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www.rsc.org/ Two diseases, one approach: multitarget drug 
discovery in Alzheimer’s and neglected tropical 
diseases 

F. Prati,a, b E. Uliassib and M. L. Bolognesib   

In the past decade, scientific advances in network pharmacology have laid the foundations for 
a polypharmacological approach to discovering new drugs for complex diseases. There is now 
a comprehensive understanding that many incurable diseases are multifactorial in nature and, 
consequently, conventional drugs directed to a single molecular target are inadequate. To 
achieve a desired clinical outcome, a polypharmacological approach seeks to intervene in the 
diseased network using either combinations of multiple drugs or single small molecules 
modulating multiple targets. Both these approaches are equally feasible from a clinical 
standpoint. However, for various reasons which will be discussed in this review, the latter 
approach may be favoured for Alzheimer’s disease (AD) and neglected tropical diseases 
(NTD). With each passing year, an increasing number of multitarget drugs and drug candidates 
are being identified, and several proof-of-concepts for treating these two diseases have 
emerged. Herein, with an awareness of the obstacles and challenges faced, we explore small 
molecules that seek to modulate multiple targets with the ultimate goal of harnessing network 
pharmacology for therapeutic applications in AD and NTD. 
 
 

Introduction  

 
The multitarget approach is fast becoming one of today’s most 
fruitful drug discovery areas, particularly in developing 
medicines against major complex diseases.1 For more than two 
decades, an ever-increasing number of papers and books2, 3 
have appeared in the literature, with multitarget drugs (MTDs) 
and drug candidates entering the fray.4 This growth can be 
traced to an increased understanding of the biological 
complexity of major incurable diseases.5 In the 1990s, the 
advent of systems biology illuminated drug discovery, 
revealing that pathologies such as neurological disorders, 
cancer, diabetes and infectious disease are unlikely to arise 
from a single gene/protein defect.6, 7 Systems biology is a 
branch of biology whose holistic approach not only maps all the 
components (genes, proteins) in a biological system, but also 
reveals the functions of the components, such as their 
interrelationships. Indeed, proteins rarely function in isolation; 
rather, they operate as part of highly interconnected cellular 
networks known as interactome networks.8 Building on systems 
biology, network pharmacology9 has shown how complex 
diseases arise from alterations in multiple pathways of the 
interactome networks, which have evolved to be very robust 
and redundant.10 Hence, they are relatively insensitive to 

perturbations, with modulation of individual components 
through single-targeted drugs having only a little functional 
consequence.11 It thus follows that, to impact disease 
pathogenesis, interventions need to be multimodal, albeit highly 
selective too. In other words, the modulation of several drug 
targets through a well-concerted polypharmacological approach 
is necessary to achieve the desired therapeutic effect.12 
After an initial predictable resistance, the pharmaceutical 
community has moved from a Mendelian perspective of certain 
diseases to steadily embracing a polypharmacology 
viewpoint.13, 14 The one-drug-one-target-one disease paradigm 
was dominant in the post-genomic era, but has proven to be 
inadequate to address complex diseases. It has been appraised 
as a major cause of the current clinical failures and low 
productivity of the pharmaceutical industry.15  
The ever-increasing acceptance of polypharmacological 
concepts can be seen in analysis recently performed by Lu et 
al.16 They retrospectively and prospectively assessed network-
based relationships between drugs approved by the USA Food 
and Drug Administration from January 2000 to December 2009 
and their targets. They found that the average target number for 
each drug is 2.5. This is higher than the 1.8 reported by 
Yildirim 8 et al. in a similar study in 2006. Indeed, drugs acting 
on single targets appear to be the exception nowadays.17  
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1 Multitarget ligands – smart medicines for rich 
and poor 
 
We have fostered the development of MTDs as the appropriate 
option for two diseases that conventional single-target drugs 
cannot cure: neurodegenerative diseases and neglected tropical 
diseases (NTDs). At first glance, drug discovery approaches for 
Alzheimer’s disease (AD) and NTDs may appear antithetical. 
However, both AD and NTDs are major health problems and 
leading causes of death worldwide, with no drug available that 
can change the prognosis of these diseases or lead to a dramatic 
recovery. In this light, links in methodology and meaning 
become apparent.  
As of 2013, there were an estimated 44.4 million people with 
dementia worldwide (46% in more developed regions), with a 
societal cost of US$604 billion annually (77% in more 
developed regions).18,19 This will increase to an estimated 75.6 
million in 2030, and 135.5 million in 2050.19 In parallel with 
the rise in cases, drug research has accelerated noticeably. But 
despite huge investments and a strong commitment from 
industry and academia, no effective drug has emerged.20 AD is 
currently one of the most frustrating areas of drug discovery. 
Since 2006, more than 200 AD drug candidates have failed in 
clinical trials.21 Hence, the only drugs available for patients 
remain the four marketed acetylcholinesterase (AChE) 
inhibitors. These restore the cholinergic tone to achieve 

palliative effects during the initial stages of disease. They were 
joined in 2003 by the NMDA receptor antagonist memantine, 
whose neuroprotective activity is still questioned.22 
NTDs are also a difficult area for drug discovery. In the new 
millennium, NTDs pose an even greater global problem than at 
the beginning of the last century. It is estimated that over one 
billion people are affected worldwide, primarily those living in 
the poorest and most remote areas of the planet.23 Key 
challenges include many years of scarce resources and funding, 
as well as limitations peculiar to developing countries, such as 
stringent cost-of-good constraints, the lack of robust 
infrastructure to effectively deliver and administer drug 
therapy, and socioeconomic considerations in endemic areas.24 
Of the NTDs, sleeping sickness, Chagas disease, and visceral 
leishmaniasis are those with the highest rates of death.25 For all 
three, vaccine research has long been a global priority. 
However, it has been impeded by some key technical hurdles.26 
As a consequence, chemotherapy seems to be the only 
therapeutic option for controlling infection, but none of the 
available drugs is effective. This is because they suffer from 
toxic side effects, lack of efficacy, and development of 
resistance. Novel strategies are desperately needed to defeat 
these diseases.27 
Against this backdrop, we propose a polypharmacological 
approach. In particular, MTDs capable of modulating a network 
of AD- and NTD-related targets (Fig. 1)

                          

Fig. 1 Polypharmacological action of a multitarget drug. Such a molecule might be particularly suitable to modulate the interactome networks underlying 

Alzheimer’s and neglected tropical diseases’ pathogenesis. The interaction networks were obtained using the STRING database (http://string-db.org/).28
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might be more efficacious, tolerable, and simpler than the 
single-target drugs available on the market.29-32 Herein, we 
substantiate these concepts (at a conceptual and practical level) 
by providing selected examples taken from our recent research. 
 
