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5
Dipeptidyl Peptidase IV Inhibitors for the Treatment of Type 2
Diabetes

Jens-Uwe Peters and Patrizio Mattei

5.1
Introduction

The symptoms of diabetes mellitus, a metabolic disorder characterized by hyper-
glycemia (abnormally high blood glucose) due to inadequate insulin levels, have been
described since antiquity. The introduction of insulin replacement therapy for
diabetes in 1922 was a major feat in the history of medicine and was awarded with
the Nobel Prize in medicine in the following year. Later in the 1920s, the first oral
antidiabetic drugs (OADs) were introduced. Although they were imperfect and later
withdrawn, they led to the recognition that two types of diabetics exist — the juvenile
type, requiring insulin therapy, and the late-onset type, which also benefits from OAD
treatment [1, 2. The late-onset form, today known as type 2 diabetes, accounts for
more than 90% of all diabetic patients and affects about 4% of the world
population [3].

The treatment of type 2 diabetes aims to normalize blood glucose levels by diet,
exercise, and medication, and is monitored by measuring glycosylated hemoglobin
(HbA,,) as a long-term marker of elevated blood glucose. The amount of HbA,,
reflects the average glucose level over the last 120 days (the life span of red blood cells)
and should be maintained below 7% [4]. Each percentage reduction in HbA,, leads to
a 21% reduction of the risk for any diabetes-related end point [5]. Poorly controlled,
chronic hyperglycemia causes microvascular damage, which affects organs with
delicate capillary systems such as the eyes and kidneys, and can lead to blindness and
renal failure, In addition, hyperglycemia leads to atherosclerosis of larger vessels,
which increases the risk of myocardial infarction and stroke, An important compli-
cation resulting from micro- and macroangiopathy are lesions of the lower limbs
(“diabetic foot”) that may ultimately require amputation. Unfortunately, the majority
of diabetic patients do not reach recommended HbA,, levels and are therefore at risk
of developing these disabling comorbidities. Furthermore, the prevalence of type 2
diabetes has increased over recent years, mainly due to higher life expectancies and
an increasing prevalence of obesity [3]. Several classes of OADs have been introduced
into clinical practice since the 19505 and are widely prescribed. However, they all
come along with side effects such as hypoglycemia, weight gain, or gastrointestinal
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5 Dipeptidyl Peptidase IV Inhibitors for the Treatment of Type 2 Diabetes

problems. Moreover, they often fail to achieve sustained glycemic control. Thus, there
is a critical unmet need for OADs with novel modes of action.

In the late 1980s, several research groups could show that the peptidic hormone
GLP-1 (glucagon-like peptide 1), which is secreted by the 1-cells of the intestinal
epithelium in response to food ingestion, is a potent stimulator of glucose-dependent
insulin release. This finding raised hopes that exogenous GLP-1 might be used to
stimulate the impaired insulin secretion in type 2 diabetic patients, Disappointingly,
single subcutaneous injections of GLP-1 were ineffective in normalizing blood
glucose [6]. A few years later, it was discovered that DPP-1V (dipeptidyl peptidase
1V), a serine protease first isolated in 1966, rapidly cleaves and inactivates GLP-1 [7].
Several research groups recognized the implications of this finding:

 Inhibition of DPP-1V should prevent the rapid degradation of GLP-1 and should
thus increase circulating GLP-1 levels.

» Increased GLP-1 levels should enhance glucose-dependent insulin secretion,
leading to lower blood glucose levels.

« Consequently, DPP-1V inhibitors should have an antidiabetic effect.

The glucose-lowering fantidiabetic effect of DPP-1V inhibitors was soon demon-
strated in animals and humans and triggered enormous research activities through-
out the pharmaceutical industry in the first decade of the new millennium [8].

5.2
In Vitro Assays and Animal Models for the Assessment of DPP-1V Inhibitors

The discovery of DPP-IV inhibitors was facilitated by the availability of robust and
high-throughput in vitro assays, which often rely on a simple chromogenic or
fluorogenic readout. For instance, DPP-IV cleaves Ala-Pro-AFC, a peptidyl derivative
of 7-amino-4-triflucromethylcoumarin (AFC), and the green Huorescence of the
cleavage product, AFC, can be distinguished from the violet-blue fluorescence of the
substrate (Figure 5.1). The cleavage of Ala-Pro-AFC serves as a measure of DPP-IV
activity inan in vitro assay, in which the candidate inhibitor is evaluated by its ability to
suppress the formation of fluorescent AFC. Furthermore, animal models with high
relevance to the human disease state were available. For instance, the oral glucose
tolerance test (OGTT) in diabetic rats measures the glucose excursion, or the insulin
response, after an oral ingestion of a standardized amount of glucose, and is equivalent
to the OGTTused in the diagnosis of diabetes in humans, The efficaciousness of DPP-
IV inhibitors can be evaluated in such an animal model by their ability to reduce the
glucose excursion after their administration prior to the glucose challenge.

53
Substrate-Based DPP-1V Inhibitors

Speculations about the relevance of DPP-1V in the processing of bioactive peptides,
and its potential role in diseases such as cancer and AIDS, might have provided much
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5.3 Substrate-Based DPP-1V Inhibitors
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Figure 5.1 DPP-IV liberates AFC from its dipeptidy! derivative, Ala-Pro-AFC. The green
fluorescence of the product is used as a readout in a DPP-IV inhibition assay.

of the impetus for DPP-1V inhibitor research in the 1980s [9]. At this time, the ACE
inhibitor success story had just proven that substrate-based design is a viable
approach to drug discovery, and it seems natural that this concept was also pursued
in DPP-1V research. DPP-1V is an endopeptidase that releases dipeptides from the N-
terminus of a wide variety of peptidic hormones, with a preference for proline at the
penultimate position. This proline preference is pronounced in small substrates
(such as Ala-Pro-AFC, Figure 5.1), even if the larger peptide GLP-1 (30 amino acids) is
cleaved after an alanine (Figure 5.2).

In the early 1990s, several academic research groups disclosed dipeptide-like
DPP-1V inhibitors, in which a pyrrolidine or a thiazolidine replaces the proline, and
an attached amino acid with a free amino group mimics the N-terminus of a
substrate peptide (Figure 5.3). The scissile peptide bond was either omitted, as in
the prototypical DPP-1V inhibitor P32/98 [10], or replaced by a functional group
designed to mimic the proteolytic transition state or to covalently bind to the
enzyme’s active site serine. For instance, prolineboronic acids such as 1 have been
designed as transition-state analogues and are reversible, slow-binding inhibitors
with activities in the low nanomolar range [11]. Phosphonates such as 2 are
irreversible inhibitors, which form stable esters with DPP-1V's catalytically active
serine. However, these early types of serine-interacting inhibitors did initially not
provide clear advantages over the noncovalent inhibitors, as they were too unstable,
too unselective, or did not show a substantially improved activity. Nevertheless,
the boronic acid dutogliptin, a DPP-1V inhibitor discovered by Phenomix, has

() @@ QOCE

cleavage
by DPP-IV

Figure 5.2 DPP-IV cleaves GLP-1 at the penultimate position from the N-terminus.

Page S of 28

m



12| 5 Dipeptidyl Peptidase IV Inhibitors for the Treatment of Type 2 Dinbetes

O SR

N N
H
N O B(OH), 0  PO(OPh),
0]
P32/98 1 2
K=123nM IC, = 20 nM irreversible
Demuth et al., 1991 Flentke et al., 1991 Powers et al., 1995
4
O Nr’\> N
HN
o .
O  B(OH) 0
N
Dutogliptin 3
IC., =25 nM K.=22nM
Phenomix, 2005 Ferring, 1996

Figure 5.3 Early substrate-based DIPP-IV inhibitars and dutogliptin.

apparently overcome these limitations and entered phase 3 clinical development in
2008 [12. 13].

[n 1994, a publication demonstrated that nitriles could be used as serine-inter-
acting motifs in inhibitors of prolyl endopeptidase (PEP). a serine protease related to
DPP-1V [14]. So far, nitriles had only been known to be cysteine protease inhibitors,
but were regarded unreactive to typical serine proteases. This surprising finding
prompted Sherwin Wilk's research group at the City University of New York, and
researchers working with Paul D. Jenkins at Ferring Pharmaceuticals, to introduce
nitriles inta their substrate-based DPP-1V inhibitors [15-17]. These new cyanopyr-
rolidine-type DPP-1V inhibitors, for example, 3 (Figure 5.3), turned out to have an
approximately 100-fold improved inhibitory potency. and additionally both a good
selectivity profile and an acceptable chemical stability.

