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Abstract

In the 25 years since the hypothesis was first described, therapeutic use of inhibitors of dipeptidyl peptidase-4 (DPP-4i) as

a novel approach to the treatment of type 2 diabetes has become established widely, with several compounds now

available to exemplify the class. Although the clinical profiles of members of the DPP-4i class have been reviewed

extensively, the underlying pragmatic small molecular design and pharmaceutical properties of these agents have seldom

been addressed in the context of establishment of the class as treatments for type 2 diabetes. Among the reasons

contributing to the wide acceptance of DPP-4i as oral anti-hyperglycaemic therapy are: (i) the endocrine basis of their

pharmacology; (ii) their chemical ‘simplicity’ and low molecular mass; (iii) their pharmacological selectivity for their

target mechanism of action; (iv) the nature of physiologically relevant substrates for the enzyme; (v) their relative ease of

formulation into tablets; (vi) their efficacy as glucose-lowering agents; (vii) their absorption, distribution, metabolism

and elimination profiles; and (viii) their limited tolerability issues.
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Introduction

The hypothesis that inhibition of the enzyme dipeptidyl

peptidase-4 (DPP-4) might constitute a novel, endocrine-

based approach to the treatment of type 2 diabetes was first

published in 1995 [1–3]. The mechanism of action

described by Deacon et al. in 1995 [1] involved the specific,

pharmacological inhibition of the physiological, enzymatic,

breakdown of glucagon-like peptide 1 (GLP1) and glucose-

dependent insulinotropic polypeptide (GIP), resulting in

accumulation of the biologically active forms of both

hormones. Proof that the hypothesis was relevant physio-

logically depended upon the availability of precise assay

technology that could discriminate between intact and

truncated versions of the two incretin hormones [1]. The

availability of prototypical, although poorly selective, DPP-

4 inhibitors (DPP-4i), such as valine pyrrolidide [4], enabled

proof of concept to be established in animal models of type

2 diabetes [5]. The objective of the DPP-4i concept was to

provide a drug that would possess anti-hyperglycaemic

efficacy with the major advantage of having relative

freedom from the risk of hypoglycaemia owing to the

glucose-dependent insulinotropic effect of the incretin hor-

mones [6].

DPP-4i as a successful approach to
treatment of type 2 diabetes

Since their launch as therapies (as early as 2006), DPP-4i have

becomewidely used treatments for type 2 diabetes, not only as

an adjunct to the use ofmetformin, but also asmonotherapy in

people intolerant tometformin, and in combinationwith other

treatments for the disease. There have been many reviews

focusing of the clinical properties of the variousDPP-4i and the

reader is directed to such articles elsewhere [7,8]. This review

focuses instead on the endocrine and pharmacological origins

of the DPP-4i concept and a discussion of the possible

underlying reasons why DPP-4i have become a well-tolerated

and effective therapeutic option for treatment of type 2

diabetes—based largely upon their underlying chemical sim-

plicity. The reasons for this success are, arguably, multi-fold

and are looked at in detail below.

Endocrine basis of drug design

DPP-4i possess anti-hyperglycaemic efficacy indirectly as a

result of a reduction in the otherwise rapid degradation and
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inactivation of the incretin hormones GLP1 and GIP.

Increases in the intact and biologically active sequences of

both peptides lead to insulin release and, in the case of

GLP1, suppression of glucagon release in a glucose-depen-

dent manner [6]. Two aspects of this endocrinological effect

are noteworthy. First, the risk of hypoglycaemia is reduced

because both incretin hormones only affect insulin and

glucagon release appropriately, according to the prevailing

glucose concentrations [6]. Second, incretin-based therapies

are the only currently available therapies that address the a-
cell defect of type 2 diabetes, wherein hepatic glucose

production is elevated pathophysiologically [9]. A reduction

in the risk of hypoglycaemia is a distinct advantage over the

use of sulphonylureas [7]. Sulphonylureas cause insulin

release via closure of ATP-sensitive potassium channels, a

mechanism that is not fully dependent upon the extracel-

lular glucose concentration [10]. Prior to the discovery of

DPP-4i, the development of small molecule therapies based

upon an endocrine starting point was, to a certain extent,

pioneered during discovery of the angiotensin-I converting

enzyme inhibitor, captopril [11]. Inhibition of the rapid

breakdown of the inactive precursor peptide angiotensin I

into the active product angiotensin II is now thought to be

the principal mechanism of action of the angiotensin-I

converting enzyme inhibitor. It was this knowledge of

endogenous rapid cleavage of labile substrates that led to

the thought that the stability of GLP1 and GIP in their

intact, biologically active forms, could be markedly

improved by preventing the primary route of degradation

into largely inactive metabolites in vivo [1], analogous to a

second known endocrine effect of angiotensin-I converting

enzyme inhibition, i.e. inhibition of the breakdown of

biologically active bradykinin.