2 Polypharmacology: multitarget drugs vs drug 
combination 
 
Polypharmacology can arise from one drug binding to multiple 
targets (i.e. MTDs) and from multiple drugs that bind to 
different targets (i.e. drug combinations).33, 34 In principle, both 
approaches are equally feasible for reaching the desired 
outcome. Indeed, both have been pursued in academia and 
industry, and both are already used for the clinical treatment of 
cancer35 and neurological diseases.36-38 However, in a 
risk/benefit analysis, we believe MTDs may be superior to 
combinations, especially for AD and NTDs.1  
An intrinsic risk of combinations is drug-drug interactions 
(DDIs). These are commonly caused by the inhibition or 
induction of the hepatic drug metabolism. Cytochrome P450-
dependent monooxygenases are a large family of heme-
containing enzymes that mediate the oxidative metabolism of 
endogenous and exogenous chemicals. Drugs that induce or 
inhibit CYP450 enzymes may decrease or increase, 
respectively, concentrations of co-administered drugs that are 
CYP450 substrates. Changes in drug concentrations resulting 
from DDIs can lead to treatment failures or toxicities. 
Combinations frequently cause concern to prescribers since 
DDIs in AD patients can be serious and even life-threatening.39 
Persons aged ≥65 use an estimated 4.5 prescription agents and 2 
over-the-counter preparations per day,40 and the number of 
concurrently used drugs is a significant predictor of adverse 
drug reactions. 
Interactions are also known to occur in NTDs, although the 
pharmacovigilance data are quite scarce.41 People suffering 
from these diseases are debilitated patients and young children, 
often with malnutrition or concomitant immunosuppressive 
diseases, thus particularly exposed to the risk of DDIs.42 
Another inherent advantage of MTDs relates to the 
simplification of the therapeutic regimen. NTDs are most 
prominent in resource-poor settings, which require less staff-
intensive therapies. Development of a more convenient 
treatment would greatly alleviate staff burden and, at the same 
time, will influence more patients to seek treatment. MTDs are 
also more manageable than combinations for forgetful AD 
patients and their caregivers. 
Moving to drug discovery issues, the advantages of a standard 
approval process of an individual active pharmaceutical 
ingredient (API) compared to a combination cannot be ruled 
out. The prediction of pharmacodynamic and pharmacokinetic 

relationships should be substantially less complex when dealing 
with a single agent, rather than two or more. Similarly, 
manufacture and formulation should be easier with respect to a 
mixture. This may be the foremost advantage of MTDs in the 
field of poverty-related NTDs. It further reduces the potential 
for cost to be a barrier to access to therapy.1 
Since the end of the 1990s, motivated by these considerations 
(outlined in Table 1), our medicinal chemistry efforts have 
sought to identify multitarget ligands for AD and NTDs. 
Working in academia, we exploited our insights and creativity 
to develop informative chemical probes. Although removed 
from real clinical application, we hope that our efforts will 
translate into innovative research, inspiring medicines that 
ultimately benefit patients.  
 

Table 1 Pro and cons of drug combinations vs. multitarget drugs. 

 

 
 

3 Multitarget approach vs. Alzheimer’s disease 
 
3.1 Bivalent ligand approach and dimebon-based bivalent 
compounds in AD 
 
The bivalent ligand strategy is a viable approach for using 
purposely designed small molecules to effectively target a wide 
range of therapeutically relevant proteins.43 It has emerged as 
particularly promising in an AD multitarget drug discovery 
context.44, 45 Bivalent compounds - small molecules consisting 
of two identical pharmacophores joined via an appropriate 
spacer - have exhibited an improved biological profile with 
respect to the corresponding monovalent counterparts (Fig. 
2).43,46
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Fig. 2 Mechanism of interaction of a monovalent and a bivalent ligand.  

 
Indeed, it is conceivable that molecular duplication could 
increase the binding affinity of monovalent ligands to a relevant 
target. Furthermore, the improved potency observed for such 
bivalent compounds is even higher than that of the sum of the 
two single pharmacophores, suggesting a synergic effect.46 
In the AD field, this approach has inspired the design of 
numerous drug candidates over the past decade, motivated by 
the peculiarity of the molecular architecture of a prototypical 
AD target, the enzyme AChE.47-50 The molecular similarity 
between the AChE catalytic (CAS) and peripheral anionic 
(PAS) sites has been exploited to develop bivalent AChE 
inhibitors that contact the two recognition sites simultaneously, 
resulting in inhibitors with markedly improved potency.51 
Furthermore, it has recently emerged that bivalent ligands may 
link independent recognition sites on other AD-validated 
targets, such as amyloid-β (Aβ) peptides.52, 53 In fact, several 
amyloid-binding compounds share a common bivalent 
structure, and the concept of “bivalent tweezers” has been 
particularly fruitful in understanding the amyloid structure.53 
Considering the oligomeric and repetitive features of fibrillar 
aggregates, a bivalent molecule can interact simultaneously 
with two binding surfaces, achieving higher potency and 
significantly enhancing the recognition process, avidity, and 
selectivity.43, 54, 55  
We recently exploited the bivalent ligand approach as a tool for 
improving the in vitro anti-AD multitarget profile of dimebon. 
Dimebon (latrepirdine) (1 in Fig. 3) is an old antihistamine 
drug. In the last few years, it has been proposed for the 
treatment of neurodegenerative disorders such as AD and  

 

Fig. 3 Design strategy and multitarget activities of 1-3.  

