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Drug Repurposing: An Advance Way e
to Traditional Drug Discovery

Priya Joon, Mini Dahiya, Garima Sharma, Kritika Sharma, Eupa Ray,
Monika Kadian, Ranbir Chander Sobti, Sanjeev Puri, and Anil Kumar

Abstract Despite advancements in drug discovery techniques, developing medica-
tions for diverse ailments still remains challenging. As a result, novel techniques such
as drug repurposing are required to develop therapeutics to treat both common and rare
disorders. Drug repurposing is a potential approach in drug discovery for identifying
new therapeutic applications for existing medications that are distinct from the original
medical indication. Identification of new indications for existing drugs by drug
repurposing has the potential to supplement traditional drug development by reducing
the substantial monetary and time costs and hazards associated with the latter. To date,
most of the repurposed drugs are a result of serendipitous discovery through careful
observations by physicians, medical staffs and basic researchers. Repurposing
approaches involving experimental screening and computational approaches are
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already developed to increase the speed and ease of the repurposing process. With the
advancement of technologies such as proteomics, genomics, transcriptomics,
metabolomics and the availability of massive databases resources such as drug
omics data, disease omics data and so on, there are a plethora of opportunities to
discover drugs by combining all of the above methods/approaches.

Keywords Drug repurposing - Genomics - Proteomics - Transcriptomics

1.1 Introduction

Translation of fundamental research findings into meaningful medicinal break-
throughs is an essential objective of biomedical research. Despite advancements in
drug discovery techniques, developing medications for diverse ailments still remains
challenging (Gribkoff and Kaczmarek 2017). As a result, novel techniques such as
drug repurposing are required to develop therapeutics to treat both common and rare
disorders. Attempts to create novel remedies for diseases are typically expensive and
unsatisfactory, necessitating both extensive timeframes and large expenditures. The
repurposing of safe existing medications to new indications, on the other hand, offers
a cost-effective and time-saving alternative (Morofuji and Nakagawa 2020). Drug
repurposing is a revolutionary method of discovering new applications for existing
medications that are not covered by the original medical indication (Pushpakom
2022). Drug repurposing makes advantage of the adaptability of approved medica-
tions to reassign them to a new function (Nosengo 2016). Other phrases commonly
employed in this context include drug repositioning, drug reprofiling and drug
re-tasking, all of which have somewhat different meanings but are used interchange-
ably with drug repurposing. This alternate method of drug discovery fast-tracking is
gaining popularity (Morofuji and Nakagawa 2020). Some of the early examples of
repurposing depended on serendipity and retrospective clinical experience, resulting
in the effective repurposing of previously unsuccessful medications such as
thalidomide and sildenafil in a variety of illness situations. Modern repurposing
methodologies, on the other hand, make use of an ever-expanding pool of drug- and
disease-related data, computationally driven hypothesis development and high
throughput screening methods to identify fresh applications for existing medications
(Pushpakom 2022). Furthermore, systematic drug repurposing involving network
analysis, data mining and machine learning is also expected to play an important role
in future treatment developments.

1.2 Rationale of Drug Repurposing

Drug development is a complicated, time-consuming and expensive process with high
failure rates. An average of 12—15 years is required for a drug to be approved (Wouters
et al. 2020). The investment necessary to get it rises exponentially as the drug
progresses through the regulatory development phase, which precedes clinical stages,
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Fig. 1.1 Traditional drug discovery versus drug repurposing

until it is eventually approved for marketing by the respective regulatory bodies.
Furthermore, clinical translation of results from sophisticated animal and cellular
models is limited (Leenaars et al. 2019). In this context, drug repurposing has gained
prominence in recent years as a means of expediting the drug development process
(Pushpakom et al. 2019) (Fig. 1.1). Drug repurposing is a potential approach in drug
discovery for identifying new therapeutic applications for existing medications that are
distinct from the original medical indication (Cantrell et al. 2021). Drug repurposing,
using known drugs and compounds for new indications, offers a number of advantages
over traditional approaches to de novo drug discovery and development, as these ‘old
drugs’ have already been proven safe in humans. The advantages include (a) Faster
drug development timeline compared to the conventional method; (b) reduced
healthcare cost; (c) faster regulatory approval; (d) risk reduction; (e) higher odds of
success and faster investment return and (f) further understanding of disease mecha-
nisms which may lead to development of novel entities structurally similar but more
potent to the repurposed drug (Cantrell et al. 2021; Pushpakom 2022). In recent years,
drug repurposing has emerged as a viable strategy to increase the overall productivity
of drug discovery. According to estimates, drug repurposing can possibly make a
treatment ready for usage in patients within 3—12 years at a total cost of $40-80
million, as opposed to at least 13—15 years and a cost of $2-3 billion for creating a new
drug (Cha et al. 2018; Pushpakom 2022). Drug repurposing is also seen to be an
acceptable strategy for discovering treatments for orphan and rare diseases, and it is
predicted to play a significant role in this area in the future. Indeed, despite the fact that
rare diseases impact over 350 million people globally, creating de novo therapies for
their limited individual markets is not profitable enough to attract economic interest
(Gelosa et al. 2020a, b).
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1.3 Role of Drug Repurposing in Conventional
Pharmaceutical Market