Up to this point, the role of DPP-IV in glucose homeostasis was not fully
recognized. Rolf Mentlein et al. from the University of Kiel had already demonstrated
in 1993 that GLP-1 is a substrate of DPP-IV in vitro [7], but this did not necessarily
mean that DPP-IV would be the main metabolic enzyme of GLP-1 1n vivo. Actually, 3
was proposed as a potential irtnmunomodulator, as DPP-1V is identical to CD26, a
component of the T-cell receptor complex. In 1995, Jens Holst and coworkers from
the University of Copenhagen concluded from their studies that DPP-1V is respon-
sible, at least in part, for the abserved rapid degradation of GLP-1 in humans and
proposed that inhibition of DPP-1V could be a useful adjunct in the management of
type 2 diabetes [19]. Shortly thereafter. a collaborating team of scientists working with
Hans-Ulrich Demuth from the University of Halle and Christopher H.S. McIntosh
and Ray A. Pederson from the University of British Columbia patented DPP-IV

Page 6 of 28



5.3 Substrate-Based DPP-1V Inhibitors

inhibition as a method to lower blood glucose [20]. The patent application was
disclosed in 1997 and demonstrated that DPP-1V inhibition with P32/98 did indeed
improve glucose tolerance in rats. Demuth, who had spent most of his academic
career working on DPP-1V, would later start the biotech company, Probiodrug, to
exploit this invention and to bring P32/98 into the clinic. The improvement in
glucose tolerance by P32/98 was then reproduced in human healthy volunteers and
diabetic patients. P32/98 and the epimeric allo-isoleucyl-thiazolidide were licensed to
Merck in late 2000. However. development of both compounds was discontinued in
February 2001, after Merck had identified unacceptable toxicity profiles for both
compounds. Later, insufficient selectivity over the related dipeptidases DPP-8 and/or
DPP-9 was postulated to be the reason for the observed toxicities [21]. At that time,
Merck had already identified Auoropyrrolidine 4 (Figure 5.4) as a potential devel-
opment compound. Because the rationale for subtype selectivity was compelling, 4
was rejected on the basis of a selectivity of only 50-fold over DPP-8 and DPP-9, and
medicinal chemistry focused on HTS-based DPP-IV inhibitors, which culminated in
the discovery of sitagliptin (see Section 5.4). Further exploration of the substrate
analogue series provided 5, with a selectivity of =10 000-fold over DPP-8/9[22]. This
compound was brought forward as a backup for sitagliptin [23],

Another potent and selective difluoropyrrolidine derivative, PF-00734200, has
been discovered by Phizer. This compound was reported to be in phase 2 clinical
studies in September 2008 [24, 25],

During this time, the cyanopyrrolidines originally discovered by Sherwin Wilk and
the group at Ferring had become the most popular class of DPP-1V inhibitors, as
judged by the number of patent applications [18]. While the SAR around the
cyanopyrrolidine ring was rather limited, a wide variety of attached amirio acids
with lipophilic or polar, negatively or positively charged, side chains were tolerated,
which provided ample room for proprietary structures.

OCF,
v N
0=8. N
F Q* N F
F

H

0 0

4 5 PF-00734200
ICsp =35 nM K=88nM ICs, = 13 nM
Merck. 2004 Merck, 2004 Pfizer, 2005

Figure 5.4 Pyrrolidides without a serine-interacting motif.
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Figure 5.5 Scaffold change leading to N-alkylglycine DPP-IV inhibitors; NVP-DPP728 was
efficacious in a proof-of-cancept trial.

An important extension of this SAR was made already in 1996 by scientists at
Novartis. Edwin B. Villhauer, a chemist with a long-standing interest in diabetes, was
looking for 4 new project when Jens Holst's paper was published in 1995. Within a
few days, he and his colleagues had a DPP-IV project running, Cells that happened to
express DPP-1V were just available and provided an in vitro assay. A paper from 1988,
describing a DPP-1V subsirate with sarcosine (N-methylglycine) as an N-terminal
amino acid [26], caught Villhauer's attention and led him to explore N-alkylglycine
cyanopyrrolidines, in which the side chain of the pyrrolidine-attached amino acid is,
formally, shifted to the nitrogen atom (e.g., 6 — 7, Figure 5.5) [27]. The novel N-
alkylglycine cyanopyrrolidines were amenable to resin-based chemistry, which was a
very popular technology in those years, enabling the preparation of 1300 diverse
compounds within 7 months. Only a few inhibitors with low nanomolar activities
were identified in this campaign, one of them carrying a (5-nitro-pyridin-2-yl)-
aminoethyl substituent. Replacement of the nitro functionality by a nitrile then led
to NVP-DPP728 (Figure 5.5) with an improved selectivity over DPP-11 and PPCE
(postproline cleaving enzyme), which were then standard enzymes in DPP-IV
selectivity studies. Within only 9 months, the Novartis project team had identified
a development compound. Clinical trials with NVP-DPP728 began in 1998. A first
phase 2 trial based on the then widely held paradigm that any type 2 diabetes patient
treated with a DPP-1V inhibitor should experience an immediate benefit, gave
disappointing results and almost stopped the project. A detailed data analysis
suggested that patients with a certain level of pancreatic beta cell activity might
benefitover a longer time frame. A second trial designed with the hindsight from this
analysis was a huge success: after 4 weeks of freatment, NVP-DPP728 reduced
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5.3 Substrate-Based DPP-IV nhibitors

postmeal glucose excursion, fasting glucose, and 24 h mean glucose. For the first
time, it was shown that chronic DPP-1V inhibition in diabetic patients was safe and
also led to a reduction in HbA, levels [28].

NVP-DPP728’s relatively short half-life of 0.85 h was initially not seen as a
disadvantage. On the contrary, the many possible physiological roles of DPP-IV
made it desirable for a proof-of-concept compound that any potential adverse effects
would abate quickly after a discontinuation of administration. DPP-1V cleaves, at least
i vitro, not only GLP-1 but also several peptidic hormones, neurotransmitters, and
chemokines. Of particular concern was initially the fact that DPP-1V is identical to
CD26. a surface protein on activated T-cells, which mediates stimulatory signals;
fortunately, it was found that NVP-DPP728 had no immunosuppressant effect. (Later
on it was shown that the enzymatic activity of DPP-1V is not required for T-cell
function.) It might have been envisioned that NVP-DPP728 could be a short-acting,
meal-dependently administered drug to reduce postprandial glucose excursion. Such
a treatment would allow an intermittent recovery of DPP-IV activity, and the normal
regulation of other potential DPP-IV substrates, thus minimizing side effects.
However, a team of Novo Nordisk researchers, collaborating with the Miami School
of Medicine, demonstrated in 2001 that a 24 h infusion of GLP-1 over 7 days gave a
much better outcome for diabetic patients than a 16 h infusion, indicating that a 24-h
blockade of DPP-1V was needed to maximize the therapeutic effect [29]. In 2002,
Ferring researchers published their results with the long-acting DPP-1V inhibitor FE
999011 (Figure 5.6), which clearly showed that full inhibition of DPP-1V over 24 h
gave the best results in animal models of diabetes [30]. In the following years, most
companies therefore focused on inhibitors with high metabolic stability, and today all
clinically proven inhibitors show >50% plasma DPP-1V inhibition over 24 h.

Apart from the demonstrated clinical efficacy and the facile synthetic access, there
might be yet another reason why the N-alkylglycine inhibitors became very popular
throughout the industry in the following years: it was generally perceived that they
had a superior chemical stability. As already mentioned, cyanopyrrolidine DPP-1V
inhibitors, and other substrate-based inhibitors with an electrophilic serine-inter-
acting motif, are chemically unstable in solution. This solution instability is due to an
intramolecular reaction between the amino function and the electrophilic motif, as
depicted in Scheme 5.1. The short solution half-life typically of a few hours was

H.‘I Nj:r N?
o |
N

FE 999011
K =3.8nM
Ferring, 1996

Figure5.6 Studies with FE 999011 showed that sustained inhibition of DPP-IV leads to best results
in animal models of diabetes.
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R
J\I\/ N cyclization 0. N
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Scheme 5.1 The limited solution stability of cyanopyrrolidine DPP-1V inhibitors i1s due to an
intramolecular reaction between the mandatory amino and cyano functionalities.

causing problems for formulation and was made responsible for the short in vivo half-
life of some compounds.

To overcome this limitation, many research groups explored N-alkylglycines with
sterically hindered amines, which would undergo cyclization less readily. Early on,
Novartis scientists had identified an adamantyl derivative 8 (Figure 5.7), which was
one of the most potent inhibitors discovered in their program. Also, the primary
metabolites of this compound were found to be highly active. Already in 1998,
Villhauer synthesized one of the putative metabolites, LAF-237, which turned out to
have an excellent solution stability, potent inhibitory activity, and good selectivity over
related enzymes [31]. The improved pharmacokinetic profile and longer lasting
pharmacodynamic effect of LAF-237 led to a replacement of Novartis’ front-runner
NVP-DPP728. LAF-237 was later named vildagliptin, in reference to Villhauer, its
inventor [32]. Vildagliptin has been, after sitagliptin, the second compound to obtain
rmarket approval in the European Union and other countries. In the United States,
Novartis has paused its efforts to seek regulatory approval after the FDA had
requested additional data to address concerns about the tolerability in patients with
renal impairment and skin lesions in nonhuman primates [33] (although no skin

OH
@N’YQ :
H N N
O CN b
O CN
8 LAF-237, vildagliptin
IC.,=3nM ICy =35nM

Novartis, 2000

= ot R
HNT NN HNT NN H NN
o N o ON

0 CN
9 10 siaxagliptin
K=7nM K=0.9nM K,=0.6nM
BMS, 2001

Figure 5.7 Discovery of vildagliptin and saxagliptin.
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5.3 Substrate-Based DPP-IV Inhibitors

Table 5.1 Chemical stabilities of primary amine inhibitors.

