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1. ABSTRACT

Current type 2 diabetes therapies are mainly
targeted at stimulating pancreatic beta-cell secretion and
reducing insulin resistance. A number of alternative
therapies are currently being developed to take advantage
of the actions of the incretin hormones Glucagon-Like
Peptide-1 (GLP-1) and Glucose-dependent Insulinotropic
Polypeptide (GIP). These hormones are released from the
small intestine in response to nutrient ingestion and
stimulate insulin secretion in a glucose-dependent manner.
One approach to potentiating their actions is based on
inhibiting dipeptidyl peptidase IV (DPP IV), the major
enzyme responsible for degrading the incretins in vivo.
DPP IV exhibits characteristics that have allowed the
development of specific orally administered inhibitors with
proven efficacy in improving glucose tolerance in animal
models of diabetes. A number of clinical trials have
demonstrated that DPP IV inhibitors are effective in
improving glucose disposal and reducing hemoglobin Alc
levels in type 2 diabetic patients and one inhibitor,
sitagliptin, is now in therapeutic use, with others likely to
receive FDA approval in the near future. Studies aimed at
elucidating the mode of action of the inhibitors are still
ongoing. Both enhancement of insulin secretion and
reduction in glucagon secretion, resulting from the
blockade of incretin degradation, are believed to play
important roles in DPP IV inhibitor action. Preclinical
studies indicate that increased levels of incretins improve
beta-cell secretory function and exert effects on beta-cell
mitogenesis and survival that can preserve beta-cell mass.
Roles for other hormones, neuropeptides and cytokines in
DPP 1V inhibitor-medicated responses are also possible.
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2. INTRODUCTION

There is a worldwide epidemic of diabetes
mellitus, with approximately 217 million people afflicted
and WHO predictions of a minimum of 366 million
diabetics by 2030 (1). Type 1 diabetes (T1DM) results from
autoimmune destruction of beta-cells (2) and Type 2 (T2DM)
from deficient B-cell function and insulin resistance (3). There
is a genetic predisposition to both forms (2, 4). Currently,
patients with TIDM are treated with insulin (5); a small
percentage receiving whole pancreas (6, 7) or islet transplants
(8-10). Treatment of T2DM (1, 11) involves lifestyle
modification (diet, exercise) plus administration of antidiabetic
drugs. The major drugs currently in use are members of the
sulfonylurea or meglitinide family, targeted at stimulating
insulin secretion (12, 13), biguanides (e.g. metformin) or
thiazolidinediones to reduce insulin resistance (14) and alpha-
glucosidase inhibitors for lowering starch and sucrose
digestion (11). Combination therapy is also widely used (15)
and insulin may be necessary when glucose management fails.
Despite this armamentarium of pharmaceuticals, glucose is
often poorly controlled in many type 2 diabetics (16) and
monotherapy failure frequently occurs (17, 18). Alternative
approaches, including new methods of stimulating insulin
secretion, have therefore been sought and the most exciting
recent development has been the design of drugs that take
advantage of the incretin system (19) culminating in the recent
introduction of exenatide (20-23) and the dipeptidyl peptidase
IV (DPP 1V) inhibitor sitagliptin (24-26) as therapeutics. This
review will focus mainly on the preclinical studies underlying
the development DPP IV inhibitors appropriate for diabetes
therapy and their proposed mode of action, as well as a
summary of the clinical experience to date.
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Figure 1. The Enteroinsular axis is a term used to describe
the interaction between the intestine and the endocrine
pancreas. Nutrients, autonomic nerves and hormones, the
incretins, all contribute to the signaling.

3. THE ENTEROINSULAR AXIS AND INCRETINS

Following the discovery of the first hormone,
secretin, Moore et al. proposed in 1906 that ‘the internal
secretion of the pancreas might be stimulated and initiated
(similar to the external secretion) by a substance of the
nature of a hormone or secretin yielded by the duodenal
mucous membrane’(27). They reported a reduction in
glucosuria in some of their type 1 diabetic patients
receiving intestinal extracts orally but, not surprisingly,
responses were not readily reproduced. A number of groups
examined the effects of intravenous administration of
various crude preparations of secretin on blood glucose
levels, including La Barre, who introduced the term
incrétine (28) (incretin) to describe a factor from the upper
intestine capable of reducing circulating glucose levels, in
the absence of any effect on the exocrine pancreas. The
concept lay dormant, until the observation was made that
humans handled an oral glucose load more efficiently than
an equivalent amount of glucose administered
intravenously (29, 30). A greater insulin response was also
observed in those individuals receiving oral glucose,
showing that the gut played an important regulatory role in
insulin secretion and glucose disposal. Unger and
Eisentraut (31) subsequently referred to the hormonal link
between the gut and the endocrine pancreas as the entero-
insular axis. Creutzfeldt (32) expanded the definition of the
enteroinsular axis to include neural regulation (Figure 1)
and both long autonomic reflexes, involving the central
nervous system, and direct entero-pancreatic neural
connections (33) are probably involved. He also
emphasized the glucose-dependent nature of incretin action
and it has been estimated that up to 60% of the total insulin
secreted during a meal results from the incretin response
(34). Identification of the first incretin came from an
unexpected source. In studies aimed at isolating an
enterogastrone, Brown discovered a 42 amino acid
hormone that he termed Gastric Inhibitory Polypeptide
(GIP) to reflect its ability to inhibit gastric acid secretion
(35, 36). The name ‘Glucose-dependent Insulinotropic
Polypeptide’ was later introduced as an alternative
definition of the acronym GIP, to reflect its major role. As
a result of bioassay studies on intestinal extracts it was
proposed that additional incretins existed (37). Lund and
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Habener established that the anglerfish proglucagon gene
also coded for an additional glucagon-like peptide (38,
39) and, subsequently, a number of groups contributed
to the identification of two mammalian glucagon-related
peptides, glucagon-like peptide (GLP)-1 and GLP-2

(38), that are released from the large precursor
proglucagon by tissue-selective processing. Two
molecular forms, GLP-1735 amige and GLP-1;37,

produced by intestinal L-cells exhibit almost identical
insulinotropic activity and they are now collectively
referred to as GLP-1 (40). During a meal, the incretins
are released from the gastrointestinal tract and stimulate
insulin secretion in a glucose-dependent manner, i.e.
they are incretins (40, 41). There is a reduced incretin
response in many type 2 diabetic patients (41, 42) that is
largely due to a reduction in circulating levels of GLP-1 (43,
44) and beta—cell resistance to the actions of GIP (45-47).