Over the last 30 years, it has been abundantly evident that the pharmaceutical
business is experiencing an ever-increasing productivity gap (Scannell et al. 2012).
Despite greater expenditures in cutting-edge technology and a better understanding
of numerous human diseases, in conjunction with advancements in fields such as
genomics and proteomics, the pharmaceutical industry has struggled to translate
these into viable therapeutic outcomes. The global pharmaceutical industry is
confronting a high medication attrition rate, rising drug development costs ($2-3
billion per medicine), and increased delay to bring novel chemical entities to market
(average of 12 years) (Pushpakom 2022). Many lead compounds that demonstrate
success in pre-clinical studies fail in later clinical trials. Rising research costs, high
failure rates and an ever-increasing time to bring a molecule from bench to approval
have made the pharmaceutical sector a less appealing investment. The pharmaceu-
tical sector returns less than a $1 for every dollar invested on research and develop-
ment (R&D). Drug repurposing is largely seen as a viable solution to this ‘problem’
(Pushpakom 2022). It is frequently appropriate to repurpose medications or failed
drug candidates for new use (Naylor 2015). Most successful drug repositioning cases
are aimed to repurposing drugs for a new indication (Pantziarka et al. 2018).
However, most drug repositioning cases occur more by chance than a systematical
design (Huang 2020). Identification of new indications for existing drugs by drug
repurposing has the potential to supplement traditional drug development by reduc-
ing the substantial monetary and time costs and hazards associated with the latter
(Cha et al. 2018). A prospective repurposing medicine will have a well-established
safety and toxicity profile, with data previously amassed in preparation for regula-
tory approval. Repurposing a medicine with an existing favourable safety profile
onto the market for a different indication not only saves time but also increases
possible returns on investment (Ashburn and Thor 2004; Pushpakom 2022).

1.4 Roadmap to Modern Drug Repurposing

Historically, drug repurposing has largely been an unintended, fortuitous process
that occurs when a medicine is discovered to have an off-target impact or a
previously undetected on-target effect that might be put to another purpose. The
discovery of two of the most successful medication repurposing instances, thalido-
mide and sildenafil citrate, was entirely inadvertent and serendipitous, and was based
on retrospective clinical experience. Sildenafil, which was originally developed for
angina pectoris and failed as a cardiovascular drug, has been repurposed for the
treatment of erectile dysfunction and, subsequently, pulmonary arterial hypertension
(Ghofrani et al. 2006). In March 1998, the FDA approved Viagra (sildenafil) for the
treatment of men with erectile dysfunction. It was approved for the treatment of
patients suffering from pulmonary arterial hypertension by the FDA in 2005
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Fig. 1.2 Systematic approach to repurposing

(Pushpakom 2022). Thalidomide, which was originally developed as a sleep-
inducing drug but discontinued due to foetal teratogenicity, is now repurposed for
use in Erythema Nodosum Leprosum and also used against multiple myeloma (Kim
and Scialli 2011). In 1998, the FDA approved thalidomide for the treatment of ENL.
Thalidomide in combination with Dexamethasone was officially approved by the
FDA in 2006 for the treatment of multiple myeloma (Pushpakom 2022). The need
for novel approaches to medication research and development, along with the
emergence of large data repositories and accompanying analytical technologies,
has fuelled interest in creating systematic ways to drug repurposing in recent years
(Cha et al. 2018). A systematic strategy based on drug- and disease-related data,
utilizing the power of high-performance computational tools, and employing high-
throughput screening procedures (termed as ‘systematic repurposing’), has emerged
as the way ahead in drug repurposing (Fig. 1.2). The majority of repurposing
endeavours presently rely on systematic repurposing approaches, which may be
broadly classified as experimental screening approaches and in silico approaches that
use existing data to uncover possible novel drug—disease connections (Pushpakom
2022).