Compound Halflife”

3 (Figure 5.3) 5h
FIE 999011 (Figure 5.6) 27h
9 (Figure 5.7) 42h

a)  In agueous buffer at pH 7.2: 395 C.

Jesions have been observed in humans during clinical trials [67]). Vildagliptin is only
moderately selective over DPP-8 and DPP-9. Following the highly publicized Merck
study on the potential toxicities associated with DPP-8/9 inhibition [21], Novartis
undertook long-term rodent toxicity studies with vildagliptin at exposures that are
high enough for complete inhibition of DPP-1V, DPP-8, and DPP-9. As vildagliptin
did not display any of the toxicities observed with P32/98 and structurally related
molecules, the toxicity of the compounds studied by Merck is more likely the result of
unidentified off-target effects that are independent of DPP-8/9, and the relevance of
isoform selectivity remains unclear [34].

Researchers at Bristol-Myers Squibb found that converting a tertiary (3, Figure 5.3)
to a quaternary alpha-carbon (FE 999011, Figure 5.6) improves the solution half-life by
fivefold (Table 5.1). The long-lasting pharmacodynamic effect of FE 999011 might, at
leastin part, be attributed to this improved solution stability. Also, the introduction of a
methylene bridge into the cyanopyrrolidine ring leads to steric bulk that similarly
improves the chemical stability (compare FE 999011 and 9, Table 5.1). Molecular
modeling demonstrated that these effects are, in both cases, due tointramolecular van
der Waals interactions. These interactions disfavor a ais conformation of the amide,
which is a prerequisite for cyclization, and thereby increase stability [35). These
findings led the Bristol-Myers Squibb scientists, in striking analogy to the efforts at
Novartis, to 10 with an adamantyl substituent. This compound showed an excellent
plasma-DPP-1V inhibition after oral dosing in rats, despite a low bioavailability (2%).
This seemed to indicate that 10 is converted into an active metabolite in vivo, which
prompted the synthesis of a hydroxy analogue asa putative metabolite. Quite similar to
the vildagliptin story. it was found that this metabolite, later named saxagliptin
(Figure 5.7), was highly potent and had an excellent solution stability [36]. This high
solution stability, together with a relatively high distribution volume, makes saxaglip-
tinalong-acting DPP-1V inhibitor. Bristol-Myers Squibband AstraZeneca have shared
the clinical development and fled a New Drug Application in 2008 [37).

Other companies also came up quickly with N-alkylglycines with a wide variety of
quaternary N-substituents. TS-021, 11, and ABT-279 (Figure 5.8) are examples of N-
alkylglycines that were evaluated in clinical trials. Taisho scientists identified TS-021,
which had a much higher solution stability than a previously explored primary amine
and an alkylglycine analogue without a quaternary N-substituent [38]. This imnproved
stability translated into markedly higher plasma concentrations in rats, as measured
6 h after oral administration. An oral dose of TS-021 of 0.3 mg/kg in rats almost
completely inhibited plasma DPP-IV activity for 120 min and exhibited a significant
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Figure 5.8 Various N-alkylglycine compounds in clinical development.

antihyperglycemic effect. The compound underwent phase I clinical studies in 2004,
and was licensed to Eli Lilly in 2005; however, no further development was reported.
Roche’s clinical compound, 11, was well tolerated in healthy volunteers up to doses of
2g. In a multiple-dose study, the oral administration of 400 mg of 11 twice daily
achieved >50% inhibition of plasma DPP-1V activity over the 12 h dose interval [39].
ABT-279 features a 5-ethynyl substituent on the cyanopyrrolidine ring, which had
been demonstrated to improve selectivity over DPP-8/9 [40]. Indeed, the compound
has an excellent selectivity over these enzymes as well as related peptidases and other
safety-relevant targets. In healthy volunteers, ABT-279 was well tolerated up to

doses of 1g.

A primary amine inhibitor with a bulky side-chain, GSK-23A (Figure 5.9), was
discovered at GlaxoSmithKline [41]. A combination of steric and electronic effects

OMe F

Osg r \[\ | F
o N
H N SN H,N
o o |
N N
GSK-23A denagliptin
K = 53 nM K = 22 nM
GSK, 2003 GSK, 2003

Figure 5.9 GSK-23A and denagliptin.
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5.4 Sitagliptin and Analogues

might be responsible for a reduced nucleophilicity of the free amine function, which
leads to an extraordinarily long half-life of 1733 h in aqueous buffer at pH 7.2 and
37 "C. Denagliptin, another compound from the same company, was developed up to
phase 3, but was finally put on hold in 2006 due to unfavorable data from preclinical
long-term toxicology experiments [42, 43].

Today, we can look back on more than two decades of research on substrate-based
DPP-IV inhibitors. These dipeptide-like compounds provided the first tools to
elucidate the function of DPP-IV in vivo. Especially, P32/98 and NVP-DPP728 have
played a pivotal role in establishing DPP-IV's role in glucose homeostasis and in
establishing DPP-1V as a therapeutic target for type 2 diabetes. The exciting results
obtained with these and other compounds triggered a race in the pharmaceutical
industry toward DPP-1V inhibitors as a novel class of antidiabetic medicines, and
many companies embarked on fast-follower projects with similar substrate-based
compounds. This research culminated in the discovery of vildagliptin, which has
obtained market approval in several countries, and other advanced compounds
undergoing clinical development. However, other important classes of DPP-IV
inhibitors have also emerged more recently, as will be shown in the next sections.

5.4
Sitagliptin and Analogues

Sitagliptin has been the first DPP-1V inhibitor to be approved as a treatment for type 2
diabetes. Launched by Merck in 2006, the annual sales for 2008 have already exceeded
US$ 1000 million. The medicinal chemistry team led by Ann E. Weber started in 1999
and initially focused on substrate analogue inhibitors (see Section 5.3). After the
identification of unwanted off-target activity as possible reason for multiorgan
toxicity, the objective became to achieve a high (>1000-fold) selectivity over related
proline peptidases, especially DPP-8 and DPP-9 [23, 44, 45]. The link between activity
at DPP-8/9 and toxicity remains a matter of debate, but the goal per se has
successfully guided the team toward the discovery of sitagliptin.

A high-throughput screening of the Merck sample library was performed in
parallel with the medicinal chemistry work on substrate analogues. The screening
produced only very few hits, among which the legacy compounds 12 and 13
(Figure 5.10) were followed up. At that time, no structural information of DPP-IV
was available, and it was (wrongly) assumed that the pyrrolidine subunit of 13 might
reside in the S1 substrate specificity pocket. As a consequence, the pyrrolidine was
replaced with a thiazolidine, in analogy with substrate analogues such as P32/98. The
truncated molecule 14, with a much reduced molecular weight, was roughly
equipotent to 13 but left little room for structural variations. The trifluorophenyl
derivative, 15, had a respectable potency but poor pharmacokinetic properties and an
insufficient selectivity over DPP-8 [46].

In the meantime, the weakly active HTS hit 12 was combined with the 3-arnino-4-
phenylbutyryl side chain of 13. The resulting hybrid molecule 16 was more than 100-
fold more potent. A fluorine substituent at C(2) (17) led to an additional fourfold
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Figure 5.10 Evolution of sitagliptin from screening hits 12 and 13.

potency improvement, By removing the decoration of the piperazine, 18 and 19 were
obtained. Molecule 18 was reasonably potent and selective but displayed a poor
pharmacokinetic profile, which was attributed to the metabolic instability of the
piperazine ring [47]. Unsubstituted piperazine 19 was only marginally active but had
a low molecular weight and set the stage for further refinement.

Incorporation of the 2,4,5-trifluoro substitution pattern on the phenethylamine
and replacement of the piperazine by a triazolopiperazine led to a significant
improvement in potency. The poor bioavailability of 20 was improved to excellent
values by installation of a trifluoromethyl group in the triazole ring, resulting in
sitagliptin [48].

Interestingly. triazolopiperazines (systematic name: 5.6.7 8-tetrahydro-1,2.4-tria-
zolo[4.3-a]pyrazine) have only recently found widespread use. The parent compound
was first disclosed by Merck. as late as 2001, as an intermediate for GABA 4 ligands as
cognition enhancers [49] and soon became a fashionable building block in various
Merck projects [50, 51). Since the public disclosure of sitagliptin as development
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compound in 2004, the trifluoromethyl-substituted triazolopiperazine has become a
frequently used amine subunit across the medicinal chemistry community.
Sitagliptin was discovered in the absence of biostructural information. However, as
soon as Merck had determined the cocrystal structure of sitagliptin within DPP-1V,
the rational design of sitagliptin analogues became feasible. The cocrystal structure
shows that the trifluorophenyl group occupies the S1 pocket of the enzyme; this
pocket is a central recognition motif and normally accommodates the penultimate
amino acid of the substrate (Figure 5.11). The fluorine atoms at C(4) and C(5)
optimally fit the hydrophobic niche in the back of the S1 pocket, whereas the fluorine
atthe ortho position makes a favorable electrostatic interaction with the side chains of
Asn710 and Argl25 [52]. Like the class of substrate-based inhibitors, which use a
pyrrolidine or thiazolidine derivative to fill the S1 pocket, this class has a rather
limited SAR around the trifluorophenyl group. Accordingly, a number of sitagliptin
analogues have been made, which use the 2.4 5-trifluorophenethylamine subunit for
selective recognition of DPP-IV but differ in the remaining part of the molecule for
additional interactions with the target and refinement of the pharmacokinetic
properties. For instance, Merck has designed the cyclic analogue 21 (Figure 5.12),
in which the butyryl moiety of sitagliptin is replaced by a cyclohexane. Like
sitagliptin, 21 is potent and selective over DPP-8/9 but has improved pharmacoki-
netic properties, with lower clearance and longer half-lives across species [53].
Researchers at Abbott have adapted the major fragments of the Merck inhibitors
sitagliptin and 21 to create their own DPP-1V inhibitor. ABT-341. This compound is a
potent DPP-1V inhibitor, is selective over DPP-8/9. and has excellent pharmacoki-
netic properties, comparable to 21 [54]. Despite the similarity to sitagliptin, the
binding mode of ABT-341 is different from that of sitagliptin, in that the triazolopyr-
azinecarbonyl subunit occupies a different part of the binding pocket and induces
some conformational change at the target [55]. The compound was selected as