4. INCRETIN METABOLISM AND DIPEPTIDYL
PEPTIDASE IV

Shortly following its isolation, measurements of
renal arterio-venous differences in serum concentrations of
canine GIP suggested that it was extracted by the kidneys
(48). Subsequent animal studies on GLP-1 also indicated
that renal metabolism occurred (49, 50). Since elevated
serum levels of both GIP (48) and GLP-1 (51), were found
in patients with compromised renal function it was
concluded that the kidneys also played a major role in
incretin clearance in humans. These early studies utilized
radioimmunoassays that detected a number of different
molecular forms of GIP and GLP-1 in serum or plasma. It
was later shown, by Mentlein ef al. and other groups, that
incubation of GIP or GLP-1 in serum or plasma, or with
purified forms of the enzyme dipeptidyl peptidase IV (DPP
IV; CD26; E.C. 3.4.14.5), resulted in rapid N-terminal
truncation and conversion of GIP; 4 and GLP-1;34 to the
non-insulinotropic  peptides GIP34, and GLP-1g3,
respectively (52-54) (Figure 2). N-terminal degradation
was also demonstrated with peptides administered to
rodents (53, 55) or humans (56), as well as in studies on the
endogenous peptides (56-58). By combining oral glucose
tolerance tests with assays using site-directed antibodies, it
was shown that responses of GIP; 4, and GLP-15.3¢ did not
differ between patients with chronic renal insufficiency and
control subjects (59), whereas GIP;4, and GLP-1g.3¢
concentrations were higher in the patients with renal
failure. This implies that renal metabolism and/or uptake
are important for the final elimination of metabolites (60).
The liver is a major site of N-terminal degradation of GIP,
with GLP-1 degradation performed by multiple body sites
(57, 60).

Dipeptidyl Peptidase IV is a class II integral
membrane glycoprotein a molecular weight of 110-150 kD
per subunit (61, 62) that acts on oligopeptides by
selectively removing N-terminal dipeptides. It exhibits a
strong preference for peptides with proline or alanine as the
penultimate (P1) amino acid (52, 61, 63-65). Aromatic
amino acids are favored at the N-terminus, although the
major criterion is a protonated amino group (65). Since the
N-termini of GIP and GLP-1 consist of Tyr-Ala and His-
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Figure 2. Amino acid sequences of glucose-dependent
insulinotropic  polypeptide (GIP) and glucagon-like
peptide-1 and the cleavage sites for dipeptidyl peptidase
IV. In the inset is shown the N-terminal sequences of
major members of the glucagon-secretin superfamily and
their cleavage sites.

Ala, respectively (Figure 2), they are excellent substrates of
DPP IV. However DPP IV also acts on peptides with N-
termini consisting of Xaa-Serine (Ser) (66), and other
amino acids with less efficiency. Several other peptides
belonging to the glucagon superfamily have been shown to
be substrates in vitro (Figure 2), although the physiological
significance of such degradation has not been established.
The human DPP IV gene is localized to chromosome 2q24,
adjacent to the proglucagon gene that codes for GLP-1
(67), and the enzyme is widely distributed throughout the
body, with particularly high expression on the apical
surfaces of endothelial and differentiated epithelial cells
(68). The highest levels of DPP IV in humans are those in
bone marrow and the brush border of the small intestine
and kidney proximal tubules (61, 69, 70). However
significant amounts of DPP IV are also present in the walls
of blood wvessels, including venules and capillary
endothelial cells (61, 70), and DPP IV/CD26 is also
expressed on specific subsets of CD4" and CD8" T-cells
and natural killer cells (61, 70, 71). Soluble forms of DPP
IV are found in blood plasma (72) and are believed to be
derived from the endothelial cells, epithelial cells and
leukocytes, with the endothelium probably making the
largest contribution. Dipeptidyl peptidase IV is present in
the plasma membrane as a homodimer (73), the monomers
of which consist of a large globular extracellular domain,
containing the catalytic site, and a single hydrophobic helix
with a six amino acid intracellular region that anchors each
subunit to the plasma membrane (74). The enzymatic
mechanism responsible for detachment of the extracellular
domain from the plasma membrane is obscure. Although
activity measurements, following blood sampling, are
generally used to determine the level of DPP IV inhibition
with in vivo experiments or following clinical drug
application, it is currently unclear as to the quantitative
contribution of soluble and membrane bound DPP IV to the
metabolism of GIP and GLP-1 in vivo. It has been
estimated that as much as 75% of GLP-1 secreted by L-
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cells of the gut is degraded to the non-insulinotropic GLP-
1936 by endothelial DPP IV (75, 76). There have also been
reports that DPP IV is expressed by alpha-cells (55, 77) in
the pancreatic islet. Although this remains to be confirmed,
glucagon can be degraded by DPP IV (66, 78) and high
local enzyme concentrations could be significant.

