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Preface

Medicines have always been discovered and invented with desired and intended
purposes and consequences. With deeper understandings, we are able to discover
many more facets about these drugs. In mid-1900s when mercaptopurine was
introduced, the scientists did encounter its association with a life-threatening condi-
tion of bone-marrow toxicity. Similarly in 1950s, another drug succinylcholine, a
muscle relaxant, has been associated with respiratory distress.1 These are both the
horrifying conditions of adverse reactions. But these certainly paved the way not
only for efficacy of desired drug response but also for the off-target effects of the
drugs.

These off-targets do provide a clue about the pharmacodynamic effect of the
drugs, i.e., what a particular drug does to the body or what are the biochemical,
physiological, and molecular effects of the drug. This actually provided a major clue
that if all the biological targets are revealed there is a provision of reconsideration of
any drug for alternate purpose. This phenomenon has been termed as the drug
repurposing which can be exploited in the treatment of various appalling conditions
in a time and cost-effective manner. This reprofiling approach for drugs also provide
a way out from traditional method of drug discovery which besides being very
expensive ($1.6 billion/drug) are also time consuming (~10–15 years). Moreover, a
constant decline in the FDA approval of new drugs especially in the field of
oncology necessitated novel approaches to expedite the process of drug discovery.

Drug repurposing is establishment of new medical uses for already known drugs.
The repositioning of an active pharmaceutical ingredient that is already available in
the market for a new indication is referred to as drug repurposing. Several
repositioned drugs, including some very old drugs, have been used throughout the
course of medicine historically. This repositioning of drugs was purely through
serendipity in those times. In the present scenario, novel methods based on data

1Bourne JG, Long action of suxamethonium (succinylcholine) chloride. Br J Anaesth 1953: 25;
116–29.
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mining have been developed for identification of new candidates for drug
repurposing. The success of drug repositioning in providing benefits in certain
diseases brought the global attention on the potential off-target effects of some of
the drugs. In view of the fact that these existing drugs have been used previously in
humans, their dose regimen with favourable pharmacokinetics and pharmacodynam-
ics properties including any side effects are already in public domain, making these
old drugs useful in new drug discovery.

vi Preface

The “repurposing” of existing therapies for alternative disease avoids long regu-
latory processes, funds, and intellectual property right. It is gaining popularity as an
approach to identify new targets of medicines in use. Researchers from Case
Western Reserve University School of Medicine and collaborators have received a
five-year, $2.8 million grant from the National Institute on Aging to identify
FDA-approved medications that could be repurposed to treat Alzheimer's disease.
Bedaquiline—new anti-TB drug for treating drug-resistant TB has identified using
the principle of repurposing of existing drugs. Celecoxib, a non-steroidal anti-
inflammatory drug (NSAID) has demonstrated antibacterial activity by causing the
inhibition of DNA and RNA replication, protein synthesis, and cell wall formation,
while simultaneously reducing the levels of IL-6, TNF-α, IL-1β, and MCP-1 (mono-
cyte-chemoattractant protein-1) against various pathogens including S. aureus,
Bacillus anthracis, B. subtilis, and M. smegmatis. With the exception of linezolid,
celecoxib has also demonstrated synergistic effects with several topical and systemic
antimicrobials used against S. aureus. Also antidiabetic drug metformin (MET) has
been reported to inhibit the intracellular growth of mycobacteria. Quinine, could
slow the growth of Candida species. Drugs used for obesity treatment (lipase
inhibitors) and Cyclipostins and Cyclophostin analogs were reported as promising
compounds in the fight against tuberculosis. It targets several serine or cysteine
enzymes involved in M.tb lipid metabolism and/or in cell wall biosynthesis. Lead
compounds exhibited nanomolar inhibition of the enzyme, supporting Rv3802c as a
novel TB drug target. It has demonstrated encouraging antibacterial activity against
M. tuberculosis in vitro. Itraconazole, a triazole antifungal drug, has demonstrated
anti-angiogenic property that lead to its usage either alone or in combination with
other anticancer drugs in various preclinical models including medulloblastoma,
non-small cell lung cancer (NSCLC), and basal cell carcinoma Digoxin, a cardiac
glycoside isolated from foxglove and used for treating heart failure and arrhythmia,
demonstrated glycoside triggered immunogenic demise of the cancer cells
Nitroxoline, an antibiotic, recently demonstrated the anticancer activity in prostate
cancer. Rituximab, used to treat rheumatoid arthritis, demonstrated anticancer activ-
ity against several cancers.

Drugs used for obesity treatment (lipase inhibitors) and Cyclipostins and
Cyclophostin analogs have been reported as promising compounds in the fight
against tuberculosis. It targeted several serine or cysteine enzymes involved in M.
tb lipid metabolism and/or in cell wall biosynthesis. Itraconazole, a triazole antifun-
gal drug has demonstrated anti-angiogenic property that lead to its usage either alone
or in combination with other anticancer drugs in various preclinical models includ-
ing medulloblastoma, non-small cell lung cancer (NSCLC), and basal cell



carcinoma. The major challenge faced by the institutes working on drug
repositioning is the relatively weak intellectual property protection on these prod-
ucts, which can lead to reduction in return on their investment further discouraging
these companies from developing these drugs.

Preface vii

The major challenge is how to reveal all the biological targets and avoid the
adverse reactions. Various approaches for drug repurposing, covering all the aspects
are being pursued in drug repurposing direction and are as follows.

Ligand-Based approaches:

(i) Library containing the FDA-approved drugs is tested by High-Throughput
screening and statistically evaluated.

(ii) Virtual library of FDA-approved drugs is tested by Reverse Docking to various
targets.

Target-Based Approaches:

(i) Targets are identified and screened virtually docking to library of ligands.

In both these approaches, the computational biology is being used as the prime
technologies followed by validation under in vitro or in vivo system. In case of
oncology repurposing some of the noted examples are isoprenaline, a non-selective
β-adrenergic agonist exhibiting cytotoxic potential and fludarabine (purine ana-
logue) for chronic lymphocytic leukaemia. More recently, the use of chloroquin,
an antimalarial for the intervention of covid-19 virus reaffirmed the need to look for
this aspect for the futuristic therapeutic interventions.

These repurposed therapies offer great advantage as their FDA approvals, adverse
drug reportings (ADR), and therapeutic safe doses (TSD) are already determined.
Hence in the current scenario, in-depth study of ligand and targets offer great new
possibilities for repurposed drugs.

In the backdrop of all these, it is purposed to compile a book entitled Drug
Repurposing for Emerging Infectious Diseases and Cancer.

Treatments of diseases that are either rare, complex, or novel may not always be
available due to high cost of drug development and research. Drug repurposing is an
alternative approach to usurp already available drugs or drug candidates with FDA
approval which have been initially developed for specific diseases and re-establish
their use for other diseases. Modern genomic methods for drug repurposing involve
the usage of computational programs and online tools to analyse and ultimately
deduce targets with high specificity to be considered as candidates for repositioning.
Gene, protein, disease, and drug databases are built from high-throughput experi-
mental, in vitro, in vivo, and clinical data thus providing a reliable basis for drug
target acquisition purposes. Key experimental and in silico approaches for modern
drug repositioning, namely, signature matching, molecular docking, genome-wide-
associated studies, and network-based approaches aided by artificial intelligence will
be described in this book, along with research examples that have used these
methods.

Drug repositioning for certain diseases such as Alzheimer’s disease, cystic
fibrosis, and SARS-CoV-2 disease will be discussed in separate sections of this



book. This book will highlight the challenges faced and the future perspectives of
Drug Repurposing. Genomic computational approaches for drug repurposing pre-
sent much potential in identifying drug targets more efficiently and effectively which
provides the opportunity to fulfil the gap for the treatment of diseases with little or
no cure.

viii Preface

The current pandemic of the coronavirus disease (COVID-19) and past history of
fast evolving emerging and re-emerging infectious diseases have put in place an
urgent need for new and promising antiviral therapeutics.

Interestingly, there are many cellular pathways and biomolecules that serve as
key nodal points for both cancer and infectious disease progression. A good example
is the viral RNA-dependent RNA polymerase (RdRp) enzyme that plays a vital role
in viral replication of all RNA viruses, including the current SARS-CoV-2, thereby
making it a prime and promising candidate for novel antiviral targeting. The human
telomerase reverse transcriptase (hTERT), a common catalytic subunit of the telo-
merase enzyme in many cancers has also been identified with structural and func-
tional similarities to the viral RdRp. Therefore, it becomes important to evaluate and
consider anticancer drugs that target hTERT for antiviral RdRp activity, and vice
versa. For instance, Floxuridine, an hTERT inhibitor, and VX-222, an HCV RdRp
inhibitor now being analysed as a potential antiviral for SARS-CoV-2 and anti-
hTERT for cancer, respectively. In this book, we aim at bringing to light this close
relationship between emerging infectious diseases and cancer. We plan to punctuate
this idea with specific chapters on the great potential of anticancer inhibitors that can
be repurposed for infectious diseases. We all agree that cancer is a very studious
subject, and there is a vast amount of information on effective drugs against various
cancers; however, there is very limited knowledge on the SARS-CoV-2 virus and
other recent emerging and re-emerging infectious diseases. Hence, we feel this book
will be a great contribution to science and will emerge as a major hot seller in the
field.

