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Type 2 diabetes mellitus (T2DM) is a multifactorial disease, and drug monotherapy typically results in
unsatisfactory treatment outcomes for patients. Even when used in combination, existing therapies lack
efficacy in the long term. Designed multiple ligands (DMLs) are compounds developed to modulate
multiple targets relevant to a disease. DMLs offer the potential to yield greater efficacy over
monotherapies, either by modulating different biological pathways, or by boosting a single one.
However, examples of DMLs progressing into clinical trials, or onto the market are rare; DML drug
discovery is challenging, and perceived by some to be almost impossible. Nevertheless, with the
judicious selection of biological targets, both from a biological and chemical perspective, it is possible to

develop drug-like DMLs.

T2DM is a chronic condition in which glucose
control deteriorates progressively over time. For
most patients, lifestyle interventions alone are
insufficient to maintain blood glucose within a
target range over the long term, and pharma-
cotherapy is required [1]. Current international
guidelines for the treatment of T2DM recommend
the use of combination therapy when oral
monotherapy fails to achieve or maintain sufficient
blood glucose control, and combination therapy
should be considered at the time of diagnosis for
patients with poor blood glucose control [2]. Given
that T2DM is a multifactorial disease, linked to both
environmental and genetic factors, it might be
expected that drug monotherapy will result in
unsatisfactory treatment outcomes.

Combination therapy, sometimes referred to
as 'poly-pharmacology; can yield increased

efficacy over monotherapy by modulating dif-
ferent biological pathways, or by boosting a
single one. However, the pill burden of patients
with T2DM can be high; patients often have
comorbidities, such as hypertension or dyslipi-
demia, and are likely to be taking multiple
medications before antihyperglycemic therapy is
initiated. Combining two or more drug treat-
ments in a single dosage form, a so-called ‘fixed-
dose combination’, can reduce pill burden for
patients, and has been shown to improve
medication adherence [3]. Fixed-dose combi-
nations of drugs are available for the treatment
of disorders such as HIV, tuberculosis (TB) and
hypertension. In some cases, such as in the
treatment of TB, agents are combined to exploit
synergistic effects [4], although current fixed-
dose combinations for the treatment of T2DM

act via complementary mechanisms of action,
through which additive, rather than synergistic
effects, are observed [5]. Existing therapies to
treat T2DM lack efficacy, particularly in long-term
treatment, and there remains a significant unmet
medical need [6].

The term ‘DML’ describes a single chemical
entity developed to modulate multiple targets
relevant to a disease [7]. As with combination
therapy, DMLs offer the potential to yield greater
efficacy compared with monotherapy
approaches [8], and have several advantages
over combination therapy; because only a single
tablet is administered to the patient, there is a
reduced pill burden and also a lower risk of
drug-drug interactions. Also, for DMLs, unlike
fixed-dose combinations, there is no require-
ment for the coformulation of two drug
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components, with the inherent problems of
achieving compatibility in the physicochemical,
pharmacokinetic and pharmacodynamic prop-
erties.

Examples of DMLs progressing into clinical
trials, or onto the market are rare [9]. One reason
for this is that DML drug discovery is challen-
ging, and perceived by some to be almost
impossible. The multiparameter optimization of
molecular properties is one of the key chal-
lenges in drug design and, because DMLs need
to be optimized against multiple biological
targets, this poses additional hurdles. Histori-
cally, DMLs have tended to be larger and more
lipophilic than compounds designed to mod-
ulate a single target; in many cases, this is
because pharmacophores have been linked
together [10]. Scientists at Prosidion Ltd'
showed that it is technically feasible to develop
DMLs with good, drug-like properties. However,
a crucial element in making DML drug discovery
technically feasible lies in the careful selection
of biological targets, both from a biological and
a chemical perspective.

Target selection and validation
Experimental evaluation and validation of
potential target pairs is required before labor-
intensive medicinal chemistry initiatives begin.
Many target combinations do not warrant
further study because the effects achieved
through the modulation of multiple targets can
be less than additive. Typically, the effects of
multitarget modulation compared with the
respective single-target approach are initially
explored in vitro, because this can enable the
rapid and simultaneous evaluation of multitarget
combinations. In such studies, cell lines derived
from the relevant physiological tissue rather
engineered cell lines are typically used, because
this ensures that the relevant signaling pathways
are present and expressed at a physiological
level. To explore the effects of simultaneous
modulation of multiple targets, it is feasible to
use molecular biology methods, such as the
overexpression of target combinations (to sti-
mulate target activity) or small interfering
(si)RNA experiments (to achieve simultaneous
knockdown).