5. PRE-CLINICAL
PEPTIDASE 1V
DIABETES

STUDIES ON DIPEPTIDYL
INHIBITORS AND TYPE 2

Since the major actions of both GIP and GLP-1
were considered to be mediated via an endocrine route, and
an intact N-terminus was critical for their insulinotropic
activities, it was proposed that in vivo inhibition of DPP IV
activity could lead to potentiation of endogenous incretin
action during a meal (Figure 3), thus improving glucose
homeostasis in diabetics (53, 55, 79-81). Studies on the
effects of DPP IV inhibitors on glucose handling and
incretin action in normal weight rats and pigs provided the
first evidence for their potential. Isoleucine Thiazolidide
(Ile-Thia; P32/98) administered to Wistar rats by gavage, in
doses resulting in ~60-70% inhibition of plasma DPP IV
activity, increased the integrated insulin response to an oral
glucose load ~3-fold and improved tolerance (55, 82).
Treatment of pigs with the DPP IV inhibitor valine
pyrollidide augmented glucose induced insulin secretion
and improved glucose disposal in response to GLP-1
infusion (83). These studies therefore demonstrated that
prolongation of incretin action by inhibiting DPP IV
activity could form the basis of a viable therapy for T2DM.
A number of animal models of diabetes were subsequently
used to determine the effect of DPP IV inhibition in T2DM,
including studies on a Vancouver strain of the Diabetic
Fatty (VDF) Zucker rat (84-86). Homozygous obese fa/fa
animals are hyperlipidemic and exhibit mild fasting
hyperglycemia, but marked post-prandial hyperglycemia,
accompanied by hyperinsulinemia and insulin resistance.
Single oral doses of Ile-Thia potentiated insulin responses
in both lean (Fa/?) and obese animals, and this was
associated with 39% reductions in the integrated glucose
profiles in fa/fa rats and 27% in their lean littermates (82,
87). Ile-Thia was administered chronically to VDF rats
(10mg/kg bid orally) over 12 weeks (84, 85). Under this
dosing regimen DPP IV was inhibited for approximately 9
hours per day. There were no significant effects of inhibitor
on water or nutrient ingestion, but body weight gain
(mainly fat deposition) was reduced by 12.5%. Fasting
blood glucose in diabetic animals decreased from ~8 to 6
mM by 12 weeks of inhibitor treatment, accompanied by
markedly improved glucose tolerance and early phase
insulin secretion (85). A variety of different DPP IV
inhibitors were shown to produce similar improvements in
glucose tolerance in other diabetic animal models,
including high fat-fed C57BL/6 mice (88-90) and ob/ob
(91) and db/db (92) mice, Zucker Fatty (ZF) (93) and
Zucker Diabetic Fatty (ZDF) (91, 93, 94) rats.

The majority of DPP IV inhibitors that have been
developed can be grouped within three main classes (95-
99); Figure 4):
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Figure 3. Diagrammatic representation of the roles of
the incretins and dipeptidyl peptidase IV, and the
effect of inhibitor on insulin responses to the incretins.
A. During a meal, incretins (GIP and GLP-1) are
released in response to nutrients and are transported
through the vasculature to the endocrine pancreas,
where they stimulate insulin secretion in a glucose-
dependent manner. Dipeptidyl peptidase IV degrades the
incretins at their N-termini, thus terminating their
insulinotropic actions. B. DPP IV inhibition results in a
potentiation of incretin signaling, one consequence of
which is a greater insulin response and more efficient
glucose handling.
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1. Reversible product analogs (e.g. Pyrrolidines,
Thiazolidines), including P32/98 and PSN9301
(Probiodrug, Prosidion)

2. Covalently modifying product analogs (e.g.
Cyanopyrrolidines), including NVP DPP 728 and LAF 237
(Novartis) and BMS-477118 (Bristol-Myers Squibb).

3. Reversible  non-peptide  heterocyclic
compounds, including Xanthine (NOVO),
aminomethylpyridine (Roche) and MK-0431 (Merck).

In addition to the inhibitor studies outlined
above, descriptions have been published of the chemical
synthesis and biological testing of a number of
inhibitors now undergoing clinical trials, including
ABT-279 (100), ABT-341 (101), alogliptin (102), NVP
DPP728 (94, 103, 104), saxagliptin (91), sitagliptin (26,
90, 105) and an analog (106) and vildagliptin (107-109).
The level of inhibition of DPP IV achieved, as estimated
from plasma/serum activity measurements, varied
widely between the various compounds, and it is unclear
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from studies to date as to the level and duration of
inhibition that is most desirable. For example acute
administration of the tight-binding inhibitor NVP-
DPP728, produced almost complete DPP IV inhibition
and achieved similar improvements in the ZDF rat (94)
to those observed with the competitive inhibitor P32/98
in the VDF strain. A single dose of a second competitive
inhibitor, Valine-Pyrrolidide (Val-Pyr; 100 pmol/kg),
resulted in a 4-6-fold potentiation of insulin responses
and improved glucose tolerance in C57BL/6J mice fed
either normal chow or a high fat diet (88). Chronic
treatment of ZDF rats with the long-acting DPP IV
inhibitor FE 999011 (10mg/kg oral bid) for 7 days
delayed the onset of diabetes (93) and chronic (8-week)
treatment of similar groups of animals with NVP
DPP728 improved glucose tolerance substantially (89).
Glucose and insulin responses to P32/98 in ZDF rats
were similar to those obtained with rosiglitazone (110).
Although numerous beneficial effects of DPP IV inhibitors
treatment were reported, significant effects of inhibitor
treatment on glucose tolerance and progression of diabetes
were not observed in CS7BLKS-db/db diabetic mice
treated with Val-Pyr at 23 weeks, whereas improved
glucose tolerance was observed when treated from 6 weeks
of age (92). It was also difficult to reduce the time of onset
of hyperglycemia in ZDF rats treated with the inhibitors
P32/98 (110), FE 999011 (93), NN7201 or LAF237 (111)
unless treatment commenced early in life.

A number of preclinical studies have examined
the benefits of dual therapy with DPP IV inhibitors plus
drugs with proven efficacy in improving glucose tolerance
in type 2 diabetics. Combined treatment with metformin
and Val-Pyr was shown to be more effective than either
drug alone in increasing circulating levels of intact GLP-1
in Fisher F344/Jcl rats (112), as well as reducing food
intake, body weight and fasting glucose, and improving
glucose tolerance in ZDF fa/fa rats (113). Metformin was
proposed to act by stimulating GLP-1 secretion and not by
inhibiting its degradation, in agreement with studies by
Hinke et al (114). High-fat fed mice receiving a
competitive DPP-IV inhibitor (E3024) in combination
with either glibenclamide or nateglinide exhibited
additive/synergistic improvements in glucose tolerance
and increases in insulin levels during an OGTT (115)
and rosiglitazone-treated ZDF rats administered a single
dose of P32/98 showed further improvements in glucose
tolerance (110).

6. DIPEPTIDYL PEPTIDASE IV INHIBITORS AND
TREATMENT OF TYPE 2 DIABETES

Single dose oral administration of DPP IV
inhibitors to type 2 diabetics showed that compounds such
as P32/98 (116) were capable of reducing glucose
excursions and increasing insulin responses during an
OGTT. In a 4-week trial on patients with mild type 2
diabetes, NVP DPP728 (100 mg qd) produced ~1 mmol/l
reductions in fasting glucose, prandial glucose excursions
and mean 24-h glucose levels (117) as well as reductions in
mean 24h insulin and hemoglobin (Hb)Alc. These studies
therefore demonstrated therapeutic potential, and numerous
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Dipeptidyl Peptidase IV Inhibitors Used in Preclinical or Clinical Studies
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4. Compounds in Clinical Trials
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TS-021 (Taisho)

Alogliptin (Takeda)

TA-6666 (Tanabe)

Figure 4. Representative examples of dipeptidyl peptidase IV inhibitors applied in preclinical or clinical studies on type 2
diabetes therapy and additional compounds currently undergoing clinical trials.