Newer technologies of OMICs substantiated by computational techniques includ-
ing artificial intelligence, etc. are being tried for rediscovery of functional aspects of
disease.

This book is a comprehensive volume on newer technologies as well as their
applications in drug discovery with up-to-date information on repurposed and
prospective drugs for cancer and infectious diseases with particular reference to
Covid-19.

RCS is thankful to the Indian National Science Academy, New Delhi, for
providing platform as Senior Scientist and Panjab University, Chandigarh, as Emer-
itus Professor to continue academic pursuits. He is thankful to his wife Dr Vipin
Sobti and daughters Aditi and Aastha and granddaughter Irene but for their support I
would not have compiled the book.

Chandigarh, Punjab, India Ranbir Chander Sobti
Bandar Sunway, Selangor, Malaysia Sunil K. Lal
New Delhi, India Ramesh K. Goyal
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Chapter 1
Drug Repurposing: An Advance Way
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.
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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,



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).

1 Drug Repurposing: An Advance Way to Traditional Drug Discovery 3

Fig. 1.1 Traditional drug discovery versus drug repurposing



4 P. Joon et al.

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



(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).
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Fig. 1.2 Systematic approach to repurposing

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

Central nervous
system (CNS)

Galantamine Paralysis FDA approved

Dimethyl
fumarate

Psoriasis FDA approved

Verapamil Hypertension angina
pectoris arrhythmia

Phase 4 NCT03150524

Bumetanide Liver disease heart fail-
ure stubborn oedema
acute and chronic renal
failure

Phase 3 NCT04766177

Minocycline Anti-bacterial Phase 3 NCT01828203

Fenfluramine Simple obesity diabetes
hypertension

Phase 4 NCT05232630

Propranolol Hypertension supra-
ventricular tachycardia
prolonged Q-T interval
thyrotoxicosis

FDA-approved

Angiotensin
receptor blocker

Essential hypertension
renal disease diabetes

Phase 2 NCT04574713

Amantidine Antiviral FDA-approved

Abatacept Rheumatoid arthritis Phase 2 NCT01116427

Ceftriaxone Anti-bacterial Phase 3 NCT00349622

Lenalidomide Myelodysplastic syn-
drome; MM, multiple
myeloma

Phase 2 NCT00067743

Pioglitazone Type II diabetes Phase 2 NCT00690118

Levetiracetam Cortical myoclonus Phase 2 NCT01463033

Nilotinib Anti-cancer Phase 2 NCT03205488

Cysteamine
bitartrate

Nephropathic
cystinosis

Phase 2, 3 NCT02101957

Laquinimod Immunomodulatory
drug in multiple
sclerosis

Phase 2 NCT02215616

Deferiprone Thalassemia Phase 2 NCT00897221

Omavelexolone Anti-cancer drug Phase 2 NCT02255435

Liraglutide,
exenatide

Anti-diabetic Phase 3 NCT03672812

Edaravone Acute ischaemic stroke Phase 3 NCT00424463

Ambrexol Expectorant Phase 2 NCT02914366

Thalidomide Multiple myeloma Phase 2, 3 NCT01094340

Daratumumab Refractory multiple
myeloma

Phase 2 NCT04070378

Mifepristone Abortive Phase 3 NCT00867360

Baclofen Muscle relaxant Phase 1 NCT00614328

Tofacitinib Rheumatoid arthritis Phase 2 NCT04799262

Atorvastatin Hypercholesterolemia,
hyperlipidaemia

Phase 4 NCT02225834
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Table 1.1 (continued)

Disease/targeted
area

Metformin Type II diabetes Phase 3 NCT02593097

Ketamine Anaesthetic Phase 2 NCT01558063

Mecamylamine Malignant hypertension Phase 4 NCT03914677

Fingolimod Transplant rejection Phase 2 NCT04629872

Limaprost Anti-platelet agent Phase 3 NCT02125981

Cycloserine Tuberculosis Phase 2 NCT01343862

Etanercept Autoimmune diseases Phase 2 NCT01068353

Brexpiprazole Atypical antipsychotic Phase 3 NCT01922258

Carmustine Chemotherapy Phase 2 NCT04222062

Butylphthalide Hypertension Phase 4 NCT05068349

Sevoflurane General anaesthetic Phase 2 NCT02946437

Filgrastim Anti-cancer Phase 2 NCT03656042

Respiratory
system

Tofacitinib Rheumatoid arthritis Phase 2 NCT04332042

Ruxolitinib Myelofibrosis,
polycythaemia

Phase 2 NCT04354714

Dupilumab Anti-cancer Phase 2 NCT03595488

Dactosilib Anti-cancer Phase 3 NCT04139915

Tamoxifen Oestrogen-dependent
breast cancer

Phase 2 NCT03528902

Statins Hypercholesterolemia,
Hyperlipidaemia

Phase 4 NCT01151306

Metformin Type II diabetes Phase 4 NCT01247870

Pioglitazone Type II diabetes Phase 2 NCT00994175

Pazopanib Advanced/metastatic
renal cell carcinoma,

Phase 2, 3 NCT03850964

Advanced soft tissue
sarcomas

Azithromycin Antibiotic Phase 3 NCT00360464

Inhaled
amphotericin B

Anti-fungal Phase 3 NCT00425620

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 NCT05181397

Chloroquine Anti-malarial Phase 2 NCT04323527

Nitazoxanide Anthelmintic and
antiviral

Phase 2, 3 NCT04463264

Prulifloxacin Antibiotic Phase 4 NCT01710488

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
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Table 1.1 (continued)

Disease/targeted
area

Lopinavir Anti-viral Phase 2 NCT04307693

Tocilizumab Phase 2 NCT05181397

Azathioprine Phase 3 NCT00052039

Ivermectin Phase 3 NCT04703608

Fluoroquinolones Anti-biotics Phase 3 NCT04879030

Pyrimethamine Anti-malarial Phase 3 NCT00000727

Clofazimine Leprosy Phase 2 NCT01691534

Sildenafil Pulmonary arterial
hypertension

Phase 2 NCT05061368

Interleukin-2 Malignant neoplasm
(trachea, bronchus,
lung), squamous cell
carcinoma, and
lymphomas

Phase 4 NCT04766307

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 NCT00727844

Nitazoxanide Anti-parasitic and
antiviral

Phase 2 NCT02684240

Cardiovascular
system

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 NCT00727844

Nitazoxanide Anti-parasitic and
antiviral

Phase 2 NCT02684240

Metformin Type II diabetes
mellitus

Under clinical
trial

NCT03331861,
NCT03514108,
NCT02252081

Exenatide Type II diabetes
mellitus

Under clinical
trial

NCT02404376,
NCT02673931

Liraglutide Type II diabetes
mellitus

Under clinical
trial

NCT02673931

Sildenafil Angina Under clinical
trial

NCT03356353,
NCT01616381

Tadalafil Erectile dysfunction Under clinical
trial

NCT02611336,
NCT02611258

Allopurinol Gout Under clinical
trial

NCT03700645,
NCT03745729

Nevido Testosterone therapy Phase 4 NCT00131183
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Table 1.1 (continued)

Disease/targeted
area

Cilostazol Antiplatelet agent Phase 3 NCT02094469

Zibotentan Anti-cancer Phase 2 NCT04097314

Rosiglitazone Anti-diabetic Phase 4 NCT00225355

Sodium zirco-
nium
cyclosilicate

Hyperkalaemia Phase 2 NCT03532009

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 NCT01876433

Rivaroxaban Deep vein thrombosis Phase 2 NCT03178864

Obicetrapib Hypolipidemic Phase 3 NCT05202509

Dapagliflozin Anti-diabetic Phase 4 NCT03030235

Sitagliptin Anti-diabetic Phase 4 NCT02655757

Miscellaneous
diseases

Psoriasis Cyclosporine Rheumatoid arthritis FDA approved

Methotrexate Cancer FDA approved

Plaque psoriasis Etanercept Rheumatoid arthritis FDA approved

Rheumatoid
arthritis

Methotrexate Cancer FDA approved

Rituximab Cancer FDA approved

Neonatal-onset
multisystem
inflammatory
disease

Anakinra Rheumatoid arthritis FDA approved

Gastrointestinal
stromal tumour

Imatinib Chronic myelogous
leukaemia

FDA-approved

Influenza A Amantadine Parkinson’s disease FDA-approved

Antiplatelet Acetylsalicylic
acid

Inflammation, pain
relief

FDA-approved

Transplant
rejection

Cyclosporine Rheumatoid arthritis FDA-approved

Alopecia Minoxidil Hypertension FDA-approved

Leprosy Clofazime Tuberculosis FDA-approved

Fibromyalgia Milnacipran Depression FDA-approved

Duloxetine Depression FDA-approved

Pregabalin Anti-convulsant and
neuropathic pain

FDA-approved

Atopic
dermatitis

Doxepin Depression FDA-approved

HIV/AIDS Zidovudine Cancer FDA-approved
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Table 1.1 (continued)