1.5 Drug Repurposing Strategies and Approaches

Through the drug repurposing approach, commercial compounds can be identified
for new therapeutic uses (Tables 1.1 and 1.2) that complements the traditional drug
research method by reducing time and cost. Before considering the candidate
medicine for repurposing, drug repurposing procedures include three steps.
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Table 1.1 Breakthrough discoveries using drug repurposing
Disease/targeted
area Drug First marketed for Status Remarks
Central nervous | Galantamine Paralysis FDA approved
system (CNS) | Dimethyl Psoriasis FDA approved
fumarate
Verapamil Hypertension angina Phase 4 NCT03150524
pectoris arrhythmia
Bumetanide Liver disease heart fail- | Phase 3 NCT04766177
ure stubborn oedema
acute and chronic renal
failure
Minocycline Anti-bacterial Phase 3 NCTO01828203
Fenfluramine Simple obesity diabetes | Phase 4 NCT05232630
hypertension
Propranolol Hypertension supra- FDA-approved
ventricular tachycardia
prolonged Q-T interval
thyrotoxicosis
Angiotensin Essential hypertension | Phase 2 NCT04574713
receptor blocker | renal disease diabetes
Amantidine Antiviral FDA-approved
Abatacept Rheumatoid arthritis Phase 2 NCTO1116427
Ceftriaxone Anti-bacterial Phase 3 NCT00349622
Lenalidomide Myelodysplastic syn- | Phase 2 NCT00067743
drome; MM, multiple
myeloma
Pioglitazone Type 1I diabetes Phase 2 NCT00690118
Levetiracetam Cortical myoclonus Phase 2 NCT01463033
Nilotinib Anti-cancer Phase 2 NCT03205488
Cysteamine Nephropathic Phase 2, 3 NCT02101957
bitartrate cystinosis
Laquinimod Immunomodulatory Phase 2 NCT02215616
drug in multiple
sclerosis
Deferiprone Thalassemia Phase 2 NCT00897221
Omavelexolone | Anti-cancer drug Phase 2 NCT02255435
Liraglutide, Anti-diabetic Phase 3 NCTO03672812
exenatide
Edaravone Acute ischaemic stroke | Phase 3 NCT00424463
Ambrexol Expectorant Phase 2 NCT02914366
Thalidomide Multiple myeloma Phase 2, 3 NCT01094340
Daratumumab Refractory multiple Phase 2 NCT04070378
myeloma
Mifepristone Abortive Phase 3 NCT00867360
Baclofen Muscle relaxant Phase 1 NCT00614328
Tofacitinib Rheumatoid arthritis Phase 2 NCT04799262
Atorvastatin Hypercholesterolemia, | Phase 4 NCT02225834
hyperlipidaemia

(continued)
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Table 1.1 (continued)

Disease/targeted
area Drug First marketed for Status Remarks
Metformin Type 1I diabetes Phase 3 NCT02593097
Ketamine Anaesthetic Phase 2 NCT01558063
Mecamylamine | Malignant hypertension | Phase 4 NCTO03914677
Fingolimod Transplant rejection Phase 2 NCT04629872
Limaprost Anti-platelet agent Phase 3 NCT02125981
Cycloserine Tuberculosis Phase 2 NCT01343862
Etanercept Autoimmune diseases | Phase 2 NCTO01068353
Brexpiprazole Atypical antipsychotic | Phase 3 NCTO01922258
Carmustine Chemotherapy Phase 2 NCT04222062
Butylphthalide Hypertension Phase 4 NCT05068349
Sevoflurane General anaesthetic Phase 2 NCT02946437
Filgrastim Anti-cancer Phase 2 NCT03656042
Respiratory Tofacitinib Rheumatoid arthritis Phase 2 NCT04332042
system Ruxolitinib Myelofibrosis, Phase 2 NCT04354714
polycythaemia
Dupilumab Anti-cancer Phase 2 NCT03595488
Dactosilib Anti-cancer Phase 3 NCT04139915
Tamoxifen Oestrogen-dependent | Phase 2 NCT03528902
breast cancer
Statins Hypercholesterolemia, | Phase 4 NCTO01151306
Hyperlipidaemia
Metformin Type II diabetes Phase 4 NCT01247870
Pioglitazone Type II diabetes Phase 2 NCT00994175
Pazopanib Advanced/metastatic Phase 2, 3 NCT03850964
renal cell carcinoma,
Advanced soft tissue
sarcomas
Azithromycin Antibiotic Phase 3 NCT00360464
Inhaled Anti-fungal Phase 3 NCT00425620
amphotericin B
Oral triazoles; Anti-fungal Phase 4 NCT02663674
Glycopyrronium | Peptic ulcers FDA approved
Remdesivir Phase 3 NCT04257656
Baricitinib Anti-arthritis Phase2, 3 NCT04358614
Tocilizumab Phase 2 NCTO05181397
Chloroquine Anti-malarial Phase 2 NCT04323527
Nitazoxanide Anthelmintic and Phase 2, 3 NCT04463264
antiviral
Prulifloxacin Antibiotic Phase 4 NCTO01710488
Itolizumab Psoriasis Phase 2 NCT04475588
Duvelisib Anti-cancer Phase 2 NCT04372602
Bictegravir Anti-viral Phase 2 NCT04734652
Favipiravir Anti-viral Phase 3 NCT02026349
Ribavirin, Anti-viral Phase 3 NCT00014391