DPP IV inhibitors are currently undergoing
clinical trials (40, 95, 96, 99, 118-120). However, apart
from those involving sitagliptin (MK0431; Merck) (25,
121, 122) and vildagliptin (LAF237; Novartis) (121-123),
results from the majority of trials have only been published
in abstract form (98, 124) and are therefore difficult to
assess. Comprehensive reviews of the discovery (26, 98,
119, 125), pharmacokinetic and pharmacodynamic profiles
(105, 121, 123) and clinical trials (19, 122, 126) of
vildagliptin and sitagliptin have been published. Following
administration at recommended clinical doses (100mg),
both drugs demonstrate rapid absorption (105, 109, 123)
and inhibition of DPP IV has been reported to reach >90%
for 12-24 hours following single doses (123, 127-129). In
type 2 diabetic patients monotherapy with either sitagliptin
or vildagliptin (once or twice daily dosing for 4-24 weeks)
decreased fasting and postprandial glucose and consistently
reduced HbAlc levels by up to 1% (130-134) (Table 1).
Insulin secretion was augmented and glucagon secretion
inhibited effectively by vildagliptin during a meal tolerance
test, resulting in effective suppression of endogenous
glucose production (135). Long-term trials have shown
sustained efficacy (123) with hypoglycemic episodes rarely
occurring. There may also be a trend for improvements in

lipid profiles (136, 137). In combination with metformin,
thiazolidinedione or insulin, sitagliptin or vildagliptin
produced up to a further ~1% reduction in HbAlc when
compared to placebo (121, 123, 138-140) (Table 1). To
date there have been no major side effects reported in
the larger clinical trials on DPP IV inhibitors (122, 123).
Skin lesions in monkey studies with some inhibitors
have been reported (141) and transient pruritis of the
palms of the hands was speculated to be due to
potentiation of the action of a peptide such as substance
P (119).

7. Mode of Dipeptidyl Peptidase IV Inhibitor Action on
Glucose Homeostasis

Inhibition of DPP IV should increase the
circulating half-lives of GIP and GLP-1 resulting in
potentiated insulin secretion, and considerable effort has
been directed at testing this hypothesis. When assays
capable of discriminating between intact and N-terminally
truncated forms of the incretins were developed, studies in
dogs showed that under fasting conditions only ~10% of
total GLP-1 was in the active form. Following DPP IV
administration this active fraction rose to ~ 90% (58).
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Table 1. Summary of the major published clinical trials on sitagliptin and vildagliptin
Treatments Dose Trial Reduced Reduced Improved HbA1c Reduction % Ref
Fasting Post-Prandial OGTT
Glucose Glucose

Monotherapy

P32/98 60mg Acute 4 116

Sitagliptin 25/200mg Acute v 148

NVP DPP728 100mg 4w v/ v/ 0.5% 117

Sitagliptin 5-50mg bid 12w v 0.38-0.78%* 132
100/200mg qd | 24w v v 0.8-0.94% * 197

Vildagliptin 100mg bid 4w v 4 0.4%* 127
25mg bid 12w 4 v 0.6% 131
100mg qd 4w 4 v 143
50/100mg 12w 0.40-0.46% 130
50/100mg qd 24w 0.8-0.9% 133
50/100mg qd 24w v/ 0.5-0.9%* 134
100mg qd 24w v 1% 137

Add on to Metformin

Sitagliptin 100mg qd 24w v 4 0.65%* 198

Vildagliptin 50mg qd 12w 4 v 0.6% 146
50mg qd or bid | 24w v 4 0.7-1.0%* 138

Add on to Pioglitazone

Sitagliptin 100mg qd 24w v 0.7% 139

Add on to Insulin

Vildagliptin 50mg bid 24w 0.5% 140

Non-diabetic Subjects

Sitagliptin 200mg bid 4w v 128

w = weeks; bid = twice a day; qd = every day; * Placebo-controlled level.

Studies in rodents and pigs confirmed that both acute and
chronic administration of DPP IV inhibitors increased
levels of intact endogenous GLP-1 under basal conditions
(58, 93, 94) and in response to a glucose load (88, 94).
Additionally, in double GIP and GLP-1 receptor knockout
mice, DPP IV inhibitor treatment failed to produce a major
improvement in glucose handling, indicating that GIP and
GLP-1 are largely responsible for inhibitor effects in mice
(142). Similar increases in the intact forms of GIP and
GLP-1 also occurred in type 2 diabetic patients during
treatment with vildagliptin under basal conditions (127,
143) or in response to food (127, 143), and increases in
active GLP-1 were demonstrated to be associated with a
circadian rhythm throughout the day (121). However,
factors in addition to GLP-1 and GIP may contribute to the
marked improvements in glucose metabolism observed
(145). Furthermore, although robust increases in insulin
responses following DPP IV administration have been
reported in animal studies (82, 87, 88, 94, 109), smaller
changes in fasting and meal- or glucose-induced insulin
secretion have been observed in the majority of human
studies (117, 127, 146), supporting a role for non-insulin-
mediated effects contributing significantly to responses to
DPP IV inhibition. Three questions will be considered
further: 1. Do incretins alone account for the effects of DPP
IV inhibitors? 2. How may increases in incretins improve
glucose homeostasis in type 2 diabetes? 3. What other
enzymes and substrates could contribute to the effects of
DPP IV inhibitors on glucose homeostasis?