Disease/targeted
area

Type II diabetes Bromocriptine Parkinson’s disease FDA-approved

Diabetic neuro-
pathic pain

Duloxetine Depression FDA-approved

Multiple
myeloma

Thalidomide Morning sickness FDA approved

Hirutism Eflornithine Cancer FDA-approved

Pemphigus
vulgaris

Rituximab Cancer FDA-approved

Menopausal hot
flushes

Paroxetine Anti-depressant FDA-approved

Erectile
dysfunction

Sildenafil Angina FDA-approved

Erythema
nodosum
leprosum

Thalidomide Morning sickness FDA-approved

Autoimmune
lympho-
proliferative
syndrome
(ALPS)

Rapamycin Organ transplant
rejection

FDA-approved

Multiple
sclerosis

Dimethyl
fumarate

Psoriasis FDA-approved

Clemastine Allergic rhinitis Under clinical
trial

NCT02040298

Quetiapine Schizophrenia Under clinical
trial

NCT02087631

Leishmaniasis Amphotericin Anti-fungal FDA-approved

Miltefosine Cancer FDA-approved

Human African
trypanosomiasis

Eflornithine Cancer FDA-approved

Chagas disease Posaconazole Anti-fungal Under clinical
trial

NCT01377480

Azathioprine Phase 3 NCT00052039

Ivermectin Phase 3 NCT04703608

Fluoroquinolones Anti-biotics Phase 3 NCT04879030

Pyrimethamine Anti-malarial Phase 3 NCT00000727

Clofazimine Leprosy Phase 2 NCT01691534

Sildenafil Pulmonary arterial
hypertension

Phase 2 NCT05061368

Interleukin-2 Malignant neoplasm
(trachea, bronchus,
lung), squamous cell
carcinoma and
lymphomas

Phase 4 NCT04766307
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Table 1.1 (continued)

Disease/targeted
area

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 NCT00727844

Nitazoxanide Anti-parasitic and
antiviral

Phase 2 NCT02684240

• 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).
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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



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.
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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 (VEGFR2) 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



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.
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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 (NQO2) 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 Björklund 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



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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Chapter 2
Drug Polypharmacology Toward Drug
Repurposing

Tammanna R. Sahrawat, Ritika Patial, and Ranbir Chander Sobti

Abstract Polypharmacology has emerged as a new paradigm in drug discovery as
several drugs exert their effects through interaction with multiple targets, thereby
shifting the focus from one target-one drug model to a multi-target approach.
Polypharmacology uses comprehensive detailed knowledge about the composition
of the drug, pathogenesis course of its mode of action, drug toxicology, pharmaco-
dynamics, pharmacokinetics, and their side effects. Drug pharmacology has made
the targeting of multiple receptors possible thereby reducing the manufacturing cost
and revealing some novel-application of the already available FDA-approved drugs.
It also offers manifold benefits to the pharmaceutical industry such as lower costs
and reduced time for drug development as it eliminates the crucial ADMET analysis
for repurposing the drug. Drug repurposing promises to provide a novel avenue for
more effective but less toxic therapeutic agent designing.

Keywords Drug polypharmacology · Drug repurposing · Off-targets · Virtual
screening · In-silico

2.1 Drug Pharmacology

Drug pharmacology is a discipline dealing with the action mechanism of the drugs
within our systems and their various therapeutic approaches. It has made it possible
for us to target the specific sites or the receptors through receptor molecular analysis
targeting different signaling or the metabolic pathways at once or at different
intervals. This would not only prevent cost failures but also offer the possibility of
identification of novel applications of existing drugs through drug repurposing.
There are numerous drugs available in the market which are altered for their purpose
initially they were developed for. The advances in in silico approaches would help us
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to find various multitarget sites and to anticipate their potential in drug designing
process. These in silico approaches can be classified broadly into ligand- and
structure-based approaches, data mining, and network systems biology to develop
some new drugs having high efficacy and lower toxicity levels.
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Pharmacology include comprehensively the detailed information about drug
composition and its specifications, synthesis and drug design, its cellular and
molecular mechanisms, interactions, systems mechanisms, signal transduction,
chemical biology, medicinal and therapeutic application, and antipathogenesis
course of its action. These details information about the drug can be used if we
need to find its alternating target, or its different targeting pathway mechanism.

2.2 Drug Repurposing

In past years, the instances for drug design were “one drug and one target.” This
classic approach of drug design was to develop a drug targeting specific receptors
without affecting other pathways of the systems. But this approach is now modified
to “one drug multiple targets” and is emerging field of pharmacology popularly
known as drug repurposing or reorientation. It is based on valuable available
knowledge of several different pathways opted by single gene. A single gene may
have two or more signaling pathway to express itself or there can be some common
pathway between different genes involved in any kind disease. In either way, drug
repurposing is highly beneficial. We can either target a single pathway for inhibiting
multiple genes connected in their course of action or can specifically target multiple
targets at a time. Diseases like cancer, neuron degeneration involves different
pathways and targeting only one pathway is not enough to control its progression.
So there is a need to find some multitargeting drugs in our treatments. The successful
example of drug repurposing includes duloxetine initially developed for treating
depression but now is FDA-approved drug in the United States for treating multiple
myeloma and leprosy (Ashburn and Thor 2004) (Fig. 2.1).

Fig. 2.1 The successful example of drug repurposing includes duloxetine initially develop for
treating depression but now is FDA-approved drug in the United States for treating multiple
myeloma and leprosy

https://en.wikipedia.org/wiki/Mechanism_of_action
https://en.wikipedia.org/wiki/Drug_interaction
https://en.wikipedia.org/wiki/Chemical_biology
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2.3 Need for Drug Repurposing

The classical approach of drug design is time consuming, it takes about 10–12 years
for a drug to get approved and launched in the market if it falls under the significance
parameters of FDA. The approval rate for drugs has declined and many launched had
been taken off the market because of their side-effects. They have shown their ill
effects due to their unwanted interactions with off-targets. Drugs repurposing would
help to find these off-targets in the early stages of the drug design to prevent these
roll backs steps of the drugs (Rothman et al. 2000; Connolly et al. 1997). The drug
market today is worth of billions of dollars, and quite of investment is made in drug
designing process. The average cost for a drug design is 600–800 millions. Out of
two either, we can go for new drug development or we can find new purposes to
already available drugs which is more significant and resource saving. The finding of
new targeting site for available drugs makes use of the already available data or
research to benefit pharmaceutical industry by lowering drug manufacturing cost,
limiting the decades time for drug discovery to few years to entirely reposition the
available existing drug to new applications (DeBusk et al. 2004). Numerous drugs
are known for their multitargeting activities. An illustrative example is Aspirin that
has been clinically used as an analgesic or antipyretic has been found to acts as an
anti-inflammatory medication to treat rheumatoid arthritis, pericarditis, and Kawa-
saki diseases. Additionally, it has been also used in the prevention of transient
ischemic attacks, strokes, heart attacks, pregnancy loss, and even cancer (Reddy
and Zhang 2013). The advances in technology to find multiple treatments from
single drug is increasing the investment in drug development so the pharmaceutical
companies are shifting their area of interest to find ways to repurpose already
available drug to bring billions of benefit to the market. It is a low-risk approach
with max-fold benefit to use the available on shelf drug. Only the data to evaluate are
its other targeting receptors because existing drugs are up to mark for safety
parameters (Fig. 2.2).

Fig. 2.2 The need for drug
repurposing is to validate
the present effective drug for
different disease targeting.
Like there maybe instances
that the drug working on
diabetic patient would be
effective and show
significant potential on some
heart disease symptoms
and pain
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2.4 Challenges of Drug Repurposing

The idea of drug repurposing seems so easy but it has its own limitation. Here, we are
finding the different targets for the drug which are already part of our treatment
approaches. Now here comes the big task say we need to target gene “A” which is
alternative target, but that same target is working in some other pathway which is
having positive regulatory effect on the body. The major challenges in drug
repurposing are to find the suitable candidate and to fulfill the missing data required
to entirely repurpose the existence of already approved drug, so that we can derive
some beneficial and potential instances.

candidate
selction

candidate
possesion

repurposing &
developement

FDA 
postmarket

safety
analysis

 ~ 6 years
 ~ 300 million profit

2.5 Different Strategies of Drug Repurposing

The strategies for drug repurposing are based on the action mechanisms of the drug
on its target site. Mostly the data about the mechanism of drug working are either
unknown or lesser known. Either way there is a missing link in the data that is
essential for changing the purpose of the existing data. The gap between the
available knowledge and the one that can be deduced will help us to find the
off-targets of drugs. Donepezil, drug used in AD treatment through its repurposing,
is proposed to have two different off-targets n-alpha acetyl transferase 60 and
Heparasulfate n-deacetylase which were earlier reported to be associated with
gastrointestinal hemorrhage, bleeding, and peptic ulcers (Sahrawat and Batra 2020).

