPP-IV. So far, there is no
sufficient data available to make sweeping generalization
about the long-term effects of various DPP-4 inhibitors on T-
cell signaling and immune functions in vivo.
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