7.1. Do Incretins Alone Mediate the Effects of
Dipeptidyl Peptidase IV inhibitors?

It has been unambiguously demonstrated that
levels of intact endogenous GLP-1 and GIP increase
following treatment with DPP IV inhibitors (58, 88, 93, 94,
127, 143, 147-149). At present, it is unclear as to the
contribution of GIP to DPP IV inhibitor responses in
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humans due to the beta-cell resistance to GIP in T2DM
(45-47). It is also not known whether such resistance
applies to other cell types bearing GIP receptors or if it
is reversible. Similar beta-cell resistance to GIP in fa/fa
VDF (150, 151) or 90% pancreatectomized (Px)
hyperglycemic (152) rats, involves hyperglycemia-
associated down-regulation of GIP receptor expression at
both the mRNA and protein levels (150, 151), although the
origin of resistance in humans is still undetermined (153).
Normalization of circulating glucose level in ZDF (Piteau,
Mclntosh et al; Unpublished) or Px (152) rats results in a
restoration of GIP receptor expression and, with
optimized control of glucose in type 2 diabetics, it is
possible that GIP responsiveness may return.
Additionally, the ‘GIP-resistant’ fa/fa VDF rat is
capable of responding to high pharmacological levels of
GIP or DPP IV-resistant analogs (154) and DPP IV
inhibitor treatment could result in sufficient bioactive
GIP to contribute to the improved glucose homeostasis.
However, if we consider that GLP-1 is the major
incretin involved, there is a discrepancy between the 2-
3-fold increase in meal-associated active GLP-1 levels
(144) and the marked improvements in metabolic status
(145). In a well reasoned discussion of this apparent
enigma, Holst and Deacon (76) have pointed our that
systemic venous blood levels of GLP- 1 would be
significantly lower than those in blood in the portal
venous system, due to dilution. An additional complication
is the dual mode of action demonstrated by GLP-1. A direct
islet action, via an endocrine route, is supported by the
presence of GLP-1 receptors in islet beta-cells (155, 156),
the responsiveness of islets to GLP-1 in vitro (157) and the
ability of GLP-1 to stimulate insulin secretion following
orthotopic pancreas transplantation (158). However, GLP-1
also appears to activate afferent autonomic nerves (Figure
5). The proximity of nerve terminals in the lamina propria
to the GLP-1-releasing L-cells of the intestine suggests that
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Figure S. Diagram of possible pathways by which GLP-1
and GIP exert their actions on the stomach and pancreas. In
response to nutrients, GIP and GLP-1 are released from K-
and L-cells in the intestinal mucosa, respectively. During
passage to the capillary GLP-1 may activate afferent
sensory neurons (A) with cell bodies in the nodose
ganglion (D). Through activation of neuronal pathways
involving the nucleus tractus solitarius (E) and the
hypothalamus (F) efferent vagal nerves are believed to be
activated and are, at least partially, responsible for
inhibition of gastric emptying (G) and stimulation of
insulin secretion (H). The transmitters released from
intrinsic pancreatic nerves have not been identified with
certainty, but may include NPY, PACAP and VIP. GLP-1
may also activate sensory nerves in the hepatoportal area
(B) and the liver itself (C). Both GIP and GLP-1 can
stimulate insulin secretion via the bloodstream (I). (Based
on Figure 2 in Holst, JJ, Deacon CF. Glucagon-like
peptide-mediates the therapeutic actions of DPIV
inhibitors. Reproduced with permission from 76.

locally released peptide could activate afferent autonomic
nerve fibres that arise from the nodose ganglion (76). GLP-
1 receptors have recently been detected in nodose ganglion
cells, an appropriate site for their synthesis prior to axonal
transport to the periphery (159). Since endothelial cell DPP
IV was detected in close proximity to L-cells, inhibitor
treatment could therefore prolong the action of GLP-1 at
this site (75). A further target of GLP-1 action was
suggested by the demonstration that intra-portal infusion of
GLP-1, but not GIP (160), increased the rate of afferent
nerve spike discharge in the hepatic branch of the vagus
nerves (161, 162) as well as the firing rate of the efferent

pancreatic branch, in a reflex fashion (161). Support for
important multiple roles for intrahepatic portal neural
activation by GLP-1 was also provided by studies showing
that ganglionic blockade (163) or sensory autonomic nerve
ablation with capsaicin reduced GLP-1-induced insulin
secretion (164) and a vagal-dependence of GLP-1-induced
inhibition of gastric emptying (165, 166). An additional
role for GLP-1 in the maintenance of the glucose
competence of hepatoportal glucose sensors has also been
proposed (167). Clearly it is important to establish whether
DPP IV inhibition is capable of raising GLP-1 levels
sufficiently to support the functioning of these various
neurally mediated responses.

7.2. How may increases in incretins improve glucose
homeostasis in type 2 diabetes?

Inhibition of plasma DPP IV activity has been
demonstrated to result in increased insulin responses to an
oral glucose load in preclinical studies (55, 82), but in
many human studies responses have not been dramatic.
Mari and co-workers recently used mathematical modeling
to determine insulin secretory rates as a function of the
prevailing glucose level and showed that 28-days treatment
with vildagliptin significantly increased the pattern of
insulin secretion (143). In addition to beta-cell secretion, a
number of potential alternative targets of incretin action
have also been studied, including improvements in beta-cell
glucose responsiveness, growth promoting and anti-
apoptotic actions on the pancreatic islet (168-178),
suppression of glucagon secretion (179-182), decreasing
gastric emptying and reducing food intake (120). The
evidence for or against such actions will be considered.

7.2.1. Improving Islet Glucose Responsiveness and
Stimulating Insulin Biosynthesis

In addition to acutely stimulating insulin
secretion in a glucose-dependent manner, GLP-1 has been
shown to confer glucose-sensitivity (competence) on beta-
cells (183). In vitro studies have also provided limited
evidence for improved beta-cell responsiveness to glucose
following chronic DPP IV inhibitor treatment. After 12
weeks of Ile-Thia treatment, perfusion of isolated pancreata
from VDF rats showed a marked increase in glucose-
responsiveness, although islet size, morphology and beta-
cell mass were not altered (85). Treatment of C57BL/6J
mice with the DPP IV inhibitors NVP DPP728 (89) or
vildagliptin (184) for 8-9 weeks resulted in augmented
glucose-induced insulin secretion in isolated islets,
associated with increased islet GLUT-2 expression (89).
The improved responsiveness was ablated by targeted beta-
cell expression of a dominant-negative mutant form of
hepatocyte nuclear factor-1 alpha (184). Although both
GLP-1 (185, 186) and GIP (187, 188) have been shown to
stimulate insulin biosynthesis (44, 120, 178, 189, 190),
there is currently no evidence for similar responses to DPP
IV inhibitor treatment in vivo.