(continued)
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Table 1.1 (continued)
Disease/targeted
area Drug First marketed for Status Remarks
Lopinavir Anti-viral Phase 2 NCT04307693
Tocilizumab Phase 2 NCTO05181397
Azathioprine Phase 3 NCT00052039
Ivermectin Phase 3 NCT04703608
Fluoroquinolones | Anti-biotics Phase 3 NCT04879030
Pyrimethamine | Anti-malarial Phase 3 NCT00000727
Clofazimine Leprosy Phase 2 NCTO01691534
Sildenafil Pulmonary arterial Phase 2 NCT05061368
hypertension
Interleukin-2 Malignant neoplasm Phase 4 NCTO04766307
(trachea, bronchus,
lung), squamous cell
carcinoma, and
lymphomas
Meropenem Antibiotic Not disclosed | NCT04402359
Cycloserine Urinary tract infection | Not disclosed | NCT04545788
Azacitidine Anti-cancer Phase 1,2 NCT03941496
Ibuprofen Analgesic Phase 2 NCT02781909
Doxycycline Anti-biotic Phase 2 NCT02774993
Linezolid Anti-biotic Phase 2 NCTO00727844
Nitazoxanide Anti-parasitic and Phase 2 NCT02684240
antiviral
Cardiovascular | Meropenem Antibiotic Not disclosed | NCT04402359
system Cycloserine Urinary tract infection | Not disclosed | NCT04545788
Azacitidine Anti-cancer Phase 1, 2 NCT03941496
Ibuprofen Analgesic Phase 2 NCT02781909
Doxycycline Anti-biotic Phase 2 NCT02774993
Linezolid Anti-biotic Phase 2 NCT00727844
Nitazoxanide Anti-parasitic and Phase 2 NCT02684240
antiviral
Metformin Type 1I diabetes Under clinical | NCT03331861,
mellitus trial NCT03514108,
NCT02252081
Exenatide Type II diabetes Under clinical | NCT02404376,
mellitus trial NCT02673931
Liraglutide Type 1I diabetes Under clinical | NCT02673931
mellitus trial
Sildenafil Angina Under clinical | NCT03356353,
trial NCT01616381
Tadalafil Erectile dysfunction Under clinical | NCT02611336,
trial NCT02611258
Allopurinol Gout Under clinical | NCT03700645,
trial NCT03745729
Nevido Testosterone therapy Phase 4 NCTO00131183

(continued)
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Table 1.1 (continued)

Disease/targeted

area Drug First marketed for Status Remarks
Cilostazol Antiplatelet agent Phase 3 NCT02094469
Zibotentan Anti-cancer Phase 2 NCT04097314
Rosiglitazone Anti-diabetic Phase 4 NCT00225355
Sodium zirco- Hyperkalaemia Phase 2 NCT03532009
nium
cyclosilicate
Finerenone Chronic kidney disease | Phase 3 NCT04435626
Acipimox Hypolipedemic agent | Not disclosed | NCT00549614
Empagliflozin Anti-diabetic Phase 2 NCT03128528
Abatacept Rheumatoid arthritis Phase 2 NCT02232880
Melatonin Jet lag Phase 2 NCT05257291
Mirabegron Overactive bladder Phase 2 NCTO01876433
Rivaroxaban Deep vein thrombosis | Phase 2 NCT03178864
Obicetrapib Hypolipidemic Phase 3 NCT05202509
Dapagliflozin Anti-diabetic Phase 4 NCT03030235
Sitagliptin Anti-diabetic Phase 4 NCTO02655757