 
Huntington's diseases, and more recently schizophrenia.56 In 
2008, it attracted considerable interest within the AD 
community, following the completion of a small six-month 
clinical trial in Russia, in which it showed impressive 
cognition-enhancing effects in patients suffering from mild to 
moderate AD.57, 58 However, dimebon showed heterogeneous 
results in further replication trails,57-59 and, although it seemed 
to generally improve cognitive scores, it failed to exert a 
significant beneficial effect. Initially, dimebon’s mechanism of 
action was unknown, but it seemed to fulfil the promise of an 
effective multitarget drug for treating AD.60 It has been 
proposed that it may modulate several crucial AD targets, 
including voltage-gate Ca+2 channels, mitochondrial 
permeability transition pore, and several neurotransmitter 
receptors and enzymes. In particular, early research suggested 
that the therapeutic benefits of dimebon resulted from the 
combination of cholinesterase inhibition with the modulation of 
both the NMDA receptor and mitochondrial permeability 
transition pore, producing a synergic effect of remarkable 
clinical efficacy.61 However, this hypothesis has been 
potentially disproved by studies from Giorgetti et al., 
demonstrating that dimebon brain concentration, after acute 
oral administration to rats, is too low to significantly affect 
AChE or NMDA pathways (nanomolar vs. micromolar).62 
Although exposure levels of 1 in plasma and cerebrospinal 
fluids have not been reported, it is likely that the same situation 
could be replicated in humans.63

Despite its conflicting story, dimebon may still be considered 
an interesting starting point in pursuing a multitarget design 
strategy. Accordingly, in 2013 a new series of dimebon-based 
bivalent derivatives was obtained by connecting the γ-carboline 
moieties of 1 with variable-length polymethylene spacers and 
heteroatom or aromatic linkers, in an attempt to enhance the 

cholinesterase and NMDAR-blocking activities.64 The dimebon 
congeners resulted in new multitarget compounds with a 
markedly improved in vitro biological profile. 
Derivatives 2 and 3 (Fig. 3), with sub-micromolar activity 
against AChE (IC50 = 0.19 and 0.69 μM, respectively), were 
454- and 128-fold more potent than the parent compound, and 
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also more active than the marketed drugs galantamine (IC50 = 
2.01 µm)65 and rivastigmine (IC50 = 3.03 μM).66 The molecular 
duplication increased inhibitory potency against AChE, but had 
no negative effect on molecular recognition at NMDARs, 
providing inhibitory profiles close to that of the reference drug 
memantine. More importantly, the bivalent strategy allowed 1 
to be transformed from an ineffective compound against in 
vitro amyloid aggregation into a series of effective inhibitors. 
This reinforces the concept that bivalent ligands may be 
effective tools in amyloid recognition. These positive results 
support further evaluation of the bivalent ligand approach in 
multitarget drug discovery, and serve as the basis for 
developing new dimebon-based bivalent ligands that could 
yield more consistent clinical benefits. 
 
3.2 Memoquin-like quinones bearing non-steroidal anti-
inflammatory fragments in AD 
 
Memoquin (4 in Fig. 4), one of the first rationally designed 
multitarget drug candidates against AD,67 presents a remarkable 
in vitro profile, including a free-radical scavenger action and 
inhibition of Aβ aggregation and AChE activity. It also acts in 
several AD mouse models as an effective cognitive enhancer.68, 

69  
Building on 4, a new series of conjugates bearing memoquin-
like quinones combined with non-steroidal anti-inflammatory 
fragments, have recently been reported as second-generation 
multitarget ligands for AD.70 
The 2,5-diamino-benzoquinone scaffold of 4 has been deemed 
to have a crucial role in conferring the multiple activities, 
particularly inhibition of amyloidogenic protein aggregation 
(Fig. 5).71-75 This hypothesis is further supported by the anti-
aggregating capability displayed by several hybrid molecules 
featuring a 2,5-diamino-1,4-benzoquinone core connecting two 
aromatic appending moieties.76-80 

 

Fig. 4 Design strategy and multitarget activities of 4-6. 

 
The 2,5-diamino-1,4-benzoquinone fragment can thus be 
considered a truly privileged motif for interfering with protein-
protein interactions and a useful starting point for designing 
novel multitarget ligands against AD. Accordingly, a new series 
of hybrids was designed and synthesized by connecting the 2,5-
diamino-benzoquinone core with several non-steroidal anti-
inflammatory drugs (NSAIDs), such as ibuprofen, sulindac, 
indomethacin, diclofenac, and flurbiprofen, through appropriate 
polyamine linkers. This specific NSAID subset was chosen 
because it directly inhibits Aβ fibril formation, destabilizes 
preformed Aβ fibrils,81 and affects the production of Aβ.82 
Furthermore, epidemiological studies have indicated that 
NSAIDs may lower the risk of developing AD.83  
The most striking result was that all quinone-NSAID 
conjugates inhibited Aβ aggregation in the low micromolar 
range. In agreement with the anti-aggregating properties 
reported for some NSAIDs,81 the presence of the anti-
inflammatory fragments led to an inhibitory potency similar to 
that of the parent compound 4. Notably, the diclofenac hybrid 5
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Fig. 5 Schematic interaction between Aβ42 and the 2,5-

diaminobenzoquinone scaffold. Due to the possible hydrogen bond and π-

stacking interactions, it can be considered an anti-aggregating privileged 

motif. 