NN

! K

F,,C/KN)\\ S1 pocket
\\/N

N
H)" NH H o
oM 2 =N‘&
-
Argi2s = H
Asn710
Figure 511 Schematic illustration of key and Asn710. The protonated amine binds to a
interactions of sitagliptin with DPP-IV: the negatively charged surface of the protein
trifluorophenyl substituent resides in the {comprised of Glu205, Glu206, and Tyr662, not
lipophilic S1 pocket. The ortho-F makes shown for clarity).

favorable electrostatic interactions with Arg125
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Merck, 2006 Abbott, 2006

22
Novartis, 2007

Figure 5.12 Sitagliptin analogues with a 2,4,5-trifluorophenethylamine motif.

development candidate, but no clinical development has been reported as of
December 2008.

Several years after the discovery of vildagliptin, Novartis has also embarked on a
DPP-1V follow-on project, using sitagliptin as seed structure. As a late entrant to the
phenethylamine class, compound 22, with a bicyclic subunit, has been identified asa
potent DPP-1V inhibitor [56].

5.5
Xanthines and Analogues

The natural products theophylline, theobromine, and caffeine are known as xanthine
alkaloids. They are among the oldest drugs, mainly exhibiting vasodilatory and
stimulating effects, which can be rationalized through their actions as (nonselective)
phosphodiesterase inhibitors and adenosine receptor antagonists [57]. Owing to their
rich pharmacology and chemical tractability, xanthine derivatives are well repre-
sented in corporate screening libraries. After DPP-1V had emerged as an attractive
target for type 2 diabetes, several companies performed a high-throughput screening
to identify novel classes DPP-IV inhibitors.

Compound 23 (Figure 5.13) is a commercially available “lead-like” xanthine
derivative that inhibits DPP-IV in the low micromolar range. As a consequence, 23
has been discovered as a screening hit by a number of research teams. For instance,
Merck invested some limited resources on substituent alterations of 23 with little
success but then focused on more promising activities (see preceding sections) [44].
On the other hand, Novo Nordisk and Boehringer Ingelheim have identified
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Figure 5.13 Linagliptin and other DPP-IV inhibitors originating from a commercially available
screening compound, 23.

a 3-aminopiperidine subunit to be a superior replacement for the piperazine moiety
(compounds 24 and 25) and filed patent applications, which overlap to a significant
degree [58]. Boehringer Ingelheim has best succeeded in elaborating the xanthine
series: modification of the substituents at N(1) and N(7) led to 26, which was very
potent on DPP-1V but had unacceptable off-target activities at the hERG channel
and the muscarinic receptor M,, Replacement of the substituent at N(7) by a
2-butynyl group and installation of a quinazolylmethyl substituent in lieu of the
phenacyl group gave linagliptin, in which the hERG interaction was greatly reduced
and the selectivity over the M, receptor was increased to 300-fold [59]. Comparative
preclinical in vivo characterization with vildagliptin, saxagliptin, sitagliptin, and
alogliptin shows that linagliptin has a superior potency and longer duration of
action [60]. Linagliptin has entered phase 3 clinical trials in 2008, The X-ray crystal
structure of linagliptin within DPP-IV reveals that the 2-butynyl group resides in
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Syrrx/Takeda, 2005

Figure 5.14 Structural insight led to a successful core replacement of xanthine 25, and finally to
alogliptin.

the S1 pocket. The 4-methylquinazolinone group stacks on top of a tryptophan
residue of the protein (Trp629); this - interaction [61] is not exploited by other
classes of DPP-1V inhibitors and contributes to the very high affinity of linagliptin.
The main binding contribution of the xanthine moiety comes from another n-n
interaction, a stacking of the central uracil ring with a tyrosine side chain (Tyr547).
Comparable aromatic-aromatic interactions can also be affected by a wide variety of
other heterocycles [58]. For instance, Boehringer Ingelheim has reported analogue
27, in which the xanthine core has been replaced by an imidazopyridazinone, This
compound is equipotent to linagliptin but has a superior selectivity over M,
(=1000-fold) and a different pharmacokinetic profile [62].

Researchers at Syrrx (now Takeda San Diego) have performed a remarkable
scaffold hopping exercise, which provided interesting new classes of patentable
DPP-1V inhibitors. Supported by high-throughput structural biclogy and molecular
modeling as the company's core expertise, they started from seed structures such as
Novo Nordisk’s xanthine derivative 25 (Figure 5.14), In 25, the cyanobenzyl substit-
uent fills the cavity of the S1 pocket. The cyano group does not engage in a covalent
interaction with the enzyme (in contrast to the cyano group in the cyanopyrrolidine
series) but makes a favorable electrostatic interaction with the side chains of Asn710
and Arg125, similar to that of the ortho-fluorine of sitagliptin [52]. In search for central
scaffolds that could take advantage of the m-7 interaction with Tyr547 like the
xanthine core of 25, they identified 4-quinazolinone as a suitable heterocyclic
replacement. Indeed, compound 28 was very potent, Pharmacokinetic shortcomings
were amended by introducing a fluorine at the metabolically vulnerable position of
the quinazolinone, Compound 29 had attractive pharmacological and pharmacoki-
netic properties but showed unacceptable levels of CYP3A4 and hERG inhibition. To
minimize the interaction at these off-targets, more polar heterocycles were explored
as quinazolinone replacements. Pyrimidinone 30 and the analogous uracil com-
pound, later named alogliptin, retained the potency, and greatly improved the
selectivity over the off-targets. Alogliptin, which is the least lipophilic in this series,
showed the most favorable pharmacological profile and no evident safety issues
[63, 64]. Alogliptin has progressed through clinical development very rapidly, and a
New Drug Application has been filed in December 2007,
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5.6
Pharmacological Comparison of DPP-IV Inhibitors

DPP-1V is a chemically very tractable target, and several DPP-IV inhibitors have
progressed into clinical trials as medicines to treat type 2 diabetes. In this highly
competitive field, the structural diversity is remarkable, with a primary or secondary
amino group as the sole recurring motif. Nevertheless, a comparison of phase 3
clinical data at therapeutic doses shows that vildagliptin, sitagliptin, and alogliptin (as
representative compounds from each structural class) have similar clinical efficacies.
Thus, the average reduction of glycosylated hemoglobin (HDA ) is 0.5-0.8% after 24
or 26 weeks of treatment at therapeutic doses (Table 5.2). It should be noted that the
magnitude of the HbA,, reduction depends on the severity of the disease. For
instance, vildagliptin (50 mg twice a day) achieves an HbA,, reduction of 0.6% froma
baseline-HbA, . of <8% but a reduction of 1,6% from a baseline of >10% (similar
patterns for HbA,, changes are reported for other classes of OADs).

While the determination of meaningful changes in HbA,, requires long-term
treatment of diabetic patients and a correct estimation of the therapeutic dose, DPP-
IV inhibition has the benefit of offering an instant-readout biomarker that can
forecast the efficacy of the drug in an exploratory setting: DPP-IV activity can be easily
determined in blood plasma by measuring the turnover rate of a peptidic substrate
using UV spectroscopy. Thus, the notion that sustained inhibition of DPP-IV activity
leads to a maximal therapeutic effect [29, 30] has been exploited by Merck in
designing phase 1 clinical studies. In healthy volunteers, near-maximal (>80%)
DPP-1V inhibition was achieved at daily doses of =100 mg (Figure 5.15). The dose of
100 mg/day was confirmed in phase 2 studies to be therapeutically adequate in type 2
diabetic patients and later taken on to phase 3. The successful implementation of a
simple pharmacodynamic readout as biomarker enabled Merck to progress sitaglip-
tin from entry into human to phase 3 in only 2.1 years [65].

For vildagliptin, the DPP-1V inhibition after administration of 50 mg is greater
than 80% over 12 h but reduced to about 20% after 24 h [66]. Accordingly, the
recommended dosing regimen for vildagliptin in the majority of settings is 50 mg

Table 5.2 HbA,. changes after chronic administration of DPP-IV inhibitors (phase 3 data).