Pragmatic molecular design

DPP-4i are low molecular mass organic molecules; often, but

not always, structurally based upon a metabolically stabilized

dipeptide ‘skeleton’ (e.g. saxagliptin, sitagliptin and vildaglip-

tin) [12]. The straightforward physical chemical properties of

members of the DPP-4i class make them relatively simple to

formulate and are commensurate with desirable absorption,

distribution, metabolism within, and elimination from, the

body. The dipeptide structure of some inhibitors can be viewed

as analogous to the labile site of its primary endogenous

substrates – such as theN-terminal portion ofGLP1. The result

of the drug discovery process was the identification of purely

selective inhibitors with affinity typically in the low nanomolar

range [12]. Lowmolecularmass drugs (smaller than ~ 500Da)

also have the advantage of a generally lower rate of attrition

during drug development [13,14]. Another advantage of small

molecules, as opposed to peptide-based medicines, is that the

chance of immunological reactions (e.g. immuno-neutralizing

and other antibody formation) is considerably less. It may be

pointed out that, as a drug-design principle in a more general

sense, enzyme inhibitors are frequently successfully introduced

and clinically used drugs; arguably aspirin, statins and

angiotensin-I converting enzyme inhibitors being among the

most commonly used and beneficial medicines currently

available. Some pertinent attributes of small molecules are

summarized in Table 1.

Table 1 How small molecules address a ‘wish list’ for an everyday
therapy.

Attribute

Low
molecular
weight

Helps to ensure high levels of oral absorption,
as well as reproducible interdosing exposure
and pharmacokinetic profiles without the use
of absorption enhancers

Physical
chemistry

Commensurate with desired absorption,
distribution within the extracellular space,
drug metabolism and drug elimination
properties

Chemical
structure

Minimizes any undue drug metabolism of the
drug in vivo

Pharmacology Selectivity for the pharmacological target vs
non-specific, or off-target, activity

Pharmacy Formulation as a tablet as either the
individual component or a constituent part
of a fixed-dose combination with commonly
co-administered agents (e.g. metformin,
SGLT2i)

Efficacy Effective glucose lowering in comparison with
alternative agents

Potency Effective glucose lowering at reasonable dose
levels

SGLT2i, sodium–glucose cotransporter-2 inhibitor.

What’s new?

• This is an intentionally brief review highlighting aspects

of the design of dipeptidyl peptidase-4 (DPP-4) inhibi-

tors that are often overlooked in more conventional

reviews. It has been written primarily with the purpose

of informing primary care healthcare professionals.

• The review focuses upon how the pharmacology and

some properties of small molecules have facilitated the

successful development of therapeutic agents.

• The review is timely because it is now 25 years since the

hypothesis to treat type 2 diabetes with inhibitors of

DPP-4 was first described in the literature.

• The chemical and pharmacological properties of DPP-4

inhibitor drugs that make them suitable for oral therapy

of type 2 diabetes are discussed.

• Features distinguishing small molecules from biotech-

nological alternatives are reviewed briefly.
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Selectivity for the DPP-4 enzyme

During development of DPP-4i, counter-screening against

other enzymes resulted in the development of highly selective

DPP-4i molecules [15]. Achieving a high degree of selectivity

for the target enzyme is considered an essential step during

drug development, again to help ensure that off-target and/or

non-specific activities do not occur [16]. Although any

difference in the absolute degree of selectivity between some

members of the DPP-4i class has not been attributed to any

known clinical tolerability or safety issue to date, it is

generally regarded as desirable to pharmacologically impact

the intended target alone.

Physiologically relevant substrates for DPP-4

As mentioned above, DPP-4i increase the levels of not only

intact and biologically active GLP1, but also GIP. The contri-

bution of GIP to the glucose-lowering efficacy and lack of

hypoglycaemic risk has been reviewed recently [17] and points

to an important aspect of the mechanism of action of enzyme

inhibitors in that more than one effector endocrine mediator

may be relevant to their therapeutic effect(s). This further

distinguishesDPP-4i from other approaches used to treat type 2

diabetes, i.e. multiple effector systems. Much interest has been

shown in the development of dual GLP1 and GIP incretin

agonists and it may be that DPP-4i could be regarded as

pragmatic alternatives to suchhybridmolecules, at least as far as

the endocrinemechanism of action is concerned. It is important

to note that only physiologically relevant substrates are affected

by pharmacological enzyme inhibition. In the case of DPP-4i,

very few substrates have been shown to be affected by the drugs

from a physiological standpoint [18], and initial concerns that

several endocrine systems would be affected byDPP-4i, leading

to the possibility of multiple mechanism-led side effects, have

been shown to be largely groundless.