 
(Fig. 4), with a remarkable IC50 of 3.15 μM, was not only the 
most active compound of the current series, but also the top-
ranked among all the 4 derivatives tested so far.65, 76, 80, 84 
Additionally, the current series retained the cholinesterase 
inhibitory activity, which nicely complements the anti-amyloid 
one. The new hybrids are 3-fold less potent than 4, but still 
retain good inhibitory potencies in the micromolar range 
against human AChE (hAChE) and human BuChE (hBuChE). 
Notably, the ibuprofen derivative 6 (IC50 = 0.60 µM) was the 
most active of the series, being more potent than the marketed 
drugs galantamine 65 and rivastigmine.66 
Thanks to a balanced micromolar Aβ/cholinesterase profile, 
these quinone-NSAIDs hybrids could be a promising starting 
point in the search for new multitarget ligands against AD.  
 
4 Multitarget approach vs. Neglected tropical 
diseases 
 
4.1 Target-based and phenotypic approaches for NTDs 
 
Nowadays, both target-based and phenotypic approaches are 
widely used in NTD drug discovery.85  
The two approaches are not mutually exclusive, but should 
rather be viewed as complementary.86 As reported below, the 
integrated combination of both phenotypic and target-based 
approaches was particularly productive when searching for 
multitarget ligands.86 
To identify multitarget hit compounds, natural products are 
attractive for several reasons. First, it is recognised that natural 
product fragments offer evolutionarily selected and biologically 
pre-validated frameworks with high hit rates for compound 
collection development.87, 88 Second, due to their mode of 
generation, natural products are intrinsically able to bind to 
multiple targets.89 This is because they have a complex 
structure and their synthesis involves a range of enzymes, each 
of which has distinct architectures and molecule-binding 

cavities. The synthesised molecule must be able to interact with 
all of these.89 Third, natural products serve plants and animals 
as potent defence chemicals with an intrinsic pleiotropic 
mechanism of action.90 
In natural product chemical space, naphthoquinone and other 
related quinone derivatives have been reported as one of the 
major classes with significant activity against Trypanosoma and 
Leishmania parasites.91-93 For instance, lapachol (2-hydroxy-3-
(3-methyl-2-butenyl)-1,4-naphthoquinone), obtained from 
Tabebuia avellanedae, exhibits a marked anti-trypanosomal 
activity, while displaying a good safety profile.94 In view of the 
well-known biological properties of this compound class, it is 
highly conceivable that naphthoquinones exert their 
trypanocidal activity by means of a multitarget mechanism. 
We have reported a focused library of 16 natural-inspired 1,4-
naphthoquinone and 1,4-anthraquinone derivatives, showing a 
promising anti-trypanosomatid profile in a phenotypic 
screening.95 The lead of this series, 2-phenoxy-1,4-
naphthoquinone (7, B6 in Fig. 6), showed an ED50 of 80 nM 
against Trypanosoma brucei rhodesiense. Its selectivity index 
(ratio of the compound’s ED50 values on mammalian cell lines 
and trypanosomes) was 74, which is very close to the 
specifications required by WHO/TDR to be considered an anti-
trypanosomatid hit.96 The putative molecular target(s) of B6, 
initially undisclosed, were subsequently fished out from 
trypanosomal cell lysates, by means of chemical proteomics.97 
Two potential targets of B6 have been identified, namely 
glycosomal glycerol kinase (TbGK) and glycosomal 
glyceraldehyde-3-phosphate dehydrogenase (TbGAPDH). In 
biochemical experiments, B6 inhibited both enzymes with IC50 
values in the micromolar range.97 GK may be considered a sub-
optimal drug target because it does not play an essential role in 
the trypanosome’s metabolism under most physiological 
conditions. However, GAPDH is a vital parasitic enzyme and a 
well-validated molecular target for antiparasitic drug 
discovery.98 Accordingly, evidence from several experiments 
suggests a GAPDH covalent inhibition, probably through a 
cysteine trapping mechanism, which is still to be confirmed by 
ongoing studies. To fully account for the nanomolar efficacy of 
B6, and considering that chemical proteomics is not suitable for 
identifying non-protein targets, other mechanisms needed to be 
considered.97 Based on a vast literature reporting on the general 
properties of quinones and naphthoquinones to generate free 
radicals and interact with the mitochondrial respiratory chain,99-

102 we evaluated oxygen consumption in permeabilized 
trypanosomes and production of reactive oxygen species (ROS) 
in trypanosome mitochondrial cell fractions. We thus 
demonstrated that B6 also interfered with the respiratory chain 
by generating ROS, supporting the likelihood that B6 interacts 
with additional targets located in T. brucei’s mitochondrion. 97 
Although the phenotypic approach is useful and might limit the 
attrition rate in NTD drug discovery, we found that the 
subsequent target deconvolution step is not so straightforward. 
However, identifying the molecular targets involved is crucial 
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for understanding the underlying mechanisms and further 
optimizing the identified active compounds.103 

 

Fig. 6 Design strategy and multitarget activities of 7-9. 

 
Thus, in parallel to the phenotypic approach we also used 
hypothesis-driven target-based design to develop dual-targeted 
inhibitors of trypanosomatid enzymes.104 Of particular interest 
were inhibitors directed towards GAPDH and trypanothione 
reductase (TR), another promising NTDs drug target.105, 106 We 
took B6 as a suitable starting point because of its ability to 
inhibit GAPDH and TR in the micromolar range. For this, we 
used a framework combination approach, which is frequently 
exploited in multitarget drug design.107, 108 The 2-
phenoxyquinone structure of B6 was combined, through 
merging and fusing strategies,109 with an aminoalkoxy 
coumarin scaffold. We selected the coumarin core, contained in 
chalepin, a natural product GAPDH inhibitor (IC50 64 μM),110 
to potentially enhance the anti-GAPDH profile of B6, with the 
amino tail theoretically allowing selectivity for TR/hGR (the 
human counterpart, glutathione reductase). Thus, we sought to 
exploit the structural differences between the two enzymes.111 
Of the merged derivative, 8 (Fig. 6) showed an IC50 value of 
5.4 μM against TbGAPDH and a concomitant Ki of 2.7 μM 
against TR. This molecule is the first derivative ever reported 
that shows a truly dual profile against enzymes from 
trypanosomatid pathways. However, when tested against the 
whole parasites, the in vivo data did not mirror the enzymatic 
inhibitory potencies. This suggests that other targets might be 
involved in the mechanism of action. Despite this, compound 9 
(Fig. 6) belonging to the fused series displayed a remarkable 
EC50 value for T. brucei parasites (0.026 μM) combined with a 
very low cytotoxicity towards mammalian L6 cells (7.95 μM). 
This promising low toxicity might be because it does not 
interfere with hGR and has a low propensity to act as a 
subversive substrate against this enzyme. Collectively, these 
results point to multitarget drug discovery being an extremely 
complex task. However, the potentially high rewards of MTDs 
may make their development a risk worth taking. 
 