Vildagliptin [67]  Sitagliptin [68]  Alogliptin [74]

Number of subjects 90 229 131
Duration of treatment 24 weeks 24 weeks 26 weeks
Dose 30mg 100 mg 25 mg
Dosing regimen Twice daily Once daily Once daily
HbA,, baseline 8.6% R.0% 7:90%
Mean change from baseline HbA,_ ~0.8% 0.6% ~).59%
HbBA, change from placebo -0.5%" -0.8%" ~0.57%"

a)  95% confidence interval: (- 0.8; ~0.1); p< 0.05 compared to placebo.
b)  95% confidence interval: (- 1.0; —0.6): p< 0.001 compared to placebo.
¢} p< 0.001 compared to placebo.
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Figure 5.15 Time course of inhibitiori of volunteers) [75], and alogliptin (after 14 days,

plasma DPP-IV activity after administration of  type 2 diabetic patients) {69]. Adapted with
placebo [75]. and multiple daily oral doses of permission from Excerpta Medica, Inc.: Clinical
sitagliptin (after 10 days, healthy Therapeutics, copyright 2006, 2008.

twice a day [67]. Alogliptin achieves near-maximal DPP-IV inhibition over 24 h
already at much lower doses —a 25 mg dose has approximately the same effect as a
100 mg dose of sitagliptin (Figure 5.15).

DPP-1V inhibitors are typically hydrophilic compounds that are rapidly absorbed.
Otherwise, the pharmacokinetic properties of the individual DPP-1V inhibitors are
quite distinct (Table 5.3): sitagliptin has a relatively low clearance and a large volume
of distribution. This translates into a long terminal half-life. Protein binding is low.
Sitagliptin is predominantly excreted unchanged through the kidneys, with limited
metabolic contribution through CYP3A4 and CYP2C8. Accordingly, patients with
renal impairment should use lower doses [68].

In comparison, vildagliptin has a higher clearance and lower volume of distribu-
tion, which is reflected in a relatively short half-life. Protein binding is very low. CYP-
dependent metabolism does not occur. The major elimination pathway is hydrolytic

Table 5.3 Pharmacokinetic data of DPP-IV inhibitors.

Sitagliptin [68] Vildagliptin [67]
Dose 100 mg 50 mg
Bveus 1-4h 1.7-25h
Clearance 350 ml/min 680 ml/min
Volume of distribution 1981 711
Half-life 12.4h 2 h (intravenous), 3h (oral)
Bioavailability 87% 85%
Protein binding 38% 9.3%
Renal excretion of parent 79% 23%
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metabolism at the cyano group, followed by renal excretion of the inactive
metabolite; renal excretion of parent drug accounts only for a minor fraction.
Vildagliptin is not recommended for renally impaired patients due to insufficient
data. Additional safety concerns are related to elevated levels of liver aminotrans-
ferases and skin lesions; therefore, monitoring for liver function and skin disorders
is recommended [67].

For the less advanced DPP-IV inhibitors, only limited pharmacokinetic informa-
tion is available. Alogliptin has pharmacokinetic properties similar to sitagliptin, with
an apparent half-life of about 20 h and mainly renal excretion of unmetabolized
drug [69].

Saxagliptin is also renally excreted, as parent and active metabolite, both of which
have apparent half-lives of about 3 and 5 h, respectively [70]. The conversion of
saxagliptin to its active metabolite is mediated by CYP3A4/5, a clear difference from
its close structural analogue, vildagliptin [71].

Finally, linagliptin has a completely ditferent pharmacokinetic profile in that renal
excretion is only a minor elimination route. The compound is largely bound to
plasma proteins, has a very long apparent terminal half-life of about 3 days, and has a
bioavailability of 30% [72].

Taken together, DPP-IV inhibitors achieve an average HbA,  reduction of
0.5-0.8% after 6 months, independent of the structural class. Inhibition of DPP-
[V activity is a relevant biomarker for antihyperglycemic efficacy, and near-maximal
inhibition over 24 h is required for an optimal effect. Besides, the individual
compounds differ significantly in their mode of metabolism and excretion, which
may be an important consideration for the individual patient.

5.7
Concluding Remarks

DPP-1V inhibitors represent only one of the many classes of drugs to treat patients
with type 2 diabetes. The main goal of management of type 2 diabetes is to achieve
glycemic levels as close to the nondiabetic range (HbA, at 4-6%) as practicable, in
order to reduce the risk of late-stage complications. A consensus algorithm of the
American Diabetes Association (ADA) and the Furopean Association for the Study of
Diabetes (EASD) released in 2008 calls for a therapeutic intervention in cases where
HDbA | exceeds 7%. In principle, most patients diagnosed with type 2 diabetes would
massively benefit from weight loss and increased physical activity, but only a minority
is willing and able to adhere to lifestyle changes in the long term. Therefore, medical
management is the common practice, with metformin as first-line treatment. In
cases where the HbA, goal 0f 7% is not met with metformin alone, either insulin ora
sulfonylurea should be added. Alternatively, when hypoglycemia (as frequent side
effect of insulin and sulfonylureas) is particularly undesirable, pioglitazone or a GLP-
1 agonist can be used as an add-on to metformin. Other approved classes of drugs
including DPP-1V inhibitors are not within the list of preferred agents, in part due to
their limited clinical data [73].
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Sitagliptin, launched in 2006, is often used in combination with metformin, Its
rapid rise in popularity is due to the favorable safety profile (no hypoglycemia. no
weight gain, and no gastrointestinal side effects). The absence of competition from
other DPP-1V inhibitors has also contributed to a highly successful start for this drug.
Vildagliptin has been approved in several countries, and other DPP-1V inhibitors are
expected to be introduced in the near future. They all lower HbA,, to a similar extent
but have quite diverse pharmacokinetic properties. The result of ongoing studies,
with focus on long-term benefits and safety, will determine the future role of DPP-1V
inhibitors among the options to treat type 2 diabetes.

References

1 Priesel, R. and Wagner. R, (1927) Das
Synthalin in der Behandlung der
kindlichen Zuckerkrankheit. Klin.
Wochenschr., 6, 884-889.

2 Meyer. U., Schuhmann, A.. and Friedrich,
C. (2002) Zufall und gezielte Entwicklung!
Geschichte der oralen Antidiabetika.
Pharmazie in unserer Zeit, 31, 242-250.

3 Wild, 8., Roglic, G., Green, A, Sicree, R,
and King, H. {2004) Global prevalence of
diabetes: estimates for the year 2000 and
projections for 2030. Diabetes Care, 27,
1047-1053.

4 Amencan Diabetes Association (2009)

Standards of medical care in diabetes:

2009, Diabetes Care, 30, S13-561,

Stratton, LM., Adler, A.l., Neil, AW,

Matthews, D.R., Manley. S.E.. Cull, CA..

Hadden, D.. Turner. R.C.. and Holman,

R.R. (2000} Association of systolic blood

pressure with macrovascular and

microvascular complications of type 2

diabetes (UKPDS 36): prospective

observational study. BMJ, 321, 405412,

6 Nauck. M.A. Wollschlager. D., Werner, |..

Holst, |.].. @rskov, C,. Creutzfeldt, W., and

Willms, B. (1996) Effects of subcutaneous

glucagon-like peptide 1 (GLP-1 [7-36

amide]) in patients with NIDDM.

Diabetologia, 39, 1546-1553.

Mentlein, R.. Gallwitz. B.. and Schmidt.

W.E. (1993) Dipeptidyl-peptidase IV

hydrolyzes gastric inhibitory polypeptide,

glucagon-like peptide-1(7-36)amide,
peptide histidine methionine and is
responsible for their degradation in

human serum. Eur. J. Biochem., 214,

829-835.

4

Page 22 of 28

10

n

12

13

Drucker, D.].and Nauck. M.A. (2006) The
incretin system: glucagon-like peptide-1
receptor agonists and dipeptidyl
peptidase-4 inhibitors in type 2 diabetes.
Lancet, 368, 16961705,

Demuth, H.U., Neumann, U., and Barth,
A. (1989) Reactions between dipeptidyl
peptidase 1V and diacyl hydroxylamines:
mechanistic investigations, . Enzyme
Inhib., 2, 239-248.

Schoen, E.. Born, L, Demuth, H.U., Faust,
I.. Neubert, K., Steinmetzer. T., Barth, A,
and Ansorge, S. (1991) Dipeptidyl
peptidase IV in the immune system.
Effects of specific enzyme inhibitors on
activity of dipeptidyl peptidase 1V and
proliferation of hurrian lymphocytes. Biol
Chem. Hoppe-Seyler, 372, 305-311.
Gutheil, W.G.and Bachovchin, W.W.
(1993) Separation of 1-proline-ni-
boronylproline into its component
diastercomers and Kinetic analysis of their
inhibition of dipeptidyl peptidase 1V. A
new method for the analysis of slow, tight
binding inhibition. Biochemustry, 32.
8723-8731.

O'Farrell, AM., van Vliet, A., Farha, KA.
Cherrington, |.M., Campbell. DAL LEL X,
Hanway, D., Li, |.. and Guler, H.P. (2007)
Pharmacokinetic and pharmacodynamic
assessmients of the dipeptidyl peptidase-4
whibitor PHX1149: double-blind,
placebo-controlled, single- and multiple.
dose studies in healthy subjects. Clin,
Ther., 29. 1692-1705.

Garcia-Soria, G.. Gonzalez-Galvez. G..
Argoud, G.M., Gerstinan, M., Littlejohn,
T.W.. Schwartz. S.L., O'Farrell. AM..