Miscellaneous

diseases

Psoriasis Cyclosporine Rheumatoid arthritis FDA approved
Methotrexate Cancer FDA approved

Plaque psoriasis | Etanercept Rheumatoid arthritis FDA approved

Rheumatoid Methotrexate Cancer FDA approved

arthritis Rituximab Cancer FDA approved

Neonatal-onset | Anakinra Rheumatoid arthritis FDA approved

multisystem

inflammatory

disease

Gastrointestinal | Imatinib Chronic myelogous FDA-approved

stromal tumour leukaemia

Influenza A Amantadine Parkinson’s disease FDA-approved

Antiplatelet Acetylsalicylic Inflammation, pain FDA-approved
acid relief

Transplant Cyclosporine Rheumatoid arthritis FDA-approved

rejection

Alopecia Minoxidil Hypertension FDA-approved

Leprosy Clofazime Tuberculosis FDA-approved

Fibromyalgia Milnacipran Depression FDA-approved
Duloxetine Depression FDA-approved
Pregabalin Anti-convulsant and FDA-approved

neuropathic pain

Atopic Doxepin Depression FDA-approved

dermatitis

HIV/AIDS Zidovudine Cancer FDA-approved

(continued)



10 P. Joon et al.
Table 1.1 (continued)
Disease/targeted
area Drug First marketed for Status Remarks
Type II diabetes | Bromocriptine Parkinson’s disease FDA-approved
Diabetic neuro- | Duloxetine Depression FDA-approved
pathic pain
Multiple Thalidomide Morning sickness FDA approved
myeloma
Hirutism Eflornithine Cancer FDA-approved
Pemphigus Rituximab Cancer FDA-approved
vulgaris
Menopausal hot | Paroxetine Anti-depressant FDA-approved
flushes
Erectile Sildenafil Angina FDA-approved
dysfunction
Erythema Thalidomide Morning sickness FDA-approved
nodosum
leprosum
Autoimmune Rapamycin Organ transplant FDA-approved
lympho- rejection
proliferative
syndrome
(ALPS)
Multiple Dimethyl Psoriasis FDA-approved
sclerosis fumarate
Clemastine Allergic rhinitis Under clinical | NCT02040298
trial
Quetiapine Schizophrenia Under clinical | NCT02087631
trial
Leishmaniasis | Amphotericin Anti-fungal FDA-approved
Miltefosine Cancer FDA-approved
Human African | Eflornithine Cancer FDA-approved
trypanosomiasis
Chagas disease | Posaconazole Anti-fungal Under clinical | NCT01377480
trial
Azathioprine Phase 3 NCT00052039
Ivermectin Phase 3 NCT04703608
Fluoroquinolones | Anti-biotics Phase 3 NCT04879030
Pyrimethamine | Anti-malarial Phase 3 NCT00000727
Clofazimine Leprosy Phase 2 NCTO01691534
Sildenafil Pulmonary arterial Phase 2 NCT05061368
hypertension
Interleukin-2 Malignant neoplasm Phase 4 NCT04766307

(trachea, bronchus,
lung), squamous cell
carcinoma and
lymphomas

(continued)
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Table 1.1 (continued)

Disease/targeted

area Drug First marketed for Status Remarks
Meropenem Antibiotic Not disclosed | NCT04402359
Cycloserine Urinary tract infection | Not disclosed | NCT04545788
Azacitidine Anti-cancer Phase 1,2 NCT03941496
Ibuprofen Analgesic Phase 2 NCT02781909
Doxycycline Anti-biotic Phase 2 NCTO02774993
Linezolid Anti-biotic Phase 2 NCT00727844
Nitazoxanide Anti-parasitic and Phase 2 NCT02684240

antiviral

+ Identify the candidate medicine for a specific ailment by generating hypotheses.

» Evaluation of efficacy in phase II clinical trials (assuming that adequate safety
data are available from phase I trials of original indication).

* Mechanistic evaluation of the drug’s therapeutic potential in preclinical studies.
Furthermore, after selecting the appropriate medicine for an indication of choice,
several methodologies, such as systematic approaches, can be employed for drug
repurposing. The systemic method is further separated into computational and
experimental approaches, both of which are used synergistically.

1.5.1 Computational Approaches

This technique is mostly data-driven, involving the systematic review of data such as
chemical structure, gene expression, electronic health records, genotyping and
proteomic data to generate repurposing hypotheses (Hurle et al. 2013). Below are
the most often utilized computational methodologies for medication repurposing
(Chen 2021).