Conclusions 

If the positive features of MTDs are over-emphasised, they may 
be seen as a panacea. This would be rather naive and 
overoptimistic, given the various challenges and failures 
already experienced in MTD development.  
Although seductive, there is much about the MTD concept that 
is problematic, and the rush to use 'MTD ideas' has run ahead of 
many fundamental conceptual, theoretical, and practical 
questions.  
From a systems biology perspective, the major drawback is that 
we only partially know the pathways/mechanisms of many 
diseases at the molecular level. It is exceedingly difficult to 
derive a full polypharmacological network without the 
complete data.14  
From a medicinal chemistry perspective, this area still 
represents a major challenge, despite the tremendous 
recognized potential.112 Lead identification and optimization 
are a central and mainly unsolved problem in MTDD. It is 
unclear how to optimize a compound series for multiple targets. 
In most cases, we do not even know how much potency at each 
single target is required and what the desired balance is 
between the potencies. We have only just begun to develop the 
concepts and methodologies that can address the varied nature 
of these problems.108, 113 
How to overcome the challenges that lie ahead and avoid the 
risk of stagnation in MTDD?  
One proven route to the discovery of new drugs is innovation 
through synergistic industrial-academic collaborations.114 With 
increased interaction, mutual understanding, and respect for the 
respective priorities, it should be possible to further bridge the 
gap and translate the large public investment in basic sciences 
into drugs that can effectively cure these and other devastating 
diseases. 
 
Acknowledgements 
 
Grace Fox is kindly acknowledged for editing and proofreading 
the manuscript. The University of Bologna (Italy) and MIUR 
(PRIN 201274BNKN_003) are gratefully acknowledged for 
financial support. 
 
Notes and references 
 
a Department of Drug Discovery & Development, Istituto Italiano di 

Tecnologia, Via Morego 30, 16163 Genova (Italy). 
b Department of Pharmacy & Biotechnology, University of Bologna, Via 

Belmeloro 6, 40126 Bologna (Italy). 

 

1 M. L. Bolognesi, Curr. Med. Chem., 2013, 20, 1639-1645. 

2 J.-U. Peters, Polypharmacology in Drug Discovery, Wiley 2012. 

3 J. R. Morphy and C. J. Harris, Designing multi-target drugs, Royal 

Society of Chemistry 2012. 

4 J.-U. Peters, J. Med. Chem., 2013, 6, 8955-8971. 

Page 8 of 11Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



REVIEW MedChemComm 

8 | MedChemComm, 2014, 00, 1-10 This journal is © The Royal Society of Chemistry 2014 

5 E. Viayna, I. Sola, O. Di Pietro and D. Munoz-Torrero, Curr. Med. 

Chem., 2013, 20, 1623-1634. 

6 F. Noorbakhsh, C. M. Overall and C. Power, Trends Neurosci., 2009, 

32, 88-100. 

7 A. S. Azmi, Future Med. Chem., 2012, 4, 939-941. 

8 M. A. Yildirim, K. I. Goh, M. E. Cusick, A. L. Barabasi and M. 

Vidal, Nat. Biotechnol., 2007, 25, 1119-1126. 

9 A. L. Hopkins, Nat. Chem. Biol., 2008, 4, 682-690. 

10 A. Larhlimi, S. Blachon, J. Selbig and Z. Nikoloski, BioSystems, 

2011, 106, 1-8. 

11 A. Pujol, R. Mosca, J. Farres and P. Aloy, Trends Pharmacol. Sci., 

2010, 31, 115-123. 

12 A. L. Hopkins, J. S. Mason and J. P. Overington, Curr. Opin. Struct. 

Biol., 2006, 16, 127-136. 

13 A. D. Boran and R. Iyengar, Curr. Opin. Drug Discov. Devel., 2010, 

13, 297-309. 

14 A. S. Reddy and S. Zhang, Expert Rev. Clin. Pharmacol., 2013, 6, 

41-47. 

15 J. L. Medina-Franco, M. A. Giulianotti, G. S. Welmaker and R. A. 

Houghten, Drug Discov. Today, 2013, 18, 495-501. 

16 J. J. Lu, W. Pan, Y. J. Hu and Y. T. Wang, PloS one, 2012, 7, 

e40262. 

17 A. L. Hopkins, Nat. Biotechnol., 2007, 25, 1110-1111. 

18 A. Wimo, B. Winblad and L. Jonsson, Alzheimers Dement., 2010, 6, 

98-103. 

19 Dementia statistics, http://www.alz.co.uk/research/statistics, 2013. 

20 M. N. Pangalos, L. E. Schechter and O. Hurko, Nat. Rev. Drug 

Discov., 2007, 6, 521-532. 

21 R. E. Becker and N. H. Greig, Alzheimers Dement., 2013, 9, 50-57. 

22 P. Raina, P. Santaguida, A. Ismaila, C. Patterson, D. Cowan, M. 

Levine, L. Booker and M. Oremus, Ann. Intern. Med., 2008, 

148, 379-397. 

23 D. Molyneux, A. Fenwick and L. Savioli, New Engl. J. Med., 2007, 

357, 2407-2408. 