14

15

16

17

19

20

21

1i, X.. Cherrington, |.M.. Bennett, C., and
Guler, H.P. (2008) The dipeptidyl
peptidase-4 inhibitor PHX1149 improves
blood glucose control in patients with type
2 diabetes mellitus, Diabetes Obes. Metab.,
10, 293-300.

Tanaka. Y., Niwa, S.. Nishioka. H.,
Yamanaka, T, Torizuka, M., Yoshinaga, K.,
Kobayashi, N, lkeda, Y., and Arai, H.
(1994) New potent prolyl endopeptidase
inhibitors: synthesis and
structure—activity relationships of indan
and tetralin derivatives and their analogs.
J. Med. Chem., 37, 2071-2078.

Li. J., Wilk, E.. and Wilk, §. (1995)
Aminoacylpyrrolidine-Z-nitriles: potent
and stable inhibitors of dipeptidyl-
peptidase IV (CD 26). Arch. Biochem.
Biaphys., 323, 148-154,

Ashworth, D.M., Atrash, B., Baker, G.R.,
Baxter, A.].. Jenkins, P.D.. Jones, D.M..
and Szelke, M. (1996) 4-Cyanothia-
zolidides as very potent, stable inhibitors
of dipeptidyl peptidase 1V, Biporg. Med.
Chem. Lett., 6, 2745-2748,

Ashworth, D.M., Atrash, B., Baker, G.R.,
Baxter, A.]., Jenkins, P.D., Jones, D.M.,
and Szelke, M. (1996) 2-Cyanopyrrolidides
as potent, stable inhibitors of dipeptidyl
peptidase IV. Bioorg. Med, Chem. Lett., 6,
1163-1166.

Peters, |.U. (2007) 11 years of
cyanopyrrolidines as DPP-1V inhibitors.
Curr. Top. Med. Chem., 7, 579-595.
Deacon, C.F.. Nauck, M.A., Toft-Nielsen,
M., Pridal, L., Willms. B., and Holst, [.].
(1995} Both subcutaneously and
intravenously administered glucagon-ike
peptide | are rapidly degraded from the
NH-terminus in type 11 diabetic patients
and in healthy subjects. Diabetes, 44,
1126-1131.

Demuth, H.U., Rosche, F.. Schmidt, [..
Pauly, R.P.. Mclntosh, C.H.S., and
Pederson, R.A. (1997). Verfahren zur
Senkung des Blutglukosespiegels in
Siugern. Ger. Offen. DE19616486,
Probiodrug Gesellschaft fir
Arzneimittelforschung mbH.

Lankas, G.R., Leitimg, B.. Roy, R.S.,
Fiermann, G.J.. Beconi, M.G., Biftu, T,
Chan, C., Edmondson, 8., Feeney, W.P.,
He. H.. Ippolito, D.E., Kim. D,, Lyons,

Page 23 of 28

22

23

24

25

26

References | 129
KA., Ok, H.O., Patel, RA,, Petrov, AN,
Pryor, K.A., Qian, X, Reigle, L, Woodsi, A,
Wu, J.K.. Zaller, D., Zhang, X.. Zhu, L.,
Weber, A.E.. and Thornberry, N.A. (2003)
Dipeptidyl peptidase [V inhibition for the
treatment of type 2 diabetes. Potential
importance of selectivity over dipeptidyl
peptidases 8 and 9. Diabetes, 54,
298R8-2994.

Edmondson, 5.D.. Mastracchio, A.,
Mathvink, R.]., He, J., Harper, B., Park, Y-
|.. Beconi, M., Di Salvo, |, Eiermann, G.J..
He, H., Leiting, B.. Leone, ].F., Levorse,
D.A., Lyons, K., Patel, R.A., Patel, S.B.,
Petrov, A., Scapin, G., Shang, |, Roy, R.S.,
Smith, A., Wu, |.K., Xu, 5., Zhu, B.,
Thornberry, N.A., and Weber, A.E. (2006)
(25.35)-3-Amino-4-(3,3-
difluorapyrrolidin-1-yl)- N, N-dimethyl-4-
oxo-2-(4-[1,2.4]triazolof1,5-a]-pyridin-6-
ylphenyl)butanamide: a selective a-arnino
amide dipeptidyl peptidase 1V inhibitor
for the treatment of type 2 diabetes. |. Med.
Chent., 49, 3614-3627.

Weber, A.E. and Thornberry, N. (2007)
Case history: Januwvia (sitagliptin). a
selective dipeptidyl peptidase 1V inhibitor
for the treatment of type 2 diabetes. Ann.
Rep. Med. Chem., 42, 95-109.

Ammirati, M.J., Andrews, K.M., Boyer,
D.A., Brodeur, A.M., Danley, D.E., Doran,
S.D., Hulin, B., Liu, S., McPherson, R.K.
Orena, S.]., Parker, ].C., Polivkova, J., Qiu,
X., Soglia, C.B., Treadway, ].L., Van
Volkenburg, M.A., Wilder, D.C., and
Piotrowski, D.W. (2009} (3,3-Difluoro-
pyrrolidin-1-y1)-| (25,4 5)-(4-(4-pyrimidin-
2-yl-piperazin-1-yl)-pyrrolidin-2-yl|-
methanone; a potent, selective,

orally active dipeptidyl peptidase 1V
inhibitor. Bioorg. Med. Chent. Lett., 19,
1991-1995.

Phizer website, http:/ fmedia. phzer.com/
filesresearch/pipeline/2008_0930/
pipeline_2008_0930.pdf. accessed 16
December 2008,

Heins, |.. Welker, P.. Schoenlein, C., Born.
1., Hartrodt, B., Neubert, K., Tsuru, D, and
Barth, A. (1988) Mechanism of proline-
specific proteinases: (1) substrate
specificity of dipeptidyl peptidase IV from
pig kidney and proline-specific
endopeptidase from Flavobacteriunt



130

27

28

29

30

3

A2

meningosepticum. Biochim. Biophys. Acta,
954, 161-169.

Villhauer, E.B., Brinkman, |.A.. Naderi,
G.B., Dunning, B.E., Mangold, B.L.,
Mone, M.D., Manisha Russell, M.E,,
Weldon, 5.C., and Hughes, T.E. (2002) 1-
|2-{(5-Cyanopyridin-2-yljamino|
ethylaminolacetyl-2-(5)-
pyrrolidinecarbonitrile: a potent, selective,
and orally bicavailable dipeptidyl
peptidase IV inhibitor with
antihyperglycemic properties. |. Med.
Chem., 45, 2362-23065.

Ahreén, B., Simonsson, E., Larsson, H.,
Landin-Olsson. M., Torgeirsson, H..
Jansson, P.A., Sandqvist, M., Bavenholm,
P., Efendic, S., Eriksson, |.W., Dickinson,
S.. and Holmes, D. (2002) Inhibition of
dipeptidyl peptidase IV improves
metabolic control over a 4-week study
period in type 2 diabetes, Diabetes Care, 25,
869-875.

Larsen, |., Hylleberg, B., Ng, K., and
Damsbo, P. (2001) Glucagon-like peptide-
1 infusion must be maintained for 24 h/
day to obtain acceptable glycemiia in type 2
diabetic patients who are poorly controlled
on sulphonylurea treatment. Diabetes
Care, 24, 1416-1421.

Sudre, B, Broqua, P., White, R.B.,
Ashworth, D., Evans, D.M., Haigh, R.,
Junien, |.-L., and Aubert, M.L. (2002)
Chronic inhibition of circulating
dipeptidyl peptidase IV by FE 999011
delays the occurrence of diabetes in male
Zucker diabetic fatty rats. Diabetes, 51,
1461-1469.

Villhauer, E.B., Brinkman. |.A., Naderi,
G.B., Burkey, B.F., Dunning, B.E., Prasad,
K., Mangold. B.L., Russell, M.E., and
Hughes, T.E. (2003) 1-][(3-Hydroxy-1-
adamantyljaminejacetyl]-2-cyano-(5)-
pyrrolidine: a potent, selective, and orally
bioavailable dipeptidyl peptidase TV
inhibitor with antihyperglycennic
properties. [. Med. Cheim.. 46,
2774-2789.

Ahren, B., Gomis, R., Standl. F.. Mills, D.,
and Schweizer, A. (2004) Twelve- and 52-
week efficacy of the dipeptidyl peptidase
1V inhibitor LAF237 in metforimin-treated
patients with type 2 diabetes. Diahetes
Care, 27, 2874-2880.

Page 24 of 28

i3

34

35

36

37

38

5 Dipeptidyl Peptidase |V Inhibitors for the Treatment of Type 2 Diabetes

Novartis media release (2008) http://
hugm.anfo/134323/R/1236488 /263845,
pdf, accessed 16 Decemnber 2008,
Burkey, B.F., Hoffmann, P.K., Hassiepen,
U., Trappe. .. Juedes, M., and Foley. |.E.
(2008) Adyerse effects of dipeptidyl
peptidases 8 and 9 inhibition in rodents
revisited, Diabetes Obes. Metab., 10,
1057-1061.