Signature matching: It is based on comparing a drug’s ‘signature’, or unique
marker, which can be generated from a database of medications such as proteome,
transcriptome (RNA) and metabolomic data, as well as adverse event profiles and
chemical structures, to another disease, drug or clinical characteristic (Keiser et al.
2009). The method of matching transcriptome signatures can be used to compare
drug—disease and drug—drug similarity (Iorio et al. 2013). In the first case, a drug’s
transcriptomic signature is determined by comparing the genetic expression of cells
or tissues before and after administration of the drug; the resulting molecular
signature of the drug is then compared to a disease-linked expression profile
determined similarly by comparing disease versus healthy conditions. The compu-
tational technique is based on the signature reversion principle (SRP), which states
that if a medicine has the ability to reverse the genetic expression that is associated
with a given disorder phenotype, then that drug may also be able to reverse the
disease phenotype. Furthermore, because this premise is so basic, it has been
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effectively used to identify innovative drug repurposing prospects across a wide
range of therapeutic domains. Based on anticancer drug-resistance profiles, the SRP
has also been successful in identifying medications that could be repositioned as
chemo-sensitizers (Wagner et al. 2015; Hsieh et al. 2016; Mirza et al. 2017). Another
method of medication repositioning signature matching is based on chemical struc-
tures and their therapeutical relevance. Furthermore, comparing the chemical signa-
tures of two drugs to see if they have any molecular similarities could imply that they
have similar therapeutical action. The method entails choosing a set of chemical
traits for each drug and then building networks based on the shared chemical
features. Chemical similarity approaches have their own set of limitations, such as
errors in chemical structures and physiological activity that exists outside of the
structural relationship (e.g. a metabolite of an initial drug with a modified chemical
structure could be an active molecule), which may limit their use in drug repurposing
(Dudley et al. 2011a, b).

Genome-wide association studies (GWAS): Following breakthroughs in
genotyping methodology and the completion of the Human Genome Project,
which reduced genotyping costs, GWAS research have been done primarily in the
previous 10 years. GWAS aims to identify genetic variants associated with diseases’
common shared mechanisms and provide deep insights into disease pathophysiol-
ogy. The data generated may also be useful in identifying new drug targets, as some
of the targets may be shared across diseases, resulting in therapeutic repositioning.
Sanseau et al enhanced the USNHGRI (National Human Genome Research Insti-
tute) database of published GWAS traits and found that genes associated with illness
characteristics are likely coded for proteins that are ‘druggable’ in comparison to the
rest of the genome (Sanseau et al. 2012). Furthermore, Grover et al discovered that a
bioinformatics approach can be used to match gene targets identified for coronary
artery disease with drug information obtained from various drug—target databases
such as DrugBank, PharmGKB and Therapeutic Target Database, which could be
useful for identifying potential drug repositioning opportunities (Grover et al. 2015).
Although there are certain limitations to using information from GWAS for drug
repurposing, its utility is currently unclear.

Network/Pathway mapping: Reconstruct disease-specific pathways that give
significant targets for repositioning medications using disease omics data, accessible
signalling or metabolic pathways and protein interaction networks. These
approaches have the advantage of being able to narrow down huge signalling
networks to a specialized network with only a few proteins or target molecules. It
has mostly been used to identify therapeutic targets and medicines with repurposing
potential. As previously discussed, some potential targets identified using GWAS or
other methods may become immediately acquiescent as drug targets; nonetheless,
these genes may not always be excellent druggable targets. In such circumstances, a
network/pathway-based method may provide a pool of data on genes that are either
downstream or upstream of the GWAS-associated target, which can be investigated
for drug repositioning potential (Greene and Voight 2016). Network analysis entails
building drug or illness networks based on gene expression sequences, disease
pathophysiology, drug—protein interactions and GWAS data to identify the best
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repurposing molecule (Pushpakom et al. 2019). A recent study found that employing
a network-wide association study (NetWAS) to explore disease—gene interaction by
combining genetic variant data from GWAS with tissue-specific interaction net-
works is more efficient than using GWAS alone. In addition, a study found that
pathway analysis of a gene expression database that covers a wide range of respi-
ratory viruses in human host infection models identified 67 widely shared biological
processes that play a crucial role in respiratory viral infections (Pushpakom et al.
2019). Furthermore, these pathways are compared to the Drug Bank, allowing
numerous medicines with potential effects on host-viral targets to be tested. For
instance, pranlukast is an LT-I (leukotriene 1) antagonist used to treat asthma, and
amrinone is a phosphodiesterase (PDE) inhibitor used to treat congestive heart
failure (CHF). Despite their propensity to modify immune cell responses, both of
these medications have been shown to be effective in treating viral infections.