Pharmaceutical considerations

Although biotechnology offers tremendous potential for the

creation of novel medicines, conventional medicinal chemistry-

based approaches to rational drug design continue to offer

substantial advantages due to the inherent relative simplicity of

the approach. Small molecules are often the easiest to optimize

pharmacologically, and to formulate for use as therapeutic

agents. As such, the available DPP-4i are designed to be fully

compatible with the formulation of fixed-dose combinations

with other commonly used agents such as metformin and

sodium–glucose cotransporter 2 inhibitors (SGLT2i). Good

oral availability makes systemic exposure to the drug repro-

ducible and reliable, largely irrespective of the individual’s

dietary habits. Ensuring high levels of oral availability avoids

relianceupon the additionof complex and sometimes inefficient

absorption-enhancing co-factors, and removes the need for

subcutaneous injection of often difficult tomanage liquid-based

formulations. Accordingly, the preferences of both physicians

and individuals with type 2 diabetes for therapies that are

administered orally are addressed.

Efficacy as glucose-lowering agents

The overall clinical profiles of the DPP-4i have been reviewed

extensively elsewhere [15,19]. Briefly, the glucose-lowering

efficacy of DPP-4i has been shown to be largely non-inferior to

other commonly used oral anti-hyperglycaemic agents, such as

metformin and sulphonylureas [15]. The glucose lowering

effect of DPP-4i has also been shown to be largely additive to

those of most other oral anti-hyperglycaemic agents, presum-

ably because of complimentary mechanisms of action [15].

Moreover, the clinical utility of DPP-4i is underlined by the

fact that they have proven to be effective blood glucose-

lowering agents at every stage of type 2 diabetes treatment,

from initial first-line application and to combination with

basal insulin [15]. Added to their efficacy, clinical uptake of

DPP-4i has also been facilitated because, as mentioned above,

they may readily be co-formulated in fixed-dose combination

tablets. For example, fixed-dose combination with metformin

is used particularly frequently, and, moreover, has the

supportive, mechanistic basis that metformin is a GLP1

secretagogue [20], thereby increasing the level of GLP1 that

can be preserved in the intact form by a DPP-4i.

Drug absorption, distribution, metabolism and elimination

The pharmacokinetic–pharmacodynamic profiles of DPP-4i

are commensurate with effective therapy—most of them

being suitable for once-daily dosing. As a general principle, a

drug can be eliminated unchanged predominantly via either

the bile or urine, or can be metabolized systemically prior to

elimination of its metabolites. These properties may negate

any need to reduce dose levels, should one or other route of

elimination be compromised, in order to keep systemic

exposure to the drug within appropriate ranges. Several DPP-

4i have been designed such that drug metabolism is either

absent or limited, so formation of a family of chemical

breakdown products following administration may be

avoided (e.g. alogliptin, linagliptin and sitagliptin). This has

the advantage that the number of ‘foreign’ molecular species

circulating is minimized; exposure to only one chemical

entity reducing any chance of molecule-specific tolerability

issues, chemically based toxicities, etc. Furthermore, lack of

drug metabolism limits the potential for drug–drug interac-

tions with co-administered therapies.

Limited tolerability issues

Remembering that all drugs either have the potential to or

are known to cause tolerability issues, and that physicians

should always prioritize this aspect of therapy, it is note-

worthy that DPP-4i are, in the main, mostly well tolerated
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and easy to use. Long-term cardiovascular outcome trials are

available with most DPP-4i (e.g. alogliptin, linagliptin,

saxagliptin and sitagliptin) and these studies underline the

relatively good tolerability of this class of agents [21].

Infrequently encountered or delayed-onset drug safety issues

may always be an issue with any relatively recently

introduced therapeutic agent and further vigilance over the

longer term is therefore essential.

Conclusion

In the 25 years since the concept of DPP-4i was first proposed

and more than 12 years since their introduction, DPP-4i have

become established therapy for type 2 diabetes. The physical

chemical properties of DPP-4i molecules are straightforward

and, consequently, may help avoid the potential pitfalls in

overly complicated and suboptimal dosing regimens of other

agents as treatment choices for a chronic disease such as type

2 diabetes. As small molecules, they have been relatively easy

to optimize for selectivity for the DPP-4 enzyme and may be

readily formulated for oral administration both as single

chemical entities and in combination with other commonly

administered compounds such as metformin. This pragmatic

approach to drug design has assisted their uptake and use

clinically.
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