These kinds of off-target would allow us to add our already valuable and working
drug to some new purpose. The current approach being used in the drug repurposing
is the “drug action spectrum” which is based on three major criteria: target-based,
drug-based, and diseases-based repurposing (Akhoon et al. 2019). Target-based
approach implicates for identification of new indications for the already established
targets. Drug-based approach implicates on finding new target indications for the
existing drug. It makes use of techniques such as ligand- and structural-based
computational method, and off-target screening for finding targets, and disease-
based repurposing approach implicates for identification of co-occurring pathophys-
iological nature between different diseases. The different kind tools which are being
used for drug-based approach are phenotypic screening, clinical observation, side-
effect analysis, network, and data mining (Fig. 2.3).
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Fig. 2.3 The most accepted
approach being used in drug
repurposing makes use of
three criteria: target-based,
drug-based, and disease-
based approach

2.6 Methodology for Drug Repurposing

1.Virtual
screening of 

targets

2. Structure
prediction of 

targets

3. Chemical
composition of 

drug

4. Prediction 
of protein-

binding site

5. Molecular
docking

2.6.1 Virtual Screening

The basic hypothesis on which drug purposing is based is that drugs not only have
interactions with their associated targets but also interact with other off-targets with
high specificity. There are several chemical libraries available that have information
regarding the off-targets details for several drugs. In VLS, every molecule in the
library is tested against an ideal model of activity and they are ranked by assigning
each compound a predicted activity score. Only the top-ranking fractions are ana-
lyzed using further testing (Jenwitheesuk et al. 2008). The available in silico pro-
grams for virtual screening of the drugs off-targets include PubChem, ZINC which
reduces the screening time to few days. Once the screening is done, the target with
high specificity or affinity is selected based on the low toxicity and potency of the
binding pocket (Fig. 2.4).
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Fig. 2.4 Virtual screening involves finding of the best scored lead molecules which shows best
docking result with the selected drug

2.6.2 Structure Prediction of Target

The selection of the target is accompanied by its structure evaluation. Predicted
target structures are easily available on PDB with different formats. The structures
can be downloaded in any format according to the format required, but if our selected
target does not have any target, then its structure prediction can be done using
various in silico software’s such as I-TASSER, 3-D prediction, homology modeling,
and fold recognition. The most preferred method of structure prediction is homology
modeling, which makes use of the similar sequence having ≥50% similarity as a
template for target structure prediction. Protein folding or threading is used when
targets do not have similar sequences; here, we find the similar fold between
sequences and use them as template.
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off-target
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structure
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2.7 Chemical Composition of Drug

To understand the binding of the drug to its targets sites, the chemical composition or
the chemical structure of the drug is to be well known. With the relevant information
about the chemical composition, the target binding site predictions can be easily
done with the use of PubChem (www.PubChem.ncbi.nlm.nih.gov n.d.) chemical
repository maintained by National Institute of Health (NIH) and DrugBank (www.
drugbank.ca n.d.).

2.8 Prediction of Protein Binding Site

Now to find the exact site where our drug will bind to its particular off-targets target,
the collective data about the target of interest and the drugs chemical information are
further evaluated in predicting the site where the drug will bind its off-targets. Freely
online available in silico tools such as Intfold3, SP-Align, HHPredA, 3DLigandsite
& Atom2, etc. will help us to locate the binding site with which the drug will bind
with the highest binding affinity. These tools will provide many binding sites but the
one with the highest affinity is of higher significance. It shows that the drug binding
will change the target property and its working of causing illness will be blocked.
Higher the energy more is the affinity of the drug for its off-target. In order to
calculate the energies of the docked complex, several in silico tools available to



calculate the docking energy are AutoDock, AutoDock Vina, GOLD, ITscore, etc
(Fig. 2.5).
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Fig. 2.5 The interaction
between the lead molecules
and the drug moiety is
calculated and the best
docked molecule with the
highest scored is selected for
further experimentation

2.9 Successful Example of Drug Repurposing

Drug Original indication New indication

Amphotericin B Fungal infection Leishmaniasis

Aspirin Inflammation, pain Antiplatelets

Bromocriptine Parkinson’s
diseases

Diabetes mellitus

Finasteride Prostate
hyperplasia

Hair loss

Gemcitabine Viral infection Cancer

Methotrexate Cancer Psoriasis, rheumatoid arthritis

Minoxidil Hypertension Hair loss

Raloxifene Cancer Osteoporosis

Taloxifenethalidomide Morning sickness Leprosy, multiple myeloma

Seldenafil Angianse Erectile dysfunctionality, pulmonary
hypertension

Source: Second medical uses for existing drugs—Geneva Network—Patents for Secondary
Indications (geneva- b network.com)

Ormeloxifene (ORM) is used as an oral conceptive targeting selective estrogen
receptor but its recent investigation lighted upon its potential as an anticancerous
agent (Aubé 2012).

A commonly used commercial drug Aspirin, is known for its efficacy in decreas-
ing the mortality late up to 31% in case of cancer patients initially developed as anti-
inflammatory and pain killer (Aubé 2012). It is also known for its clot dissolving

https://geneva-network.com/research/second-medical-uses-for-existing-drugs/
https://geneva-network.com/research/second-medical-uses-for-existing-drugs/


potential in blood vessels carrying blood toward the heart (Regular aspirin intake and
acute myocardial infarction 1974).
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Methotrexate: Available as generic medicine, Methotrexate was first launched in
year 1947 as a chemotherapy drug for breast cancer, lung cancer, lymphoma,
leukemia, osteosarcoma as it showed less side-effect than already available treatment
for cancer. Repurposing of this anticancerous drug leads to the discovery of its
off-targets for treating rheumatoid arthritis (Kremer et al. 1994).

Gemcitabine has been known for its chemotherapeutic potential in treating breast
cancer, ovarian cancer, testicular cancer, pancreatic, and even gall bladder cancer. Its
initial purpose was to treat viral infections such as Heparitis virus by inducing
interferon-like mechanism but its repurposing discovered cancer cells as its
off-targets (Li et al. 2020).

Raloxifene initially discovered for cancer treatments is now part of osteoporosis
treatment in women. It lowers the risk of breast cancer invasion by estrogen
receptors present on breast tissue by their inhibition (Morello et al. 2003). New
indication of raloxifene in treating osteoporosis in women after menopause targets
the decreased bone density, making bones strong with Ca absorption and preventing
it from sudden fractures (Xu et al. 2016).

Phentolamine is an antihypertensive drug, developed for treating hypertension
(high blood pressure) condition is now used as anesthesia reversal agents in dental. It
has vasodilating property due to α-receptors blockage which lowers the raised blood
pressure (Jewell et al. 2003).

In time duration of less than two decades, seldenafil, antianginase, drug has found
its purposing role in treating erectile functionality in males and recently to treat
pulmonary hypertension. It has phosphodiesterase-inhibiting property that increases
the relaxation of smooth muscle cells, which makes it a potential targeting drug to
pulmonary hypertension and erectile functionality (Ghofrani et al. 2006).

References

Akhoon BA, Tiwari H, Nargotra A (2019) In silico drug design methods for drug repurposing. In: In
silico drug design. Academic, pp 47–84

Ashburn TT, Thor KB (2004) Drug repositioning: identifying and developing new uses for existing
drugs. Nat Rev Drug Discov 3(8):673

Aubé J (2012) Drug repurposing and the medicinal chemist. ACS Med Chem Lett 3(6):442–444
Connolly HM, Crary JL, McGoon MD, Hensrud DD, Edwards BS, Edwards WD, Schaff HV

(1997) Valvular heart disease associated with fenfluramine–phentermine. N Engl J Med 337(9):
581–588

DeBusk RF, Pepine CJ, Glasser DB, Shpilsky A, DeRiesthal H, Sweeney M (2004) Efficacy and
safety of sildenafil citrate in men with erectile dysfunction and stable coronary artery disease.
Am J Cardiol 93(2):147–153

Ghofrani HA, Osterloh IH, Grimminger F (2006) Sildenafil: from angina to erectile dysfunction to
pulmonary hypertension and beyond. Nat Rev Drug Discov 5(8):689–702

Jenwitheesuk E, Horst JA, Rivas KL, Van Voorhis WC, Samudrala R (2008) Novel paradigms for
drug discovery: computational multitarget screening. Trends Pharmacol Sci 29(2):62–71



36 T. R. Sahrawat et al.

Jewell JR, Longworth DL, Stoller JK, Casey D (2003) The Cleveland Clinic internal medicine case
reviews. Lippincott Williams & Wilkins, Hagerstown, p 32. ISBN 0-7817-4266-8. The Phen-
tolamine injection is designed to reverse the local vasoconstrictor properties used in many local
anesthetics to perpetuate anesthesia. Malamed S (2009). “What’s new in local anaesthesia?”.
SAAD Digest. 25:4–14. PMID 19267135

Kremer JM, Alarcón GS, Lightfoot RW Jr, Willkens RF, Furst DE, Williams HJ, Dent PB,
Weinblatt ME (1994) Methotrexate for rheumatoid arthritis. Suggested guidelines for monitor-
ing liver toxicity. American College of Rheumatology. Arthritis Rheum 37(3):316–328