Computational molecular docking: Molecular docking is a structure-based
computational method for predicting the ligand (drug) and target binding sites
(receptor). If information about receptors and enzymes as targets that are patholog-
ically involved in a disease already exists, various medicines could be tested against
the specific target. Furthermore, drug libraries can be tested against a variety of target
receptors using inverse docking, which involves numerous targets and one ligand, to
identify novel interactions that can be used for repurposing. Dakshanamurthy et al
used high-throughput screening to perform molecular fit computations on 3671
FDA-approved medicines versus 2335 human protein structures. According to
these findings, the anti-parasitic medication mebendazole has the structural capacity
to block vascular endothelial growth factor 2 (VEGFR?2) is an angiogenesis mediator
(Dakshanamurthy et al. 2012). However, there are a few drawbacks to using
computational docking for medication repurposing. Because drug targets are typi-
cally membrane proteins, such as G protein-coupled receptors (GPCRs), 3D struc-
tures for some target proteins may not be available (Cooke et al. 2015). Furthermore,
well-established macromolecular target databases that could provide correct struc-
tural information have flaws. Finally, the effectiveness of docking algorithms in
predicting binding affinities has been called into question, as has variance in
software predictability, such as mode of binding and entropic effects (Huang et al.
2018).

Retrospective clinical analysis: This method employed retrospective clinical data
analysis to investigate the medication having repositioning potential. Furthermore,
repurposing breakthrough from the retrospective clinical analyses approach is the
use of aspirin in colorectal cancer, which is also helpful in preventing cardiovascular
disease. Another drug, raloxifene, has been approved by the FDA for reducing the
risk of breast cancer in postmenopausal females who are at a higher risk of the
disease. Electronic health records (EHR), clinical trial data and post-marketing
surveillance data are all good places to look for retrospective clinical data. EHRs
contain a wealth of information about patient outcomes, both structured and unstruc-
tured, such as diagnostic and pathophysiological data and clinical descriptions of
patient symptoms and signs, respectively (Pushpakom et al. 2019). Additionally, the
data in EHRs could be used to recognize signals for drug repositioning and this
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enormous EHR data also provides high statistical power. Despite the fact that there
are numerous obstacles, including ethical and legal obstacles, retrieving the unstruc-
tured results available in this databank is tough. Other significant sources include
post-marketing surveillance (PMS) and clinical trial data; however, access to this
data is restricted for commercial and confidentiality reasons. As a result, there is a
requirement to have access to this data in order to benefit future medication devel-
opment research.

1.5.2 Experimental Approaches

Phenotypic screening: Compounds that have potential disease-specific effects in
model systems without prior knowledge of the target are tested using this method. If
the chemicals under examination are licenced or investigational, this could imply
repurposing opportunities that can be pursued promptly in the context of medicine
repurposing. In vitro phenotypic screens typically use a 96-well size and a range of
cell-based testing. Iljin et al used four prostate cancer cell lines and two
non-malignant prostate epithelial cell lines to conduct high-throughput cell-based
screening of a library of 4910 drug-like small-molecule compounds, with prolifer-
ation as the primary endpoint (Iljin et al. 2009). They discovered that disulfiram, a
drug used to treat alcoholism, is a selective anticancer agent, which they proved by
genome-wide gene expression studies. Whole-organism phenotypic assays are also
used in drug repurposing. Moreover, Cousin et al tested 39 FDA-approved medi-
cines for tobacco addiction in a zebrafish model and discovered that apomorphine
and topiramate changed nicotine- and ethanol-induced behaviour in this species
(Pushpakom et al. 2019; Cousin et al. 2014).

Binding assays: Proteomic techniques like mass spectrometry and affinity chro-
matography have been used to investigate drug binding targets for various drugs.
Analyses of drug targets and off-targets, as well as drug repurposing, have become
natural bedfellows in the chemical biology era for target validation. The Cellular
ThermoStability Assay (CETSA) assay, for example, has been developed to map
target engagement in cells using biophysical concepts that anticipate thermal stabi-
lization of target proteins by drug-like ligands with the proper cellular affinity. The
confirmation of cellular targets for the tyrosine kinase inhibitor (TKI) crizotinib and
the finding of quinone reductase 2 (NQO?2) as a cellular off-target of acetaminophen
(paracetamol) are two early triumphs with this technique (Pushpakom et al. 2019;
Alshareef et al. 2016; Miettinen and Bjorklund 2014).