7.2.2. Increasing Beta Cell Mitogenesis and Survival
During life, beta-cell mass is regulated through
replication, neogenesis, growth and apoptosis (191). In vivo
and in vitro studies have shown that GIP (168, 169, 171),
GLP-1 (175, 176, 192) and analogs such as exendin-4 (173,
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176) can promote beta-cell growth and replication. The
only evidence that DPP IV inhibitors can exert similar
effects in vivo is the report, in abstract form, that neonatal
rats treated with vildagliptin for 21 days showed increased
numbers of replicating islets (193). Apoptosis plays a
central role in both the normal development of islet mass
and the pathology of T2DM. During progression to T2DM,
both lean and obese patients initially show increases in
beta-cell mass (194), followed by loss of beta-cells via
apoptosis at a rate that outstrips the low levels of
replication and neogenesis (192). Contributing factors
underlying  increased  apoptosis include  chronic
hyperglycemia and hyperlipidemia, endoplasmic reticulum
(ER)- and oxidative-stress and cytokine actions (191). Both
GLP-1 (174, 175, 177, 178, 195) and GIP (170, 172) exert
profound prosurvival effects on the beta-cell. In view of
this, it is not surprising that there is a growing interest in
studying the possibility that DPP IV inhibition could
protect beta-cells against apoptosis and promote islet
growth. Preclinical studies have provided some support for
this proposal. High fat fed mice receiving a low-dose of the
beta-cell toxin streptozotocin (STZ) develop diabetes
resembling T2DM. Treatment with a des-fluoro-sitagliptin
analog was shown to result in increased numbers of insulin-
positive beta-cells in islets and a normalization of beta-cell
mass. Insulin content and glucose-induced insulin secretion
were also greatly improved (196). (Studies on a type 1
model of diabetes induced by STZ in rats will be discussed
in Section 8). The vildagliptin-treated rats, mentioned
above, also showed a reduced number of apoptotic cells at
the end of the treatment period (193). There are currently
no direct data available to support similar preservation of
islet mass in humans during DPP IV inhibitor treatment,
but indirect estimates have suggested that treatment can
sustain insulin responses, possibly through beta-cell
protection (146). For example, homeostasis model
assessment (HOMA) of beta-cell function and the
proinsulin-to-insulin ratio were shown to be improved with
sitagliptin and sitagliptin add-on-to metformin treatments
(197, 198).

7.2.3. Reducing Glucagon Secretion

Inappropriately elevated plasma glucagon in
T2DM is considered to be a major contributor to both
fasting and postprandial hyperglycemia. GLP-1 (179, 180,
182, 199) and analogs (200) strongly suppress glucagon
levels in type 2 diabetics (182, 199). Four-weeks treatment
of type 2 diabetic patients with vildagliptin (127, 136)
reduced meal-stimulated glucagon levels and the
importance of the reduction was indicated by the high
correlation between post-meal glucagon decreases and
postprandial glucose levels (127). In a recent study,
suppression of glucagon during a meal-tolerance test was
found to be five-fold greater in T2DM patients treated with
a single dose of vildagliptin (120, 135). It is unclear as to
the underlying mechanisms that result in suppressing
glucagon (201, 202). GLP-1 has been shown to inhibit
glucagon secretion in the isolated perfused pancreas (203),
however this may not be through a direct action since there
is now doubt as to whether GLP-1 receptors are expressed
in alpha—cells (204), and the majority of recent data suggest
that beta-cell derived factors, including insulin (204), are
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mediators of GLP-1 actions on the alpha—cell (202).

7.2.4. Reducing Insulin Resistance

Chronic DPP 1V inhibitor (Ile-Thia) treatment led
to a reduction in insulin resistance in VDF rats, as assessed
using a 3-stage conscious euglycemic-hyperinsulinemic
clamp, that resulted from a reduction in hepatic glucose
output and increased responsiveness of peripheral glucose
uptake to insulin (85). In vitro studies on tissues from DPP
IV-treated animals showed improvements in insulin-
induced inhibition of isoproterenol-stimulated lipolysis in
abdominal adipocytes and insulin-stimulated skeletal
muscle glucose uptake. The mechanisms underlying such
improvement are unclear, but long-term GLP-1 infusion (6-
week) also resulted in a reduction in insulin resistance in
type 2 diabetic subjects (206) and it will be interesting to
see whether there are similar responses following extended
DPP 1V inhibitor treatment.

7.2.5. Inhibiting Gastric Emptying

Administration of GLP-1 (207-211) or analogs
such as exendin-4 (Exenatide) (212) to humans strongly
inhibits gastric emptying. However, no evidence for a role
for altered gastric emptying was found in Zucker rats
treated with NVP-DPP728 (94) and none reported in the
majority of studies in humans (145, 213), apart from one
recent report in abstract form (214). Although the inhibition
produced by exogenous GLP-1 is thought to be mediated
via both vagal afferent activation (165, 215) and direct
effects within the brain (216), it is likely that the negative
responses following DPP IV inhibitor treatment are mainly
due to insufficient levels of intact peptide accessing the
portal receptors (76).

7.2.6. Reducing Food Intake

GLP-1 injected into the brain reduces food intake
in rodents (217), mainly over the short-term (218), and
repeated injections result in reduced body weight (219).
Intravenous infusion of GLP-1 over 4-8 hours was also
shown to reduce nutrient intake and extend periods of
postprandial satiety in obese and diabetic humans (220,
221). Extensive studies have been performed on the effect
of long-acting GLP-1 analogs in humans (120, 178, 217),
with sustained weight loss obtained in type 2 diabetic
patients treated with exenatide (23). In contrast, no major
effects of DPP IV inhibitor treatment on body weight in
clinical trials have been reported. In a recent comparative
study in candy-fed rats, the long-acting GLP-1 analog
liraglutide was shown to reduce food intake and body
weight, whereas vildagliptin did not. It therefore seems
likely that levels of circulating active GLP-1 or analog have
to reach high pharmacological concentrations in order to
impact on feeding (222).

7.3. Do Other Enzymes and Substrates Contribute to
the Effects of Dipeptidyl Peptidase IV Inhibitors on
Glucose Homeostasis?