Li Y, Li P, Li Y, Zhang R, Yu P, Ma Z, Kainov DE, de Man RA, Peppelenbosch MP, Pan Q (2020)
Drug screening identified gemcitabine inhibiting hepatitis E virus by inducing interferon-like
response via activation of STAT1 phosphorylation. Antivir Res 184:104967

Morello KC, Wurz GT, DeGregorio MW (2003) Pharmacokinetics of selective estrogen receptor
modulators. Clin Pharmacokinet 42(4):361–372. https://doi.org/10.2165/00003088-
200342040-00004. ISSN 0312-5963. PMID 12648026. S2CID 13003168

Reddy AS, Zhang S (2013) Polypharmacology: drug discovery for the future. Expert Rev Clin
Pharmacol 6(1):41–47

Regular aspirin intake and acute myocardial infarction. Br Med J. 1974;1(5905):440–3. https://doi.
org/10.1136/bmj.1.5905.440. PMC 1633212. PMID 4816857

Rothman RB, Baumann MH, Savage JE, Rauser L, McBride A, Hufeisen SJ, Roth BL (2000)
Evidence for possible involvement of 5-HT2B receptors in the cardiac valvulopathy associated
with fenfluramine and other serotonergic medications. Circulation 102(23):2836–2841

Sahrawat TR, Batra M (2020) Investigation of polypharmacological targets of cholinesterase
inhibitor drug donepezil: a structure based systems biology approach. J Adv Sci Res 11(4):
315–320

www.drugbank.ca
www.PubChem.ncbi.nlm.nih.gov
Xu B, Lovre D, Mauvais-Jarvis F (2016) Effect of selective estrogen receptor modulators on

metabolic homeostasis. Biochimie 124:92–97. https://doi.org/10.1016/j.biochi.2015.06.018.
ISSN 0300-9084. PMID 26133657. In healthy postmemopausal women, raloxifene treatment
for one year prevented body weight gain and abdominal adiposity by promoting a shift from an
android to gynoid fat distribution [46]

https://en.wikipedia.org/wiki/Special:BookSources/0-7817-4266-8
https://en.wikipedia.org/wiki/PMID_(identifier)
https://pubmed.ncbi.nlm.nih.gov/19267135
https://doi.org/10.2165/00003088-200342040-00004
https://doi.org/10.2165/00003088-200342040-00004
https://www.worldcat.org/issn/0312-5963
https://en.wikipedia.org/wiki/PMID_(identifier)
https://pubmed.ncbi.nlm.nih.gov/12648026
https://en.wikipedia.org/wiki/S2CID_(identifier)
https://api.semanticscholar.org/CorpusID:13003168
https://doi.org/10.1136/bmj.1.5905.440
https://doi.org/10.1136/bmj.1.5905.440
https://en.wikipedia.org/wiki/PMC_(identifier)
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1633212
https://en.wikipedia.org/wiki/PMID_(identifier)
https://pubmed.ncbi.nlm.nih.gov/4816857
http://www.drugbank.ca
http://www.pubchem.ncbi.nlm.nih.gov
https://doi.org/10.1016/j.biochi.2015.06.018


Chapter 3
Pharmacovigilance-Based Drug
Repurposing

Pooja Gupta and Archana Mishra

Abstract Pharmacovigilance involves evaluation of adverse effects of drugs in the
interest of patient safety. Large-scale application of pharmacovigilance generates big
datasets that are mined to identify previously unknown drug–event combinations,
and, as an extension, may help in identifying new indications for old drugs. The
therapeutic potential of a drug using pharmacovigilance-based drug repurposing can
be assessed in one of the four ways—serendipity, mechanistic profiling, signature
matching, and inverse signaling. Serendipity is the phenomenon of discovery of
some valuable information for an already known drug, by chance, like minoxidil.
Mechanistic profiling proposed the use of sulfonylureas for diabetes mellitus, based
on the observation of their hypoglycemic effect. Signature matching is puzzling out
new indications of drugs based on similarity of characteristics in a network of other
drugs which are already approved for any condition. Inverse signaling approach
takes cues from data mining approaches, applied to pharmacovigilance databases.
Currently, this approach is being tried to evaluate existing compounds for Raynaud’s
phenomenon, COVID-19, Alzheimer’ disease, etc. In this chapter, we discuss these
pharmacovigilance-based methods as they have immense translational potential for
drug repurposing.
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3.1 Drug Development and Pharmacovigilance

Drug development is the science of identification of a novel molecule and its journey
through in vitro, preclinical and clinical studies to become a safe and efficacious
medication for clinical use. The new product, whether drug, medical device, or
vaccine, undergoes a rigorous process for establishment of efficacy and safety before
the grant of marketing authorization. Conventionally, it takes 12–15 years and
billions of dollars to bring one new drug to the market. As per USFDA statistics,
70% molecules move from phase 1 to phase 2; 33% of these undergo phase 3 and a
further 30% attain marketing authorization. It may be concluded that only 1 out of
10,000 molecules, which enter preclinical stage, reach the shelf. Many molecules fail
in phases 2 and 3 due to lack of efficacy and/or presence of serious adverse events.
Identification of potential new benefits of already marketed drugs may save some
time and money, as the safety profile would already be established. The repurposing
of sildenafil for erectile dysfunction is one of the many such examples of drug
repurposing which was identified from its adverse effect profile. Sildenafil was
originally proposed for hypertension and angina pectoris in 1989. The clinical trials
were, however, disappointing. The drug was on the verge of being abandoned when
it was discovered that even though coronary vasodilation was modest, sildenafil-
dilated penile vessels. At the time when erectile dysfunction could be treated with
prosthetic implants or injections only, sildenafil became the wonder blue pill and was
approved by USFDA in 1998.

During the clinical development stages, the product is tested in a few thousand of
homogenous patient pool. Some adverse effects may be missed which are rare,
limited to a specific population, or occur after prolonged use. Thus, adverse effects
of drugs need to be monitored in a continuous process, which helps us understand
safety performance of the drug in real-world therapeutic settings. Pharmacovigilance
literally means “Pharmaco = medicine” and “Vigilare = to watch.” WHO defines
Pharmacovigilance as “the science and activities relating to the detection, assess-
ment, understanding and prevention of adverse effects or any other medicine/
vaccine related problem.”

3.1.1 Need for Pharmacovigilance

• Clinical trials in developmental phases of a drug are statistically powered for
efficacy rather than safety endpoints.

• Inclusion/exclusion criteria of preapproval trials are strict and a larger population
with comorbidities are exposed to the new drug only when it is marketed.

• Rare adverse effects may be missed out in clinical trials.
• Adverse effects which may occur on prolonged exposure of the drug may be

missed out in developmental stages.
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• Treating adverse drug reactions may cost more than treating the disease.
• Promotion of rational therapeutics among practitioners.

Pharmacovigilance is not limited to gathering case reports regarding safety but is one
step toward inception of previously unknown or inadequately characterized drug–
event combination.

3.2 Pharmacovigilance and Drug Repurposing

Absolute selectivity of a drug for one single target is a myth. Whenever a drug is
administered, there are multiple interactions with different targets in human body
which results in desired pharmacodynamic effect along with unintended adverse
effects which may or may not be beneficial. Pharmacovigilance data can be used to
identify therapeutic potential of a drug in one of the four ways:

(a) Signature matching
(b) Mechanistic profiling
(c) Inverse signaling
(d) Serendipity

3.2.1 Serendipity

Serendipity is described as “the occurrence and development of events by chance in
a happy or beneficial way” by Oxford medical dictionary. Basically, it is a happy
coincidence of finding something good when one is not looking for it. Minoxidil and
Finasteride are good examples of serendipitous discovery for alopecia. Minoxidil
initially attained emergency use approval as an effective oral antihypertensive agent
in 1971 but the enthusiasm for use faded with severe cosmetic concerns of
hypertrichosis in some female patients. Later, this adverse effect of minoxidil was
studied explicitly and a topical formulation of minoxidil got approval from USFDA
for alopecia in August 1988. Similar is the story of finasteride which was initially
used in 1992 for prostatic enlargement.