24 F. Heras, in Third World Diseases, ed. R. Elliott, Springer Berlin 

Heidelberg2011, vol. 7, ch. 12, pp. 1-46. 

25 S. L. Croft, Parasite, 2008, 15, 522-527. 

26 J. M. Bethony, R. N. Cole, X. T. Guo, S. Kamhawi, M. W. 

Lightowlers, A. Loukas, W. Petri, S. Reed, J. G. Valenzuela 

and P. J. Hotez, Immunol. Rev., 2011, 239, 237-270. 

27 V. Avery, F. Buckner, J.  Baell, A. Fairlamb, P.A. Michels, R. 

Tarleton, Future Med. Chem., 2013, 5, 1709-1718. 

28 A. Franceschini, D. Szklarczyk, S. Frankild, M. Kuhn, M. 

Simonovic, A. Roth, J. Lin, P. Minguez, P. Bork, C. von Mering and 

L. J. Jensen, Nucleic Acids Res., 2013, 41, D808-815. 

29 A. Cavalli, M. L. Bolognesi, A. Minarini, M. Rosini, V. Tumiatti, M. 

Recanatini and C. Melchiorre, J. Med. Chem., 2008, 51, 347-372. 

30 A. Cavalli and M. L. Bolognesi, J. Med. Chem., 2009, 52, 7339-7359. 

31 M. L. Bolognesi, E. Simoni, M. Rosini, A. Minarini, V. Tumiatti and 

C. Melchiorre, Curr. Top. Med. Chem., 2011, 11, 2797-2806. 

32 M. L. Bolognesi, Curr. Top. Med. Chem., 2011, 11, 2824-2833. 

33 R. Morphy and Z. Rankovic, J. Med. Chem., 2005, 48, 6523-6543. 

34 R. Iyengar, EMBO rep., 2013, 14, 1039-1042. 

35 R. Morphy, J. Med. Chem., 2010, 53, 1413-1437. 

36 M. B. H. Youdim and J. J. Buccafusco, Trends Pharmacol. Sci., 

2005, 26, 27-35. 

37 C. J. Van der Schyf, W. J. Geldenhuys and M. B. Youdim, J. 

Neurochem., 2006, 99, 1033-1048. 

38 M. J. Millan, Pharmacol. Ther., 2006, 110, 135-370. 

39 S. H. Preskorn and D. Flockhart, Primary psychiatry, 2006, 13, 35. 

40 A. L. Seritan, Curr. Psychiatry, 2008, 7, 57-67. 

41 K. Seden, S. Khoo, D. Back, N. Prevatt, M. Lamorde, P. Byakika-

Kibwika, J. Mayito, M. Ryan and C. Merry, AIDS, 2013, 27, 

675-686. 

42 J. Rybniker, V. Goede, J. Mertens, M. Ortmann, W. Kulas, M. 

Kochanek, T. Benzing, J. R. Arribas and G. Fatkenheuer, Int. 

J. Infect. Dis., 2010, 14, e522-525. 

43 M. Staderini, G. Legname, M. L. Bolognesi and J. C. Menendez, 

Curr. Top. Med. Chem., 2013, 13, 2491-2503. 

44 M. L. Bolognesi, A. Cavalli, L. Valgimigli, M. Bartolini, M. Rosini, 

V. Andrisano, M. Recanatini and C. Melchiorre, J. Med. 

Chem., 2007, 50, 6446-6449. 

45 M. L. Bolognesi, M. Bartolini, F. Mancini, G. Chiriano, L. Ceccarini, 

M. Rosini, A. Milelli, V. Tumiatti, V. Andrisano and C. 

Melchiorre, ChemMedChem, 2010, 5, 1215-1220. 

46 P. S. Portoghese, J. Med. Chem., 2001, 44, 2259-2269. 

47 M. L. Bolognesi, A. Minarini, M. Rosini, V. Tumiatti and C. 

Melchiorre, Mini Rev. Med. Chem., 2008, 8, 960-967. 

48 H. Haviv, D. M. Wong, I. Silman and J. L. Sussman, Curr. Top. Med. 

Chem., 2007, 7, 375-387. 

49 D. Munoz-Torrero and P. Camps, Curr. Med. Chem., 2006, 13, 399-

422. 

50 C. Galdeano, E. Viayna, P. Arroyo, A. Bidon-Chanal, J. R. Blas, D. 

Munoz-Torrero and F. J. Luque, Curr. Pharm. Des., 2010, 16, 

2818-2836. 

51 Y. P. Pang, P. Quiram, T. Jelacic, F. Hong and S. Brimijoin, J. Biol. 

Chem., 1996, 271, 23646-23649. 

52 M. Bartolini and V. Andrisano, ChemBioChem, 2010, 11, 1018-1035. 

53 A. A. Reinke and J. E. Gestwicki, Chem. Biol. Drug Des., 2011, 77, 

399-411. 

54 J. E. Gestwicki and P. S. Marinec, Comb. Chem. High Throughput 

Screen., 2007, 10, 667-675. 

55 T. W. Corson, N. Aberle and C. M. Crews, ACS Chem. Biol., 2008, 3, 

677-692. 

56 N. Cano-Cuenca, J. E. Solis-Garcia del Pozo and J. Jordan, J. 

Alzheimers Dis., 2014, 38, 155-164. 

57 A. Burns and R. Jacoby, Lancet, 2008, 372, 179-180. 

58 R. S. Doody, S. I. Gavrilova, M. Sano, R. G. Thomas, P. S. Aisen, S. 

O. Bachurin, L. Seely and D. Hung, Lancet, 2008, 372, 207-

215. 

59 Medscape News Today, http://www.medscape.com/viewarticle/718401, 

2010. 

60 A. Cavalli and M. L. Bolognesi, ed. J.-U. Peters, John Waley & Sons, 

New York2012, p. 441. 