There are a number of enzymes structurally
related to dipeptidyl peptidase IV that exhibit similar
substrate specificity (96, 223, 224), including fibroblast
activation protein alpha (FAP-alpha; Seprase; DP 5) (225),
DPP-8 (226) and DPP-9 (227), and the catalytically
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inactive DPP-6 (DPL1;DPX) (228) and DPP-10 (DPL2)
(229). DPP 1II (DPP2; quiescent cell proline dipeptidase
(QPP); DPP7) (230, 231) is a structurally unrelated enzyme
also exhibiting similar specificity (232). DPP IV is believed
to be the major enzyme involved in the normal metabolism
of incretin hormones, although neutral endopeptidase 24.11
may contribute to GLP-1 degradation (233). Using an
adenosine deaminase binding assay, authentic DPP IV was
estimated by Durinx and co-workers to account for
approximately 95% of DPP IV-like enzyme activity in
serum/plasma (234). However, when using DPP IV
inhibitors clinically it is important to know whether
additional enzymes that act on DPP IV substrates are
present in the circulation and if an inhibitor can gain access
to intracellular enzymes with DPP IV activity. Since FAP
(seprase) and attractin are integral plasma membrane
proteins, they could be cleaved from their cells of origin in
a similar fashion to DPP IV. Seprase has been identified in
serum (235), as have a number of partially characterized
molecular species, such as DPPIV-beta (236, 237), a 110
kDa form similar to kidney DPP IV (238) and a 250 kDa
dimer (239). The current status of attractin (240), the
human ortholog of mouse mahogany (241), is unclear since
recent studies indicated that purified recombinant enzyme
did not exhibit DPP IV activity (242) and it has been
proposed that attractin may act as an extracellular receptor
or adhesion protein (242) and in the regulation of
intracellular membrane biogenesis and vesicle trafficking
(243). The intracellular enzymes, DPP II, DPP-8 and DPP-
9 should presumably only be released from damaged or
dying cells and plasma levels would be expected to be very
low, although appreciable levels of DPPII have been found
in plasma (244). The potential consequences of altering the
activity of the DPP IV-like enzymes was vividly portrayed
by Lankas et al (245) in studies on a range of inhibitors
with varying specificities. In 2-week rat toxicity studies,
treatment with DPP IV inhibitors showing off-target
activity with DPP8/9, or a selective DPP-8/9 inhibitor, was
associated with alopecia, thrombocytopenia,
reticulocytopenia, enlarged spleen and multi-organ
histopathological changes, with mortality in some cases. In
acute dog tolerability studies a DPP8/9 inhibitor produced
gastrointestinal toxicity, whereas a QPP inhibitor produced
reticulocytopenia only in rats. The selective DPP8/9
inhibitor also attenuated human T-cell activation with in
vitro models. Sitagliptin, with a selectivity of >2500 fold
greater for DPP IV than for DPP-8 and DPP-9 (26) showed
no toxic effects.

The incretins are considered to be the most
important DPP IV substrates impacted on by inhibitor
treatment in T2DM, but other members of the glucagon
superfamily (Figure 2) have also been shown to be in vitro
substrates, as have a range of other hormones,
neuropeptides (peptide YY (PYY), neuropeptide Y (NPY),
substance P and endomorphin and a large family of
chemotactic cytokines (chemokines) involved in the
development and function of the immune system (e.g.
RANTES (Regulated upon Activation, Normally T-cell
Expressed and Secreted), GCP-2 (Granulocyte Chemotactic
Protein-2), SDF-1 (Stromal-Derived Factor), eotaxin, MDC
(Monocyte-Derived Chemokine) and ITAC (Interferon
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gamma-Inducible T-Cell Chemoatractant) (61, 62, 67, 97,
124, 246)). Although it has not been established which
peptides, apart from GIP, GLP-1 and, possibly, FDF-1 and
substance P are physiological substrates of DPP IV (141),
PACAP (Pituitary Adenylate Cyclase Activating Peptide)
and VIP are located in intrinsic neurons within the pancreas
(247) and changes in their local concentrations could have
important effects on insulin secretion. Additionally, N-
terminal truncation can produce altered receptor binding
specificity in some peptides (e.g. NPY and PYY), rather
than loss of activity, and inhibition could therefore result in
altered physiological responses. However, there may also
be redundant systems that circumvent the effects of DPP IV
inhibitor treatment. Metabolism of PYY,3s by DPP IV
results in the production of a ligand (PYY3.36) (248) with
high selectivity for the Y2 sub-type of receptor that is
involved in the suppression of appetite (249). When the
effect of PYY .36 in DPP IV-deficient rats was examined, it
was found to be ineffective in reducing food intake, as
expected. However, inhibition of DPP IV in control Fisher
344 rats did not alter the acute anorexic effect of exogenous
PYY 3 (250), suggesting that additional enzyme(s) are
capable of cleaving PYY 3¢ in a DPP IV-like manner. It is
not known whether this also occurs in humans.

8. PRE-CLINICAL
PEPTIDASE 1V
DIABETES

STUDIES ON DIPEPTIDYL
INHIBITORS AND TYPE 1

A potential application for DPP IV inhibitors in
type 1 diabetic patients arose from studies on patients
receiving a GLP-1 infusion who demonstrated lowered
fasting hyperglycemia (251), reduced glycemic excursions
(179, 252, 253) and requirement for less insulin (179).
These effects have been attributed to reductions in
glucagon levels and delayed gastric emptying (254). Type 1
diabetes is an autoimmune disorder (2) and DPP IV has
been shown to degrade several important chemokines in
vitro, as well as having specific roles in the regulation of T-
cell proliferation and chemotaxis (246, 255). Inhibition of
surface DPP IV has a number of effects on immune
functions, including the suppression of T-lymphocyte (T-
cell) proliferation, T-cell stimulation of B-lymphocyte
immunoglobulin release, Thl cytokine production and
trans-endothelial migration of T-cells (Reviewed in: (61,
62, 70, 246)). An association between autoimmune disease
and elevated CD26" cells occurs in multiple sclerosis (256)
and Graves’ disease (257), suggesting that DPP IV
inhibition modulate the disease process. Therefore, DPP IV
inhibition could exert positive effects on type-1 diabetes by
promoting B-cell growth and survival, as well as reducing
the autoimmune response.