3.2.2 Signature Matching

Signature matching is the process of matching unique characteristics of one drug
with another, which may be a proven therapeutic agent in the disease area of interest.
These signatures could be driven by chemical structure, pharmacodynamics, or
adverse effect profile of the drug. With respect to pharmacovigilance, every drug
has its own set of adverse effects which could be used as a surrogate for therapeutic



activity based on the same mechanisms of action. Similarities in clinical adverse
effect fingerprints of the drugs are used to construct a drug network, keeping in mind
that drug pairs sharing the same indication should be maximum. The clue for a new
indication of a drug could be found in the approved or known functions of nearest
neighbors in its class of drugs. Signature matching for adverse effects, done in a
stepwise manner, can lead to a new indication for any existing drug. This approach
for drug repurposing is in experimental stages where new indications of already
existing drugs are being figured out based on similar adverse event profile. Network
has been built for tramadol and it has been found to be in subnetwork with drugs for
depression and Parkinson’s disease (Fig. 3.1).
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Drug X

Drug A Drug B Drug C

Drug Y Drug Z

Approved Indications

Possible repurposing Indications

Adverse effect 1 Adverse effect 2 Adverse effect 3 Adverse effect 4

Drug A

Drug B

Drug C

Drug D

Drug X

Drug Y

Drug Z

Calculation of similarity of adverse effects between drugs

Similarity index (Drug X, Drug A) (Drug X, Drug B), (Drug X, Drug C), 

(Drug X, Drug Y), (Drug X, Drug Z) > Similarity index (Drug X, Drug D) 

Drug sharing similar adverse effects are clustered together to form a drug
network

Fig. 3.1 Exploring subnetwork of drug X and puzzling out the similarities of adverse effects with
other drugs. (Adapted from: Ye H, Liu Q, Wei J (2014) Construction of drug network based on
adverse effects and its application for drug repositioning. PLoS One 9(2):e87864)
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3.2.3 Mechanistic Profiling

Mechanistic profiling, in simple terms, is discovering new mechanism of action of
a drug based on clinical observations. It involves searching for new indications of a
drug based on observation of their mechanism of action through multiple pathways.
For a disease where etiology and pathophysiological pathway has been deciphered
well, adverse effects which are opposite to that of pathophysiological mechanism of
the disease in question can be listed out; they may be considered to reverse the
pathology of disease. Drugs matching these adverse effect profiles can be sorted and
scanned for other desirable attributes to further evaluations. For example, drugs
causing hypoglycemia as an adverse event may be considered for diabetes mellitus.
The story of sulfonylureas starts with observation of hypoglycemic effect of syn-
thetic sulfur compounds in 1937. In the early 1940s, hypoglycemia was observed in
some typhoid patients being treated with the antibiotic para-amino-sulfonamide-
isopropyl-thiodiazole. After a few years, it was confirmed that aryl sulfonylureas
stimulated pancreas to release insulin and sulfonylureas became the first-line agents
for treatment of type 2 diabetes mellitus.

3.2.4 Inverse Signals

To understand application of inverse signals approach in drug repurposing, let us
first understand what a signal in pharmacovigilance is.

3.2.4.1 Signal

CIOMS VIII Working group defines signal in pharmacovigilance as “Information
that arises from one or multiple sources (including observations and experiments),
which suggest a new potentially causal association, or a new aspect of a known
association, between an intervention and an event or set of related events, either
adverse or beneficial, that is judged to be of sufficient likelihood to justify
verificatory action.”

Traditionally, signal detection was dependent on case-series or aggregate analysis
of case reports in pharmacovigilance database or medical literatures. This approach
may miss detection of an early signal owing to large volume and complexity of data.
In recent times, automated signal generation software(s) use data mining and
statistical approaches to assess disproportionality of adverse effects associated
with a drug which are more prevalent than expected.

To simplify this concept, let us consider a 2×2 contingency table to depict the
numbers associated with drug–event combinations.
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Reports of events of
interest

Reports of all other
events

Reports of drug of
interest

a b a + b (Total events for
target drug)

Reports of all other
drugs

c d c + d (Total events for
other drugs)

Total a + c (Total target
events)

b + d (Total other
events)

The associations can be calculated by following formulae but not limited to these:

Traditional Relative
reporting
(RR)

(Probability of adverse events with specific
drug) / (Probability of all adverse events in
database)

a*[(a + b + c + d)/
(a + b) (a + c)]

Bayesian Information
component

Log2 RR Log2 a *
[(a + b + c + d)/
(a + b) (a + c)]

Odd’s ratio and proportional reporting ratio have also been used traditionally to
elucidate drug–event associations. There is a higher probability of positive associ-
ation between the drug–event combination if numbers in cells a and d are higher.
Conventionally, a signal is generated, if lower limit of confidence (traditional
approaches)/credible interval (Bayesian approaches) crosses the chosen threshold
for detection of disproportionality in the drug–event combination. If the association
does not cross a given threshold or the relation between drugs and adverse effects are
inverse, the claim of signal generation is disregarded. Thresholds selected to identify
signals are generally trade-offs between too low to avoid generating too many false-
positive signals and too high to avoid missing probable signals.

3.2.4.1.1 Inverse Signal

The reverse of traditional drug safety signal generation may indicate a new thera-
peutic application. This inverse signaling is done by obtaining a list of drug–adverse
effect combinations which are less frequently observed than expected (Fig. 3.2).
These pharmacovigilance data are being utilized for hypothesizing new therapeutic
applications for already existing drugs. After obtaining drugs with inverse signals,
further shortlisting can be done based on desirable attributes. For example, if a
systemic effect is desired, topical formulations, known cytotoxic drugs, etc. could be
excluded when preparing final list of drugs. Let us elaborate this for Alzheimer’s
disease. Assuming we found anticancer drugs, antidiabetic drugs, analgesic patches,
and antiparkinsonian drugs to have an inverse signal association for Alzheimer’s
disease. Anticancer drugs would be excluded because of cytotoxicity and analgesic
patches would also be excluded as the need is for a drug that has minimal systemic
effect but crosses blood–brain barrier. Antidiabetic drugs and antiparkinsonian drugs
would then be taken further in drug development for Alzheimer’s diseases.
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Pharmacovigilance 
database

Drug-event 

Observed > expected Observed < expected

Inverse signalSignal n

Signal
management

strategies

Signature
matching profiling Serendipity

Preclinical/Clinical development

Fig. 3.2 Classification of drug repurposing approaches based on pharmacovigilance

3.3 The Process of Drug Repurposing

Apart from a few serendipitous successes, the potential of pharmacovigilance-based
approach has not been fully utilized for drug repurposing. Pharmacovigilance data
are obtained from either WHO pharmacovigilance database or national
pharmacovigilance databases like Food and Drug Administration (FDA) Adverse
Event Reporting System (FAERS) and Japanese Adverse Drug Event Report
(JADER) database, etc. Adverse event reporting and retrieval systems use preferred
terms for adverse events as specified by medical dictionary for regulatory activities
(MedDRA), a subscription-based product of International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH). This ensures uniformity in terminology and avoids unnecessary ambiguity
and duplication of terms, while retrieving data.

The drugs retrieved, based on any of the parameters discussed above, are then
scanned and screened for the desirable attributes like other toxicity profiles, available
or possible formulations, dosage needed, etc. to prepare a list of drugs which could
be tested further in drug development process.

The drugs thus shortlisted can be directed toward high throughput screening
pathway to enable quick automated testing for desired target. Leads thus identified
can be brought to patient’s rescue in very less time as safety profile of the drug is
already within agreeable limits and pharmacokinetics is well understood. This
applies to all drug repurposing strategies alike (Fig. 3.3).
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Fig. 3.3 Process of development for repurposed drugs

3.3.1 Present Scenario

Pharmacovigilance approaches are increasingly being used in research studies.
Researchers have been trying to repurpose drugs for various diseases, where thera-
peutic options are not available or are limited; for example, Alzheimer’s disease,
Raynaud’s disease, COVID-19, etc. do not have curative therapeutic options.

3.3.1.1 Alzheimer’s Disease

Drug candidates with inhibitory activity obtained from VigiBase were compared
with labeled cholinesterase inhibitor drugs like rivastigmine, galantamine, and
donepezil. Twenty-two drug candidates were identified as having safety profile
similar to medicines available for Alzheimer’s disease. Four of these drugs (anti-
psychotics like aripiprazole, clozapine, antidepressants like sertraline, and
S-duloxetine) showed a high butyryl cholinesterase inhibition rate and serotonin
reuptake inhibition and presented multitarget-directed ligand therapeutic strategy.

3.3.1.2 Raynaud’s Phenomenon (RP)

Drugs available for Raynaud’s have moderate efficacy. Repurposing of drugs was
done for this phenomenon by screening VigiBase for at least one case of
erythromelalgia (an adverse effect opposite to that of RP). Along with this, adverse
effect signature of the drugs used in secondary RP was also constructed. Thereafter,
hierarchical analysis was done, and two drugs (alemtuzumab and fumaric acid) were
hypothesized to have therapeutic potential for treatment of Raynaud’s phenomenon.

3.3.1.3 COVID-19

In a noble endeavor to find treatment for COVID-19, a group of researchers
extracted data of last 15 years for drugs acting on virus-borne respiratory diseases
in US FAERS database. The drugs with significant inverse association, i.e., reporting
odds ratio <1, were shortlisted. A check for implausibility is done, e.g., topical only
formulations or other known adverse effects, e.g., cytotoxic drugs were excluded.
What was studied further was a manually curated list of 112 candidate drugs such as
antiviral drugs, antidiabetics, peptidase inhibitors, tyrosine kinase inhibitors,



neuropharmacological sigma-receptor modulators, female sex hormones, and nico-
tinic acetylcholine receptor agonists as putatively antiviral. Some of these drugs
were already known for their antiviral activity (e.g., antivirals for respiratory infec-
tions). For others, further exploration with respect to their mechanism of action for
antiviral activity was recommended.
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3.4 Future Perspectives

Pandemics might become a new routine as already experienced by frequent break-
through infections of SARS-CoV1 followed byMERS and SARS-CoV2. There is an
increase in virulence, morbidity, and mortality with each new strain. Drug
repurposing can be the only solution for the search of cure in such unforeseen
situations. Pharmacovigilance-based drug repurposing will be an ideal tool as a
suitable adverse effect profile decreases burden of proving druggable attributes of
a molecule manifold.