Magnin, D.R., Robl, [.A., Sulsky, R.B..
Augeri, D.]., Huang, Y., Simpkins, L.M.,
Taunk, P.C., Betebenner, D.A.. Robertson,
].G.. Abboa-Offei, B.E., Wang, A., Cap, M.,
Xin, L., Tao, L., Sitkoff, D.F., Malley, M.F..
Gougoutas, |.Z., Khanna, A., Huang, Q..
Han, S.-P., Parker, R.A., and Hamann,
L.G. (2004) Synthesis of novel potent
dipeptidyl peptidase 1V inhibitors with
enhanced chemical stability: interplay
between the N-terminal amino acid alkyl
side chain and the cyclopropyl group of
t-aminoacyl-1-cis-4,5-methanopro-
linenitrile-based inhibitors. J. Med. Chem.,
47, 2587-2598.

Augeri, D.J.. Robl. [.A., Betebenner, D.A.,
Magnin, D.R., Khanna, A.. Robertson,
|.G., Wang, A,, Simpkins, LM, Taunk, I",,
Huang, Q.. Han, S.-P., Abboa-Offei, B.,
Cap, M.. Xin, L., Tao, L., Tozzo, E., Welzel,
G.E., Egan, D.M., Marcinkeviciene, |..
Chang, 5.Y., Biller, S.A., Kirby, M.S.,
Parker, R.A., and Hamann, L.G. (2005)
Discovery and preclinical profile of
saxagliptin (BMS-477118): a highly potent,
long-acting, orally active dipeptidyl
peptidase 1V inhibitor for the treatment of
type 2 diabetes. J. Med. Chem., 48,
5025-5037.

Bristol-Myers Squibb/AstraZeneca news
release (2008) hitp:/ /investor.bms.com/
phoenix.zhtml?e=1066648&p=irol-news
Article_ Print&1D=1178078&highlight=,
accessed 16 December 2008.
Fukushima, H., Hiratate, A., Takahashi.
M., Mikami, A., Saito-Hori, M.,
Munetomo, E., Kitano, K., Chonan, §,,
Saito, H.. Suzuki, A., Takaoka, Y., and
Yamamoto, K. (2008) Synthesis

and structure-activity relationships

of potent 4-fluoro-2-cyanopyrrolidine
dipeptidyl peptidase 1V inhibitors.
Bicorg. Med. Chem., 16,

4093-41006.



39

41

42

43

45

Hunziker, D. (2007) Chemistry, Biology
and development of a cyanopyrrolidine
type DPP-1V inhibitor. 3rd Anglo-Swedish
Medicinal Chemistry Meeting, Are
(Sweden), March 11-14, 2007.

Madar, D.].. Kopecka, H., Pireh, D., Yong,
H.. Pei, Z., Li, X., Wiedeman, P.E., Djuric,
S.W., Von Geldern, TW,, Fickes, M.G.,
Bhagavatula, L., McDermott, T.,
Wittenberger, S.. Richards, S.]..
Longenecker, K.L., Stewart, K.D., Lubben,
T.H., Ballaron, S.].. Stashko, M.A., Long,
M.A., Wells, H., Zinker, B., Mika, A.K.,
Beno, D.W.A., Kempf-Grote, A.].,
Polakowski, ]., Segreti, |., Reinhart, G.A.,
Fryer, R.M., Sham, H.L., and Trevillyan,
J.M. (2006) Discovery of 2-{4-{[2-(25,5R)-
2-cyano-5-ethynyl-1-pyrrolidinyl]-2-
oxoethyllamino]-4-methyl-1-piperidinyl}-
4-pyridinecarboxylic acid (ABT-279): avery
potent, selective, effective, and well-
tolerated inhibitor of dipeptidyl peptidase-
IV, useful for the treatment of diabetes. |,
Med. Chem.. 49, 6416-6420.

Haffner, C.D., McDougald, D.1., Reister,
S.M., Thompson, B.D,, Conlee, C., Fang,
|.. Bass, |., Lenhard, .M., Croom, D.,
Secosky-Chang, M.B., Tomaszek, T.,
McConn, D., Wells-Knecht, K., and
Johnson, P.R. (2005} 2-Cyano-4-fluoro-1-
thiovalylpyrrolidine analogues as potent
inhibitors of DPP-1V. Bioorg. Med. Chem.
Lett., 15, 5257-5261.

Haffner, C.D., McDougald, D.L.,
Randhawa, A.S., Reister, S.M., and
Lenhard, ].M. (2003) Preparation of
fluoropyrrolidinecarbonitrile derivatives
as dipeptidyl peptidase inhibitors. PCT
Int. Appl. WO2003002531, SmithKline
Beecham Corporation.

GlaxoSmuthKline press release (2006}
http:/ /www.gsk.com/investors/reports/
gsk_q32006/¢32006.pdf, accessed 16
December 2008.

Thornberry, N.A.and Weber, A.E. (2007)
Discovery of JANUVIA (sitagliptin), a
selective dipeptidyl peptidase 1V inhibitor
for the treatment of type 2 diabetes.
Curr. Top. Med. Chem., 7, 557-568.
Edmondson, S.D., and Kim, D. (2008)
Methods and principles in medicinal
chemistry, in Antitargets: Prediction of Drug
Side Effects, vol. 38 (eds R.J. Vazand

Page 25 of 28

47

49

50

51

References | 131

T. Klabunde), Wiley-VCH Verlag GmbH,
Weinheim, pp. 401-422.

Xu, J., Ok, H.0., Gonzalez, E.J., Colwell,
LF., Habulihaz, B., He, H.. Leiting, B.,
Lyons, K.A., Marsilio, F,, Patel, R.A., Wu,
J.K., Thornberry, N.A., Weber, A.L%.,

and Parmee, E.R. (2004) Discovery

of potent and selective
[-homophenylalanine based dipeptidyl
peptidase 1V inhibitors. Bioorg. Med.
Chem. Lett., 14, 47594762,

Brockunier, L.1., He, |., Colwell, 1..F.,
Habulihaz, B., He, H., Leiting, B., Lyons,
K.A., Marsilio, F., Patel, R.A., Teflfera, Y.,
Wu, J.K., Thornberry, N.A., Weber, A.E.,
and Parmee, E.R. (2004) Substituted
piperazines as novel dipeptidyl peptidase
IV inhibitors. Bioorg. Med. Chem. Lett., 14,
4763-4766.

Kim, D., Wang, L., Beconi, M., Eilermann,
G.]., Fisher, M. H., He, H., Hickey, G.].,
Kowalchick, ).E., Leiting, B., Lyons, K.,
Marsilio, F.. McCann, M.E., Patel, RA.,
Petrov, A., Scapin, G., Patel. S.B., Roy.
R.S., Wu, J.K., Wyvratt, M.]., Zhang, B.B.,
Zhu, L., Thornberry, N.A., and Weber, A.E.
(2003) (2 R)-4-Ox0-4-]3-(trifluoromethyl)-
5,6-dihydro[1.2 4|triazolo[4,3-a]pyrazin-7
(8 H)-vl]-1-(2.4.5-trifluorophenyljbutan- 2-
amine: a potent, orally active dipeptidyl
peptidase IV inhibitor for the treatment of
type 2 diabetes. J. Med. Chem., 48,
141-151.

Bryant, H., Chambers, M.S., Jones, P.,
Macleod, A.M., and Maxey, R.]. (£001)
Substituted 1,2 3-triazolo|1,5-a)
quinazolines for enhancing cognition.
PCT Int. Appl. WOO01 /44250, Merck Sharp
& Dohme Limited

Collins, L.].. Hannam, |.C., Harrison, T.,
Lewis, S.]., Madin, A., Sparey. T.]., and
Williams, B.]. (2002) Synthesis of
sulfonamido-substituted bridged
bicycloalkyl derivatives as v-secreiase
inhibitors. PCT Int. Appl. WO02//36555,
Merck Sharp & Dohme Limited
Bilodeau, M., Hartman, G.D., Hoffman,
J.M., Luma, W.C., Manley, P.]., Rodman,
L., Sisko, [.T., Smith, A.M., and Tucker, T].
(2002) Preparation of
pyrimidinylaminothiazoles as tyrosine
kinase inhibitors, PCT Int, Appl. WO02/
45652, Merck & Co., Inc.



132

52

53

54

55

56

a7

58

Kuhn, B., Hennig, M., and Mattei, P,
(2007) Molecular recognition of ligands in
dipeptidyl peptidase IV. Curr. Top. Med.
Chem., 7, 609-619,

Biftu, T., Scapin, G., Singh. S., Feng, D.,
Becker, |.W.. Eiermann, G., He, H., Lyons,
K., Patel, S., Petrov, A., Sinha-Roy, R.,
Zhang, B., Wu, |, Zhang, X., Doss, G.A.,
Thomberry, N.A.. and Weber, ALE. (2007)
Rational design of a novel, potent, and
arally bioavailable cyclohexylamine DIPP-4
inhibitor by application of molecular
modeling and X-ray crystallography of
sitagliptin. Bioorg. Med. Chem. Lett., 17,
3384-33R87.