61 S. Bachurin, E. Bukatina, N. Lermontova, S. Tkachenko, A. 

Afanasiev, V. Grigoriev, I. Grigorieva, Y. Ivanov, S. Sablin 

and N. Zefirov, Ann. N. Y. Acad. Sci., 2001, 939, 425-435. 

62 M. Giorgetti, J. A. Gibbons, S. Bernales, I. E. Alfaro, C. Drieu La 

Rochelle, T. Cremers, C. A. Altar, R. Wronski, B. Hutter-Paier 

and A. A. Protter, J. Pharmacol. Exp. Ther., 2010, 333, 748-

757. 

Page 9 of 11 Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



MedChemComm REVIEW 

This journal is © The Royal Society of Chemistry 2014 MedChemComm, 2014, 00, 1-10 | 9 

63 I. Okun, S. E. Tkachenko, A. Khvat, O. Mitkin, V. Kazey and A. V. 

Ivachtchenko, Curr. Alzheimer Res., 2010, 7, 97-112. 

64 M. Rosini, E. Simoni, M. Bartolini, E. Soriano, J. Marco-Contelles, 

V. Andrisano, B. Monti, M. Windisch, B. Hutter-Paier, D. W. 

McClymont, I. R. Mellor and M. L. Bolognesi, 

ChemMedChem, 2013, 8, 1276-1281. 

65 M. L. Bolognesi, R. Banzi, M. Bartolini, A. Cavalli, A. Tarozzi, V. 

Andrisano, A. Minarini, M. Rosini, V. Tumiatti, C. Bergamini, 

R. Fato, G. Lenaz, P. Hrelia, A. Cattaneo, M. Recanatini and 

C. Melchiorre, J. Med. Chem., 2007, 50, 4882-4897. 

66 M. Rosini, E. Simoni, M. Bartolini, A. Tarozzi, R. Matera, A. Milelli, 

P. Hrelia, V. Andrisano, M. L. Bolognesi and C. Melchiorre, 

Eur. J. Med. Chem., 2011, 46, 5435-5442. 

67 A. Cavalli, M. L. Bolognesi, S. Capsoni, V. Andrisano, M. Bartolini, 

E. Margotti, A. Cattaneo, M. Recanatini and C. Melchiorre, 

Angew. Chem. Int. Ed. Engl., 2007, 46, 3689-3692. 

68 M. L. Bolognesi, A. Cavalli and C. Melchiorre, Neurotherapeutics, 

2009, 6, 152-162. 

69 V. Capurro, P. Busquet, J. P. Lopes, R. Bertorelli, G. Tarozzo, M. L. 

Bolognesi, D. Piomelli, A. Reggiani and A. Cavalli, PloS one, 

2013, 8, e56870. 

70 F. Prati, M. Bartolini, E. Simoni, A. De Simone, A. Pinto, V. 

Andrisano and M. L. Bolognesi, Bioorg. Med. Chem. Lett., 

2013, 23, 6254-6258. 

71 K. Ono, K. Hasegawa, H. Naiki and M. Yamada, Biochem. Biophys. 

Res. Commun., 2005, 330, 111-116. 

72 M. Convertino, R. Pellarin, M. Catto, A. Carotti and A. Caflisch, 

Protein Sci., 2009, 18, 792-800. 

73 Y. Kim, J. H. Lee, J. Ryu and D. J. Kim, Curr. Pharm. Des., 2009, 

15, 637-658. 

74 P. Bermejo-Bescos, S. Martin-Aragon, K. L. Jimenez-Aliaga, A. 

Ortega, M. T. Molina, E. Buxaderas, G. Orellana and A. G. 

Csaky, Biochem. Biophys. Res. Commun., 2010, 400, 169-174. 

75 R. Scherzer-Attali, R. Pellarin, M. Convertino, A. Frydman-Marom, 

N. Egoz-Matia, S. Peled, M. Levy-Sakin, D. E. Shalev, A. 

Caflisch, E. Gazit and D. Segal, PloS one, 2010, 5, e11101. 

76 M. L. Bolognesi, M. Bartolini, M. Rosini, V. Andrisano and C. 

Melchiorre, Bioorg. Med. Chem. Lett., 2009, 19, 4312-4315. 

77 M. L. Bolognesi, A. Cavalli, C. Bergamini, R. Fato, G. Lenaz, M. 

Rosini, M. Bartolini, V. Andrisano and C. Melchiorre, J. Med. 

Chem., 2009, 52, 7883-7886. 

78 S. Bongarzone, H. N. Tran, A. Cavalli, M. Roberti, P. Carloni, G. 

Legname and M. L. Bolognesi, J. Med. Chem., 2010, 53, 8197-

8201. 

79 H. N. Tran, S. Bongarzone, P. Carloni, G. Legname and M. L. 

Bolognesi, Bioorg. Med. Chem. Lett., 2010, 20, 1866-1868. 

80 M. L. Bolognesi, M. Bartolini, A. Tarozzi, F. Morroni, F. Lizzi, A. 

Milelli, A. Minarini, M. Rosini, P. Hrelia, V. Andrisano and C. 

Melchiorre, Bioorg. Med. Chem. Lett., 2011, 21, 2655-2658. 

81 M. Hirohata, K. Ono, H. Naiki and M. Yamada, Neuropharmacol., 

2005, 49, 1088-1099. 

82 S. Weggen, J. L. Eriksen, P. Das, S. A. Sagi, R. Wang, C. U. Pietrzik, 

K. A. Findlay, T. E. Smith, M. P. Murphy, T. Bulter, D. E. 

Kang, N. Marquez-Sterling, T. E. Golde and E. H. Koo, 

Nature, 2001, 414, 212-216. 

83 B. A. in t' Veld, A. Ruitenberg, A. Hofman, L. J. Launer, C. M. van 

Duijn, T. Stijnen, M. M. Breteler and B. H. Stricker, N. Engl. 

J. Med., 2001, 345, 1515-1521. 

84 M. L. Bolognesi, G. Chiriano, M. Bartolini, F. Mancini, G. 

Bottegoni, V. Maestri, S. Czvitkovich, M. Windisch, A. 