Pharmacovigilance approaches can also be tried in cancer chemotherapy. A few
studies have already shown efficacy of metformin, pioglitazone, dabigatran, nitro-
glycerine, antiepileptic drugs, propranolol, etc. in multiple cancers. These drugs
have been shown to have potential to prevent occurrence and have impact on
survival in patients with cancers. Balance between therapeutic effect and toxicity
of drugs used for oncotherapy is very delicate; pharmacovigilance approaches would
help in recognizing and repurposing relatively safer drugs for therapy. Inverse
signaling and mechanistic profiling can be done for other drugs with theoretical
chances of benefit and these drugs can be further studied for use in patients.
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Chapter 4
In Silico Analysis of Cellular Interactors
of PQBP1 for Potential Drug Repurposing

Shah Kamranur Rahman

Abstract PQBP1, or polyglutamine tract binding protein 1, is a 265-amino-acid
protein. It is known to be expressed in neurons of the human brain, with a higher
level of expression in the cerebellar cortex and hippocampus. According to cellular
protein–protein interactor analysis, it appears to play a role in transcription control.
Protein–protein interactions play fundamental roles in physiological roles such as
cell proliferation, gene regulation, cell survival, survival and programmed cell death.
This research briefly attempts to identify crucial cellular interactors that may be
impacted by mutant PQBP1 in patients with neurological disorders. The key
interactors predicted are POLR2A, MED31 and POU3F2, which may be used as
targets for drug repurposing. Additionally, this work was also significant since
PQBP1 plays a direct role in virus-infected cells.

Keywords Polyglutamine tract binding protein 1 · Drug repurposing; protein–
protein interaction

4.1 Introduction

In recent times, clinical reports on mutations in the pqbp1 gene and their causative
symptoms of intellectual disability (Germanaud et al. 2011) have become the focus
of investigations by medical and biophysical researchers. Given the severity of
mutation with the clinical features in patients, this neurological disorder poses
another big challenge in medicine. Polyglutamine tract binding protein 1 (PQBP1)
is a 265-amino-acid long protein, expressed mainly in neurons throughout the brain,
with abundant expression levels in the cerebellar cortex and hippocampus (Qi et al.
2005). Since PQBP1 is known for binding to the polyglutamine tracts, initial studies
were carried out on its role in the pathogenesis of polyglutamine expansion-related
diseases, such as spin-cerebellar ataxia type 1, Huntington disease, etc. (Okazawa
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et al. 2002; Waragai 1999). However, with reports on disability-causing mutations,
the search for the exact function of PQBP1 intensified, which remains unclear
(Nizon et al. 2015). Analysis of cellular interactors of PQBP1 (Fig. 4.1) suggests it
plays a role in transcription regulation (Iwasaki and Thomsen 2014). For instance,
PQBP1 binding to the phosphorylated C terminal domain (CTD) of RNA polymer-
ase II, a platform to which many transcription regulatory nucleoproteins bind,
implies it regulates levels of RNA Pol II-dependent gene transcription (Okazawa
et al. 2002).
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The normal functioning of every living cell is brought about by the coherent
interactions of many biomolecules within the cell and their communication with the
extracellular matrix. These interactions are categorized broadly as protein–protein,
protein–nucleic acid, protein–lipid and nucleic acid–nucleic acid interactions.
Although all these interactions play some role in vital cellular processes, the protein–
protein interaction is believed to play a major role and is therefore most extensively
studied. The understanding of vital cellular processes like metabolism, gene regula-
tion, cell signalling, cytoskeleton organization, cell proliferation, survival and even
programmed cell death suggests a very critical role for protein–protein interactions
(Pawson and Nash 2000). In the last few decades, there has been a considerable
increase in the publication of studies demonstrating the detailed mechanisms by
which protein–protein interactions are reported to influence important cellular sig-
nalling pathways and thus the physiological fates of cells. Many of these studies
highlighted the critical importance of the three-dimensional structure of proteins
bearing some common docking platforms necessary for interaction. For instance, a
set of common docking domains in p38 MAPK (Mitogen-activated protein kinase)
and Jnk (c-Jun N-terminal kinase) family members apparently decide interactions
with substrate and regulators (Holland and Cooper 1999). Also, some interactions
were found to be specific in the presence of signature structural domains (SH2, SH3
domain) present in the interacting proteins (Lu et al. 1997).

In this context, different sets of mutations in PQBP1 are also predicted to change
its structure; some of these are validated (Rahman et al. 2019). This change has the
potential to show abnormal interaction with cognate cellular interactors. Therefore,
an in-silico study was conducted to find out the most relevant cellular interactors of
PQBP1. This study was also important as PQBP1 has a direct role in cells infected
with infectious viruses.

4.2 Material and Methods

The complete updated list of cellular interactors of PQBP1 was gathered from the
BioGRID database (https://thebiogrid.org/) web interface (Stark 2006). PQBP1 was
given as a gene of interest to get this list (organism Homo sapiens). The list was
downloaded in two-column format once it displayed on the screen. The cytoscape
utility (Shannon et al. 2003) version 3.4.0 was installed on a MacBook Pro computer
and used to evaluate the downloaded list (PC). The downloaded file was opened in

https://thebiogrid.org/


the cytoscape interface, and two columns were assigned and analysed: one for the
protein of interest (PQBP1) and another for interactors. The user interface command
‘network style’ built an interaction network when the file was loaded. Figure 4.1
depicts the network map that was created.
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Fig. 4.1 The protein–protein interaction network of PQBP1 is shown. The interaction map was
generated using cytoscape tool and BioGRID database

4.3 Results and Discussion

The BioGRID (Stark 2006) database records 47 unique cellular interactors of
PQBP1 reported by different studies. These sets of protein–protein interactions in
the database were validated through yeast two-hybrid systems and pull-down assays
(Stark 2006). Upon analysis of these interactors, it was found that PQBP1 interacts
with cellular proteins that have a role in gene regulation and are important compo-
nents of the transcription machinery (Table 4.1). The interaction network of the
PQBP1 protein, created using the cytoscape tool, is presented in Fig. 4.1. PQBP1
interacts with the viral transcription factor POU3F2 (Brn-2) in the human brain,
influencing transcription activation induced by the latter (Waragai 1999). In addi-
tion, interactions of PQBP1 with well-known splicing factors like U5–15KD and
WBP11 suggest that it affects regulation of pre-mRNA processing (Waragai et al.
2000; Komuro et al. 1999a, b; Mizuguchi 2014). The presence of PQBP1 in liquid–
liquid phase separated (LLPS) RNA granules and early spliceosomes further con-
firms its role in pre-mRNA processing and transportation (Makarova 2004; Kunde
2011). Three interactors of PQBP1, namely POU3F2 (Brn-2), MED31 and



Table 4.1 Cellular interactors of PQBP1 (Source: BioGrid https://thebiogrid.
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org/115393/summary/homo-sapiens/pqbp1.html)

Abbreviations

of interactors

of PQBP1

Full names of cellular interactors

of PQBP1

WBP11 Splicing factor that interacts with PQBP1 and PP1. Activates pre-

mRNA splicing.May inhibit PP1 phosphatase activity

POLR2A DNA-directed RNA polymerase II largest subunit, RNA 

polymerase II 220 kDsubunit
TXNL4A Spliceosomal U5 snRNP-specific 15 kDa protein

POU3F2 (Brn-
2)

Nervous system-specific octamer-binding transcription factor N-Oct-3.

Also known
as Brn-2.

LNX1 ligand of numb-protein X 1, E3 ubiquitin protein ligase

COPS7A COP9 signalosome subunit 7A

APBB1 Amyloid beta (A4) precursor protein-binding, family B, member 1 

(Fe65).Transcription co-regulator that can have both co-activator and
co-repressor
functions

PCGF1 Polycomb group ring finger 1

IDH3G Isocitrate dehydrogenase 3 (NAD+) gamma

MRPS28 Mitochondrial ribosomal protein S28

SUGP1 SURP and G patch domain containing 1

AQR Aquarius intron-binding spliceosomal factor

WDR77 WD repeat domain 77

HNRNPH2 heterogeneous nuclear ribonucleoprotein H2 (H-prime)

GOLGA2 Golgin A2

TGFBR1 transforming growth factor, beta receptor I

MAPRE1 microtubule-associated protein, RP/EB family, member 1

LZTS2 leucine zipper, putative tumor suppressor 2

SCO2 SCO2 cytochrome c oxidase assembly protein

OBSL1 Obscurin-Like 1

ESR1 Estrogen receptor 1

EWSR1 EWS RNA binding protein 1

SAE1 SUMO1 activating enzyme subunit 1

RRBP1 Ribosome binding protein 1

SLIRP SRA stem-loop interacting RNA binding protein

UBL4A Ubiquitin-like 4A

RCVRN Recoverin

C14ORF1 Probable ergosterol biosynthetic protein 28
LRIF1 ligand dependent nuclear receptor interacting factor 1

MED31 Mediator of RNA polymerase II transcription, subunit 31 homolog.
EEF1A1 Eukaryotic translation elongation factor 1 alpha 1-like 14.
ATXN1 Spinocerebellar ataxia type 1 protein. Chromatin-binding factor that

repress
Notch signaling during neurogenesis and neural differentiation.