A simpler and quicker methodology is the use
of tool compound combinations, where each

! The biotechnology company Prosidion Ltd discov-
ered and developed innovative molecular targeted
therapies addressing major unmet medical needs in
type 2 diabetes and obesity. Prosidionceased all
activities at its facility in Oxford, UK in March 2012.
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FIGURE 1

Insulin secretion in response to simultaneous modulation of multiple G protein-coupled receptors (GPCRs)
(a), can be quantified to determine additive, synergistic or antagonistic effects compared with the addition

of either single agent alone, (b).

tool compound is known to modulate selectively
the target of interest. Clearly, this strategy can
only apply to known targets where selective tool
compounds are known. If tool compounds also
have suitable pharmacokinetic properties, they
can also be suitable for in vivo combination
studies. Such considerations need to be taken
into account when selecting which target
combinations to explore, and precludes the
combination of novel targets where tool com-
pounds do not exist.

In diabetes research, one mechanism of
interest is the stimulation of the release of
hormones that improve glucose control, such
as insulin or glucagon-like peptide-1 (GLP-1).
For the identification of suitable target com-
binations that increase hormone levels, mul-
tiple cell models are available that can be
utilized for evaluating DML concepts in vitro.
Of course, such models are only useful if both
targets are expressed in the cell model of
choice and if target activation results in the
functional release of the desired hormone,
which restricts the number and types of
combination that can be examined in vitro.
The response to modulation of multiple tar-
gets can then be quantified for additive,
synergistic or antagonistic effects compared
with the addition of either single agent alone

(Fig. 1). In the example shown, simultaneous
agonism of G protein-coupled receptors
(GPCRs) A and B elicits a response, in this case
insulin secretion, that is additive; whereas
agonism of GPCRs A and C results in an effect
that is less than additive. The most desirable
outcome is in the case of agonism of GPCRs B
and C, whereby the insulin secretion observed
is greater than the sum of modulating the
individual targets.

For target combinations where the individual
targets are expressed in different tissues of the
body, only an in vivo approach allows the thor-
ough evaluation and validation of a combina-
tion. This is a significant obstacle, because it
requires the identification of tool compounds
that not only selectively modulate the individual
target of interest, but also have suitable phar-
macokinetic properties. Recently, DMLs were
developed at Prosidion that combined agonism
of GPR119 and inhibition of the serine protease
dipeptidyl peptidase IV (DPP-IV) [11]. GPR119
agonists are being evaluated in clinical trials as
oral antidiabetic agents and are understood to
exert at least part of their antidiabetic effects
through increasing the secretion of GLP-1 from
intestinal L-cells [12,13]. GLP-1 has a half-life of
less than 3 min, undergoing rapid cleavage by
DPP-IV. Given that DPP-IV inhibitors such as
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FIGURE 2

Results from an oral glucose tolerance test, comparing oral dosing of a dual dipeptidyl peptidase IV (DPP-IV) inhibitor and G protein-coupled receptor 119
(GPR119) agonist (PSN-1V/119-1) with sitagliptin in a rodent model of diabetes.

sitagliptin act primarily by preventing the
degradation of GLP-1, a combination of a GLP-1
secretagog (a GPR119 agonist) and a GLP-1
protecting agent (a DPP-IV inhibitor) could lead
to greater levels of GLP-1 compared with
administration of either agent alone. This
hypothesis has been confirmed in studies carried
out in animal models of diabetes using
co-administration of a GPR119 agonist and a
DPP-IV inhibitor to modulate each target indi-
vidually [14,15].

Subsequently, a DML was developed that
combined both pharmacologies in a single
chemical entity. In a key proof-of-concept study,
a DML (PSN-IV/119-1) with dual DPP-IV inhibition
and GPR119 agonism was tested head-to-head
in an oral glucose tolerance test with sitagliptin
in a rodent model of diabetes (Fig. 2) [11]. At a
dose of 10 mg/kg, PSN-IV/119-1 displayed a
comparable reduction in plasma glucose (area
under curve, 0-180 min) to sitagliptin (39% and
22%, respectively), despite only achieving
moderate levels (approximately 50%) of DPP-IV
inhibition as measured in the plasma of treated
animals compared with 80% inhibition achieved
by sitagliptin. At a dose of 30 mg/kg, PSN-1V/119-
1 caused similar levels of plasma DPP-IV inhibi-
tion as sitagliptin, but showed a superior
reduction in plasma glucose levels (P < 0.05).
These data support the hypothesis that incor-
porating DPP-IV inhibition and GPR119 agonism
in a single molecule could provide a therapy that
leads to greater glucose lowering compared with
a DPP-IV inhibitor alone. Superior glucose con-
trol was also seen in comparison with dosing of a
selective GPR119 agonist (data not shown). PSN-
IV/119-1 was able to achieve impressive in vivo
results, despite modest in vitro potency against
the targets in question: for DPP-IV, ICso = 0.2 pM,
and for GPR119, ECso = 2.24 pM [16].