Cavalli, A. Minarini, M. Rosini, V. Tumiatti, V. Andrisano and 

C. Melchiorre, J. Med. Chem., 2011, 54, 8299-8304. 

85 I. H. Gilbert, J. Med. Chem., 2013, 56, 7719-7726. 

86 A. Cavalli, F. Lizzi, S. Bongarzone, F. Belluti, L. Piazzi and M. L. 

Bolognesi, FEMS Immunol. Med. Microbiol., 2010, 58, 51-60. 

87 R. Breinbauer, I. R. Vetter and H. Waldmann, Angew. Chem. Int. Ed. 

Engl., 2002, 41, 2879-2890. 

88 T. Lessmann, M. G. Leuenberger, S. Menninger, M. Lopez-Canet, O. 

Muller, S. Hummer, J. Bormann, K. Korn, E. Fava, M. Zerial, 

T. U. Mayer and H. Waldmann, Chem. Biol. Drug Des., 2007, 

14, 443-451. 

89 H. F. Ji, X. J. Li and H. Y. Zhang, EMBO reports, 2009, 10, 194-200. 

90 M. Wink, in Modern Alkaloids, ed. E. Fattorusso, &, Taglialatela-

Scafati, O., Wiley- VCH Verlag GmbH Co. KGaA, Weinheim 

2008, pp. 1-24. 

91 O. Kayser, A. F. Kiderlen and S. L. Croft, Parasitol. Res., 2003, 90, 

S55-62. 

92 A. V. Pinto and S. L. de Castro, Molecules, 2009, 14, 4570-4590. 

93 C. O. Salas, M. Faundez, A. Morello, J. D. Maya and R. A. Tapia, 

Curr. Med. Chem., 2011, 18, 144-161. 

94 K. Krohn, H. Hussain, U.A. Viqar, A.M. Ghulam and I.R. Green, 

Arkivoc Special Issue Reviews and Accounts, 2007, 145–171. 

95 M. L. Bolognesi, F. Lizzi, R. Perozzo, R. Brun and A. Cavalli, 

Bioorg. Med. Chem. Lett., 2008, 18, 2272-2276. 

96 S. Nwaka and A. Hudson, Nat. Rev. Drug Discov., 2006, 5, 941-955. 

97 S. Pieretti, J. R. Haanstra, M. Mazet, R. Perozzo, C. Bergamini, F. 

Prati, R. Fato, G. Lenaz, G. Capranico and R. Brun, PLoS 

Negl. Trop. Dis., 2013, 7, e2012. 

98 C. L. M. Verlinde, V. Hannaert, C. Blonski, M. Willson, J. J. Perie, 

L. A. Fothergill-Gilmore, F. R. Opperdoes, M. H. Gelb, W. G. 

Hol and P. A. Michels, Drug Resist. Updat., 2001, 4, 50-65. 

99 A. Boveris, A. O. Stoppani, R. Docampo and F. S. Cruz, Comp. 

Biochem. Physiol. C., 1978, 61 C, 327-329. 

100 A. Morello, M. Pavani, J. A. Garbarino, M. C. Chamy, C. Frey, J. 

Mancilla, A. Guerrero, Y. Repetto and J. Ferreira, Comp. 

Biochem. Physiol. C. Pharmacol. Toxicol. Endocrinol., 1995, 

112, 119-128. 

101 R. Fato, C. Bergamini, S. Leoni and G. Lenaz, Biofactors, 2008, 32, 

31-39. 

102 R. F. Menna-Barreto, R. L. Goncalves, E. M. Costa, R. S. Silva, A. 

V. Pinto M. F. Oliveira and S. L. de Castro, Free Radic. Biol. 

Med., 2009, 47, 644-653. 

103 J. Lee and M. Bogyo, Curr. Opin. Chem. Biol., 2013, 17, 118-126. 

104F. Belluti, E. Uliassi, G. Veronesi, C. Bergamini, M. Kaiser, R. Brun, 

A. Viola, R. Fato, P. A. Michels, R. L. Krauth-Siegel, A. 

Cavalli and M. L. Bolognesi, ChemMedChem, 2014, 9, 371-

382. 

105 A. Schmidt and R. L. Krauth-Siegel, Curr. Top. Med. Chem., 2002, 2, 

1239-1259. 

Page 10 of 11Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



REVIEW MedChemComm 

10 | MedChemComm, 2014, 00, 1-10 This journal is © The Royal Society of Chemistry 2014 

106 X. Barros-Alvarez, M. Gualdron-Lopez, H. Acosta, A. J. Caceres, M. 

A. Graminha, P. A. Michels, J. L. Concepcion and W. 

Quinones, Curr. Med. Chem., 2013. [Epub ahead of print] 

107 R. Morphy and Z. Rankovic, Drug Discov. Today, 2007, 12, 156-160. 

108 G. Bottegoni, A. D. Favia, M. Recanatini and A. Cavalli, Drug 

Discov. Today, 2012, 17, 23-34. 

109 X. H. Ma, Z. Shi, C. Tan, Y. Jiang, M. L. Go, B. C. Low and Y. Z. 

Chen, Pharmaceut. Res., 2010, 27, 739-749. 

110 F. Pavao, M. S. Castilho, M. T. Pupo, R. L. Dias, A. G. Correa, J. B. 

Fernandes, M. F. da Silva, J. Mafezoli, P. C. Vieira and G. 

Oliva, FEBS lett., 2002, 520, 13-17. 

111 R. L. Krauth-Siegel and O. Inhoff, Parasitol. Res., 2003, 90, S77-

S85. 

112 B. L. Roth, ACS Med. Chem. Lett., 2013, 4, 316-318. 

113 R. Morphy and Z. Rankovic, Drug Discov. Today, 2007, 12, 156-160. 

114 N. S. Gray, Nat. Chem. Biol., 2006, 2, 649-653. 

 

 

Page 11 of 11 Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t