To date there are only limited preclinical studies
on the potential use of DPP IV inhibitors in TIDM. The
effect of long-term DPP IV-inhibitor treatment on the
development of TIDM was studied in rats treated with a
single dose of STZ (50 mg/kg). Under these conditions, a
rapid phase of cell death is initiated that involves both
apoptotic and necrotic mechanisms without a strong
autoimmune component (86, 205). Rats were treated with
DPP 1V inhibitor (Ile-Thia; 20 mg/kg daily po) for one
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week before or after STZ administration treatment over a
seven-week  period. The Ile-thia treated groups
demonstrated increased weight gain (230%) and nutrient
intake, ~5 mM reductions in fed blood glucose levels and
increased insulin. Glucose tolerance, fasting glucose and
glucose-stimulated insulin secretion were all improved, as
were in vitro perfused rat pancreas responses. Of particular
importance was an 8-fold increase in total pancreatic
insulin content, compared to untreated STZ-control animals
and increases in the number of very small islets that
exhibited a normal B-cell complement. DPP IV inhibitor
treatment in the STZ model of type 1 diabetes model
therefore has a number of beneficial effects, including
stimulation of insulin biosynthesis and increasing the
pancreatic content of a specific islet fraction, either via
neogenesis or protection, thus improving endocrine
pancreatic function (86). In the biobreeding (BB) rat, a
model of type 1 diabetes that spontanecously develops
extensive insulitis, Ile-Thia treatment from 3 weeks of age
delayed the onset of diabetes by about 10 days and
prevented the onset of diabetes in ~20% of the animals
(Pospisilik et al., Unpublished observations). Glucose
tolerance in both pre-diabetic and diabetic rats was
improved and the severity of diabetes slightly reduced.
Surviving animals showed long-term improvements in islet
function and blood glucose levels, although there was no
evidence for marked changes in the insulitis. Further
studies on type-1 diabetes models are underway.

9. THE FUTURE OF DIPEPTIDYL PEPTIDASE IV
INHIBITORS IN THE TREATMENT OF DIABETES

Results from clinical trials on a range of different
DPP IV inhibitors have been extremely positive and
sitagliptin was approved by the FDA for type 2 diabetes
therapy in October 2006, with vildagliptin receiving
approvable status. It is likely that several of the inhibitors
listed in Figure 4 will also be in clinical use in 2008/09.
Nevertheless, there are still questions that require further
investigation regarding the physiological roles and
regulation of dipeptidyl peptidase IV, the implications of
long-term inhibition and the possibility of achieving even
greater inhibitor selectivity.

The wide range of DPP IV substrates identified
with in vitro studies was a concern from the onset of
inhibitor development for clinical use, since there appears
to be a high potential for non-target effects. In addition,
DPP IV/CD26 has non-catalytic functions mediated
through interaction with a number of proteins that play
important structural and signaling roles, including
adenosine deaminase (258), a renal Na'/H' exchanger
(259), fibronectin (260) and tyrosine phosphatase CD45
(261). These various DPP IV/CD26-protein interactions are
involved in immune function, ion transport, regulation of
extracellular matrix binding and cell-cell signaling (61,
259, 262, 263), but it has not been demonstrated that they
are influenced by inhibitor binding. Additionally, it appears
that rodents, at least, can compensate for loss of DPP IV
activity. Studies on DPP IV (CD-26) deficient strains of
Fischer 344 rats revealed a fully functional enteroinsular
axis (264), minor behavioral changes (265) and no major
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defects in immune function (266) apart from small
reductions in CD4" T lymphocyte responses to
immunization (267). Dipeptidyl peptidase IV-knockout
mice are healthy and exhibit increased active incretin and
insulin levels, as well as resistance to the development of
obesity (268, 269), and glucose tolerance is improved in
both knockout mice and DPP [V-deficient rats (270).
Altered nociception, reported in knockout mice (271) and
DPP IV-negative rats (265), is of interest since it appears to
be associated with altered substance P metabolism (271).

As discussed earlier, plasma/serum enzyme
activity levels are the only read-out of the effectiveness of
DPP IV inhibition that we have. This may provide an
accurate reflection of the inhibition obtained at the tissue
(e.g. endothelial, hepatic) level, although we have no direct
supporting evidence, and we also have no information on
whether changes in plasma enzyme levels occur during
prolonged inhibitor therapy. It is important to gain a deeper
understanding of the mode of DPP IV gene regulation, the
mechanisms by which DPP IV is cleaved from the plasma
membrane and the clearance of the soluble enzyme.
Expression of the human DPP IV gene appears to be under
tissue specific regulation (272). Insulin-dependent
phosphorylation of hepatic DPP IV in rodents has been
suggested to result in altered enzyme turnover and
increased surface shedding (273), thus potentially altering
circulating levels. There is also evidence that plasma DPP
IV levels change with metabolic status, although no clear
pattern has emerged. Plasma levels of DPP IV activity
increased during fasting in type 2 diabetics (274) and
elevated levels were found in anorexia-nervosa and
bulimia-nervosa patients (275). It is unclear whether
increases result from altered gene expression, changes in
membrane shedding or some other process. Could
prolonged DPP IV treatment result in altered enzyme levels
as glucose homeostasis improves? A clearer understanding
of plasma DPP IV turnover is clearly needed and could
assist in optimizing drug administration regimens.

Finally, can the selectivity and efficacy of DPP
IV inhibitors used in diabetes therapy be improved upon? A
wide range of inhibitors, from multiple chemical classes,
have shown tremendous potential as therapeutics.
Physicochemical studies, X-ray crystallography and cryo-
transmission electron microscopy have provided extensive
information on the structure and mode of action of DPP IV,
thus facilitating the rational design of new inhibitors. The
catalytic triad is situated in a large cavity with the substrate
binding region for peptide N-termini consisting of a short
helix containing a Glu205-Glu206 sequence motif (276,
277). However, a secondary binding site has also been
identified, located in close proximity to the catalytic triad,
that exhibits differential binding to individual peptides of
the glucagon superfamily (278), potentially allowing
development of more selective inhibitors. Additionally,
although combination therapy of DPP IV inhibitors and
biguanide or thiazolidinedione is proving very effective,
such therapy may prove even more effective if incretin
secretion from the intestinal enteroendocrine cells can also
be selectively increased, and research with this objective is
currently underway.
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