Pei, Z., Li, X.. von Geldern, TW., Madar,
D.].. Longenecker. K.. Yong, H.. Lubben,
T.H., Stewart, K.D., Zinker, B.A., Backes,
B.J.. Judd, A.S.. Mulhern, M., Ballaron,
S.1.. Stashko. M.A., Mika, A.K., Beng,
D.W.A,, Teinhart, G.A., Fryer. R.M.,,
Preusser. L.C.. Kempf-Grote, A.].. Sham,
H.L.. and Trevillyan, |.M, (2006) Discovery
of ({(4R.55)-5-amino-4-(2,4,5-
trifluoraphenyljcyclohex-1-envij-(3-
(trifluoromethyl)-5.6-dihydro-|1.2.4|
triazolo|4, 3-alpyrazin-7(8 H)-vl)
methanone (ABT-341), a highly potent,
selective, orally efficacious, and safe
dipeptidyl peptidase 1V inhibitor for the
treatment of type 2 diabetes. |. Med.
Chem., 49, 6439-6442.

Pei, Z. (2008) From the bench to the
bedside: dipeptidyl peptidase 1V
inhibitors, a new class of oral
antihyperglycemic agents. Curr. Opin.
Drug Discov. Dew., 11, 512-532.

Fei, Z., Wu, Q.. Zhang, F., Cao, Y. Liy, C,
Shieh, W-C., Xue, S., McKenna, )., Prasad,
K., Prashad. M., Baeschlin, D., and Namoto,
K. (2008) A scalable synthesis of an
azabncyclooctanyl derivative, a novel DPP-4
inhibitor. |, Org. Chem., 73, 9016-9021,
Hardman, |.G., Linbird, L.L. (eds.), (2001)
Goodman & Gilman's The Pharmacological
Basis of Therapeutics, 10th edn.
McGraw-Hill.

Szczepankiewicz, B.G,, and
Kurukulasuriya, R. (2007)

Aromatic heterocycle-based DIPP-1V
inhibitors: xanthines and related
structural types. Curr. Top. Med. Chem.,
569-578.

Page 26 of 28

59

61

62

65

5 Dipeptidyl Peptidase IV Inhibitors for the Treatment of Type 2 Diabetes

Fckhardt, M., Langkopf. E., Mark, M.,
Tadayyon, M., Thomas, L., Nar, H.,
Plrengle, W, Guth. B., Lotz, R.. Sieger. P..
Fuchs, Hooand Himmelsbach, F. (2007) 8-
(3-(R)-Aminopiperidin-1-yl)-7-but-2-ynyl-
3-methyl-1-(4-methyl-quinazolin-2-
ylmethyl)-3,7-dihydropurine-2.6-dione
(BI 1356}, a highly potent, selective, long:
acting, and orally bicavailable DPP-4
inhibitor for the treatment of type 2
diabetes. J. Med. Chem., 50. 6450-6453.
Thomas, L., Eckhardt, M., Langkopf. E..
Tadayyon, M., Himmelsbach, F., and
Mark, M. (2008) (R)-8-(3-Amino-
piperidin-1-yl)-7-but-2-ynyl-3-methyl-1-(4-
methyl-quinazolin-2-ylmethyl)-3.7-
dihydro-purine-2.6-dione (BI 1356), a
novel xanthine-based dipeptidyl peptidase
4 inhibitor, has a superior potency and
longer duration of action compared with
other dipeptidyl peptidase-4 inlubitors. J.
Pharmacol. Exp. Ther.. 325, 175-182.
Mever, EAL, Castellano, R.K., and
Diederich, F. (2003) Interactions with
aromatic rings in chemical and biological
recogmition. Angew. Chem. Int. Fd., 42,
1210-1250.

Eckhardt. M., Hauel, N., Himmelsbach,
F., Langkopf, E., Nar, H., Mark, M.,
Tadayyon. M., Thomas. L., Guth, B., and
Lotz, R. (2008) 3.5-Dihydro-imidazo[4.5-d)
pyridazin-4-ones: a class of potent DPP-4
inhibitors. Bioorg, Med. Chem, Lett., 18,
3158-3162.

Feng, ].. Zhang, 7., Wallace, M.B..
Stafford, J.A., Kaldor, S.W., Kassel, D.B.,
Navre, M.. Shi, L., Skene, R.]., Asakawa. T.,
Takeuchi, K. Xu, R.. Webb, D.R., and
Gwaltney, S.1. (2007) Discovery ol
alogliptin: a potent, selective, bioavailable,
and efhcacious inhibitor of dipeptidyl
peptidase V. |. Med. Chem., 50,
2297-2300.

Gwaltney, S.1. (2008) Medicinal chemstry
approaches to the inhibition of dipeptidyl
peptidase 1V. Curr. Top. Med. Chem., 8.
1545-1552.

Krishna. R., Herman. G..and Wagner, LA,
(2008) Accelerating drug development
using biomarkers: a case study with
sitagliptin, a novel DPP4 inhibitor

for type 2 diabetes. AAPS |, 10,
401409,



He, Y-L., Wang, Y., Bullock, |.M.. Deacon,
C.F., Holst, |.J.. Dunning, B.E., Ligheros-
Saylan, M., and Faoley, ].E. (2007)
Pharmacodynamics of vildagliptin in
patients with type 2 diabetes during
OGTT. J. Clin. Pharmacol., 47, 633641,
European Medicines Agency. Galvus
product information (2008) http://www,
emea.europa.eu/humandocs/PDFs/
EPAR/galvus/H-771-Pl-en.pdf, accessed
16 Decemiber 2008,

US Food and Drug Admimstration (2008)
Januvia prescribing information, July 23.
Covington, P.. Christopher, R., Davenpart,
M., Fleck. .. Mekki, Q.A., Wann, ER.,
and Karim, A. (2008) Pharmacokinetic,
pharmacodynamic, and tolerability
profiles of the dipeptidyl peptidase-4
inhibitor alogliptin: a randonuzed,
double-blind, placebo-controlled.
multiple-dlose study in adult patienis with
type 2 diabetes. Clin, Ther, 30, 499-512,
Boulton, ID.W.and Geraldes, M. (2007)
American Diabetes Association, 67th
Scientific Sessions, Poster 606-P.

Cole, P., Serradell, N., Bolos, |., and
Castaner, R. (2008) Saxagliptin: dipeptidyl
peptidase 1V inhibitor antidiabetic agent.
Drugs Future, 33, 577-586.

Huttner, 5., Graefe-Mody, E.U., Withopf,
B.. Ring, A.. and Dugi, K.A. (2008) Safety,
tolerability, pharmacokinetics, and

pharmacodynamics of single oral doses of

Patrizio Mattei

73

74

75

References

BI 1356, an inhibitor of dipeptidyl
peptidase 4, in healthy male volunteers.
J. Clin. Pharmacol., 48, 1171-1178.
Nathan, D.M., Buse, [.B., Davidson, M.B.,
Ferrannini, E., Holman, R.R., Sherwin, R.,
and Zinman, B, (2009) Medical
management of hyperglycemia in type 2
diabetes: a consensus algorithm for the
initiation and adjustment of therapy: a
consensus statement of the American
Diahetes Association and the European
Association for the Study of Diabetes.
Diabetes Care, 32, 193-203,

DeFronzo, R.A., Fleck, P.R., Wilson, C.A.,
and Mekki, Q. (2008) Efficacy and safety of
the dipeptidyl peptidase-4 inhibitor
aloghptin in patients with type 2 diabetes
and inadequate glycemic control: a
randomized, double-blind, placebo-
controlled study. Diabetes Care, 31,
2315-2317.

Bergman, A.]., Stevens, C., Zhou, Y., Yi,
B., Laethem, M., De Smet. M., Snyder, K.,
Hilliard, D., Tanaka, W., Zeng, W., Tanen,
M., Wang, A.Q.. Chen, L. Winchell, G.,
Davies, M.]., Ramael, S., Wagner, [.A_, and
Herman, G.A. (2006) Pharmacokinetic
and pharmacodynamic properties of
multiple oral doses of sitagliptin, a
dipeptidyl peptidase-1V inhibitor: a
double-blind, randomized. placebo-
controlled study in healthy male
volunteers. Clin. Ther., 28, 55-72.

F. Hoffmann-La Roche Ltd., Grenzacherstrasse 124, 4070 Basel, Switzerland

studied

at

Patrizio Mattei was born in Thalwil, Switzerland. in 1968, He
chemistry
Hochschule in Ziirich, where he also carried out his doctoral
work under the supervision of Professor Frangois Diederich.
After a postdoctoral fellowship in Professor Donald Hilvert's
group at the Scripps Research Institute in La Jolla, California,
he joined F. Hoffmann-La Roche Ltd. as a medicinal chemist
in 1999, He is coinventor of more than 40 patents and patent

the Eidgendssische Technische

applications. 5 of which are related to DPP-1V inhibitors.

Page 27 of 28

133



134

5 Dipeptidyl Peptidase IV Inhibitors for the Treatment of Type 2 Diabetes

Jens-Uwe Peters

F. Hoffmann-La Roche Ltd., Grenzacherstrasse 124, 4070 Basel, Switzerland

Page 28 of 28

Jens-Uwe Peters studied chemistry at the University of
Gottingen, where he worked with Professor A. de Meijere,
and conducted his doctoral research at the Technical Univer-
sity of Berlin under the guidance of Professor S. Blechert. After
1 year of postdoctoral studies in the group of Professor . Rebek
at the Scripps Research Institute, La Jolla, he joined the
Medicinal Chemistry group at F. Hoffmann-La Roche, 1td.
in 1999. Since then, he has been contributing to Roche’s DPP-
IV project and to numerous other drug discovery projects.