Lead generation
Established lead generation techniques, such as
high-throughput screening and, more recently,
fragment-based approaches, are inherently
focused on single targets. In some cases, for
example in the area of kinase inhibitors, cross-
screening of existing inhibitors from previous
kinase projects has been used successfully to
identify new chemical start points with the
desired multikinase activity. In effect, chemo-
types from one project are recycled as medicinal
chemistry starting points for another. Key to this
success is the fact that kinase inhibitors often
bind at a site sharing a high degree of homology
(the ATP-binding site). For DML lead generation,
cross-screening can prove valuable but does rely
on access to an appropriate compound collec-
tion and associated biological data for the tar-
gets of interest. Furthermore, alternative
approaches might be required to address mul-
tiple targets that share low sequence homology.

When modulating multiple targets simulta-
neously, it becomes obvious that synergistic
effects might be required in reality, because
DMLs are frequently less potent than single-
target ligands. The lower ligand efficiency that is
obtained for DMLs compared with modulating
the individual targets is observed frequently.
Moreover, the most suitable target pairs need
substantial overlap in the pharmacophores of
their respective ligands, to achieve dual activity
within a single DML of acceptable molecular
weight. Thus, on initial examination of target
pairs, it is crucial to assess whether separate
pharmacophores are compatible, which requires
substantial medicinal and computational
chemistry expertise, and creative thinking.

One technique that has been utilized is the
exploitation of common structural motifs within
ligands for both targets of interest. By merging

suitable ligands from each target, it was possible
to obtain potent dual MCH-1R antagonists and
DPP-IV inhibitors, an example of the modulation
of two targets that span different protein classes
[17]. In the design of ligands combining inhibi-
tion of DPP-IV and agonism of GPR119, the
crystal structure of the DPP-IV enzyme active site
was used to assess the tolerance of incorporating
the GPR119 pharmacophore [18]. For GPR119
agonists, there are two key pharmacophores,
linked via a spacer, and the ligand is required to
adopt an extended conformation [19]. Analysis
of the crystal structure of DPP-IV indicated an
extensive cavity in a position suitable to
accommodate the elongated GPR119 pharma-
cophore. This expectation was later confirmed
by X-ray crystallography of a DPP-IV/GPR119
DML bound to the DPP-IV enzyme.

Examples of ligands with dual DPP-IV inhibi-
tion and GPR119 agonism taken from the patent
literature can be seen in Fig. 3 [20-25]. The two
key pharmacophores for GPR119 agonists are a
piperidine ‘capped’ with a carbamate or isosteric
heterocycle at one end of the ligand, and at the
other terminus, an aryl or hetero-aryl ring sub-
stituted with a H-bond acceptor group [19]. All
the ligands shown have an appropriately sub-
stituted piperidine ring and, in the case of
ligands 1-4, a carbonyl oxygen is placed in a
suitable position to act as a H-bond acceptor for
GPR119. In the case of ligands 5 and 6, the
fluorine atom proximal to the pyrrolidine ring
might be able to act as the acceptor group.

Compounds 1-6 all have a basic primary or
secondary amine. This feature is present in most
DPP-IV inhibitors, where it forms electrostatic
interactions and H-bonds with the protein [18].
Another common feature of DPP-IV inhibitors is a
hydrophobic S1 group that binds in the P1 pocket
of the protease. In the case of compounds 1-4, itis
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FIGURE 3

Examples of dual dipeptidyl peptidase IV inhibitors/G protein-coupled receptor 119 (DDP-IV/GPR119) agonists developed at Prosidion reported in the patent

literature. See main text for more details.

likely that the pyrrolidine ring provides this key
hydrophobic interaction. Compounds 5 and 6
might represent a significant leap in DML design,
whereby a substituent on the S1 group (the
proximal fluorine substituent) could provide a key
pharmacophore for GPR119. This represents a
greater merging of the pharmacophores for each
target, and has enabled the overall length of
ligands 5 and 6 to be shortened compared with
ligands 1-4. In addition, several different com-
pound classes were obtained, with significant in
vitro potency (GPR119 ECso < 1 uM and DPP-IV
ICs0 < 1 M, for examples 3, 5 and 6), despite
these targets being from different protein
families. In fact, this program culminated with the
nomination of a clinical development candidate,
PSN491.

Concluding remarks

There is increasing recognition that the low-
hanging fruit has already been picked for the
single-drug single-target approach to drug dis-
covery. Indeed, many drugs originally designed
to have activity against one target have since
been shown to be active against multiple

targets, and it is likely that this spectrum of
activity contributes to their overall efficacy [26].
The necessity for more efficacious treatments for
T2DM has been the driver to undertake what is
perceived to be a challenging drug discovery
approach. However, with the appropriate stra-
tegies in place, it is possible to develop drug-like
DMLs, and the in vivo profile of the ligands
obtained has justified the endeavor.
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