1.6 Opportunity and Challenges in Drug Repurposing

Drug repositioning, in contrast to traditional medication discovery which is a
difficult and time-consuming procedure with high development costs and risk of
failure, decreases the time and expense of drug development. Repositioning drugs is
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another low-risk method. The performance of drug repositioning has been greatly
enhanced using a computational or machine learning technique. Experimental pro-
cedures that provide a direct evidence-based understanding of linkages between
medications and diseases are more reliable and believable than computational
approaches. In recent years, however, computational tools have been frequently
paired with experimental procedures to uncover novel indications for existing
medications, a process known as mixed approaches. Biological experiments and
clinical studies are used to validate computational approaches in this approach. The
mixed approach to repositioning allows for a systematic and thorough examination
of all repositioning options, taking into account enhanced access to databases and
technology advancements. Furthermore, compared to traditional drug research, the
R&D expenditure needed for drug repositioning is cheaper. As a result, drug
repositioning allows numerous pharmaceutical companies to manufacture treatments
at cheaper costs (Matthews et al. 2013). The mixed approach of DR allows for more
successful and rapid development of repositioned medications. From a market
standpoint, a vast number of diseases necessitate the development of novel medica-
tions, with possible market needs and economic implications. As a result,
repositioning medications for the treatment of uncommon, neglected, orphan dis-
eases or difficult-to-treat diseases is a possibility. There are about 6000 uncommon
diseases for which there is no effective treatment. Approximately 5% of them are
being studied. Due to the high attrition rates, high expenditure and slow process of
drug discovery, repurposing already marketed drugs to treat both common and rare
diseases is becoming a more appealing area of research (Talevi and Bellera 2020; de
Oliveira and Lang 2018). It involves the use of drug molecules with a lower risk of
failure and development time and cost. With the advancement of technologies such
as proteomics, genomics, transcriptomics, metabolomics and the availability of
massive databases resources such as drug omics data, disease omics data and so
on, there are a plethora of opportunities to discover drugs by combining all of the
above methods/approaches. Researchers now have the most up-to-date tools and
data to investigate novel unknown mechanisms of action/pathways based on illness-
specific target proteins, genes and specific biomarkers linked to disease develop-
ment. Public databases and software for genomes, proteomics, metabolomics and
pathway analysis are accessible. Researchers are currently equipped with the latest
reliable tools and data to explore the novel unknown mechanism of actions/pathways
based upon disease-specific target proteins/genes and specific biomarkers associated
with the progression of the disease. Several computational strategies are already
developed to increase the speed and ease of the repurposing process. However,
opportunities come often with many challenges in drug repositioning. The identifi-
cation of a new therapeutic indication for an existing drug poses a major challenge in
repositioning. Drug repositioning, on the other hand, is a complicated process
including a variety of aspects such as technology, patents, commercial models,
and investment and market demands. Choosing the appropriate therapeutic area
for the drug under investigation, as well as concerns with clinical studies, such as
the necessity to start new trials from the beginning if data from preclinical or clinical
trials for the existing drug or drug product is obsolete or unsatisfactory (Rudrapal
et al. 2020; Pushpakom et al. 2019).
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1.7 Conclusion

Despite a large rise in pharmaceutical company investment, the rate of new medi-
cation approvals stays consistent, owing mostly to high attrition rates. This, along
with a significant unmet need in treating a wide range of disorders, generates an
urgent need for innovation in bringing viable therapeutics to market. In recent years,
drug repurposing has emerged as a feasible technique for increasing the overall
productivity of drug discovery and development. Drug repurposing (also known as
drug repositioning, reprofiling or re-tasking) is a promising area in drug discovery
for uncovering new therapeutic applications for previously investigated medications.
Drug repositioning may simply be summarized as expanding effective medications
and renewing unsuccessful ones. Drug repurposing is a direct application of
polypharmacology, which characterizes the drugs’ potential to act on multiple
targets and disease pathways. The identification of new molecular targets and
pharmacological effects opens up new treatment avenues for clinically utilized
medications. Drug repurposing holds the potential to bring medications with
known safety profiles to new patient populations. This strategy provides for speedier
drug development with less expenditure and risk than the development of a de novo
drug. The majority of repurposing endeavours presently rely on systematic
repurposing approaches that make use of an ever-expanding pool of drug- and
disease-related data, computationally driven hypothesis development, and high-
throughput screening methods to identify fresh applications for existing medications
to increase the speed and ease of the repurposing process.
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