TLX3 T-cell leukemia homeobox 3

SFTPC Pulmonary surfactant-associated proteolipid SPL (Val). 

Pulmonary surfactantassociated proteins promote alveolar

stability.
SF3A2 Splicing factor 3a, subunit 2, 66kDa

APP Amyloid beta (A4) precursor protein

HRSP12 Heat-responsive protein 12

VDAC3 Voltage-dependent anion channel 3

ZC3H11A Zinc finger CCCH-type containing 11A

NDUFA7 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7, 14.5kDa

RBMS1 RNA binding motif, single stranded interacting protein 1

MRPL53 Mitochondrial ribosomal protein L53

RPS28 Ribosomal protein S28

RPS6KA6 Ribosomal protein S6 kinase, 90kDa, polypeptide 6

SRPRB Signal recognition particle receptor, B subunit

BCOR BCL6 corepressor

https://thebiogrid.org/115393/summary/homo-sapiens/pqbp1.html
https://thebiogrid.org/115393/summary/homo-sapiens/pqbp1.html


POLR2A, have a direct role in the process of transcription regulation in cells (shaded
in grey, Table 4.1). These interactors can be studied for aberrant interaction with
mutant PQBP1 and serve as potential drug screening targets for the set of purified
multi-protein complexes. These drug candidates may compensate for the cell sig-
nalling pathways affected by the mutation in PQBP1 and can be repurposed to
alleviate the adverse effects of mutant PQBP1.
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The opportunities of repurposing small-molecules non-oncology therapeutics and
phytochemicals against assorted cancers are also discussed. Furthermore,
repurposed cargos in clinical trials and future prospects of DR are briefed. In the
current scenario, the drug repurposing appears to be an optimistic way and so is
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likely to offer proficient treatment at a fair price in debilitating diverse sorts of
cancers.
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5.1 Introduction

Cancer is a pressing health issue and serves as the second major cause of death across
the globe. In 2025, it is estimated that above 20 million of individuals will be
diagnosed with cancer across the globe. The cancers like breast, prostate, lung,
and colorectal that are difficult to cure at advanced stages will cause significant
mortality (Sleire et al. 2017). Therefore, there is an unmet need of new effective
anticancer therapeutics to tackle this major health concern.

The new drug discovery and development process by de novo approach is a
complicated and highly regulated process as it involves lead identification and
optimization as well as preclinical and clinical testing. Moreover, it requires more
time (10–17 years) and huge cost (161–1800 million dollars) (Sleire et al. 2017). The
success rate with new drug discovery is very low (only 2.01%). Besides, new drug
discovery by de novo approach may fail to control the cancer mortality due to their
huge cost which may not be affordable for cancer patients in low- and middle-
income countries (LMICs) resulting higher mortality. In addition, this approach may
not be able to meet the demands of anticancer therapeutics (Kumbhar et al. 2022a, b).

Drug repurposing (DR) is an alternative approach to de novo approach wherein
drug previously approved for other indications can be used for the treatment of
cancer (Kumbhar et al. 2022a, b). The range of advantages associated with DR
includes well established pharmacokinetics, pharmacodynamics, and toxicity profile
of the drug and thereby reductions in time span and cost for drug to reach the market.
In addition, threat of failure is minimal because the safety of drugs has previously
been confirmed in preclinical and early-stage clinical studies (Zhang et al. 2020a, b).
Therefore, the researchers and healthcare practitioners are massively adopting this
strategy to address the problem of drug shortage in the search of new therapeutics for
cancer.

The advancement in genomic and proteomic methods for the evaluation of
particular biological pathways linked to cancers has resulted in various novel
therapeutic targets, opening up an ample of opportunities in DR. Nearly all thera-
peutics employed for human use have ability to address several targets. Thus, if the
targets of repurposed therapeutics are closely linked to the cancers, these therapeu-
tics can be employed for the effective treatment of cancer (Huang et al. 2020). In this
chapter, we have discussed about the DR and its need in the cancer treatment.
Different DR approaches are also briefed. The various drug candidates from differ-
ent pharmacological class repurposed for cancer treatment are discussed. Further, we
have described barriers in DR and pathways to address these barriers and briefed the
conclusion and future perspectives of DR.
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5.2 Drug Repurposing

Drug repurposing (DR) recognized also as drug reprofiling or repositioning is the use
of formerly approved drug for new indications other than their original approved
indications (Ashburn and Thor 2004). The relevant non-oncology drugs having the
clinical potential can be tested for their anticancer potential via different mecha-
nisms. DR serves as a substitute for the classical pharmacology approach. DR
required less expenditure and less time span because of the availability of informa-
tion related to the dosing, pharmacokinetics, pharmacodynamics, drug interactions,
toxicity, and safety (Pushpakom et al. 2019). The time span required for the new
drug discovery and development process might be 10–17 years, in contrast drug
repurposing may require only 3–12 years. Furthermore, prior evidence of these
medications’ effects in preclinical models and humans lowers the likelihood of
failure in subsequent clinical trials. Various non-oncology drugs approved
for various diseases have shown great promise against different types of cancers.
For instance, the anti-HIV drug zidovudine was first introduced as a repurposed drug
for cancer (Clouser et al. 2010). Besides, the drugs such as thalidomide, sildenafil,
rituximab, and azidothymidine have shown promise in cancer treatment (Pushpakom
et al. 2019; Abbruzzese et al. 2017).

5.3 Drug Repurposing Barriers

The several barriers in the DR are legal issues and patent, organizational barriers, and
market exclusivity. The new indication of a repurposed therapeutics which is
non-obvious can be safeguarded via the patent. If the new indication is already
been published in the literature, innovator needs to propose a new claim indicating
the non-obviousness of repurposed therapeutics (Pushpakom et al. 2019). The
aforementioned barriers in the path of repurposed therapeutics can be overcome
via development of their new chemical derivatives showing similar activity like
original (Talevi and Bellera 2020). In addition, the repurposed drug delivery via
advanced dosage forms and their endorsement in new geographical area is another
way to get over the obstacles. In the case of regulatory aspects of repurposed drugs,
the regulatory features may differ from country to country. In the United States, for
example, only 3 years of data exclusivity criteria is given for the new indication of
formerly approved drug which is not sufficient to recover the expenditure incurred
by the innovator (Breckenridge and Jacob 2019). The regulatory agencies need to
relook into this aspect.

An additional issue with DR is the scarcity of information about drug substances
owing to the restricted public access to the clinical data, and discontinued drugs
(Pushpakom et al. 2019). Furthermore, the companies are not ready to repurpose the
approved cargos for new purpose if they do not fit within their core disease area
(Talevi and Bellera 2020).
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5.4 Computational Approaches in Drug Repurposing

Various computational tools play an imperative role in DR in cancer. DR predictions
in cancer can be made via the computational tools. There are main two sorts of
computational analysis chiefly classical data type and modern data type. The former
is mainly associated with structure and physicochemical properties of drugs and
molecular targets, while later deals with drug-induced metabolic simulations or
transcriptional responses (omics data types). The disease-drug interaction based
computational tools can suggest new therapeutic application of the drug for analo-
gous disease phenotypes. In addition, chemical structure similarities can be
employed to select substitutes to existing therapeutics. Furthermore, these compu-
tational tools can help in DR by identifying unrevealed cancer molecular targets of
existing therapeutics (Mottini et al. 2021). The interpretation of the outcomes is the
key element of computational approaches. Complex models can normally advance
predictive recital, however are not able to easily impart biological insights into the
mechanisms underlying the predictions. Besides, simpler and quickly interpretable
tools are unable to apprehend significantly non-linear associations in data. Thus,
furthermore research is needed on the interpretability via machine learning approach
(Mottini et al. 2021; Camacho et al. 2018).

Different computational molecular docking software can be employed in DR to
study the ligand–receptor interactions. These include AutoDock Vina (open-access),
Glide, GOLD (commercial based). The docking results need to be confirmed by
molecular dynamic (MD) simulation to check the stability of interaction between the
ligand and receptor. In addition, this simulation study aids in the precise determina-
tion of the thermodynamics and kinetics allied with drug target recognition and
binding. Desmond and GROningen MAchine for Chemical Simulations
(GROMACS) are employed for MD simulation via GUI interface or command
line (Gurung et al. 2021).

5.5 Drug Repurposing in Cancer

5.5.1 Importance of Drug Repurposing in Cancer Treatment

Cancer is the principal cause of the death globally that caused around 10.0 million
cancer mortalities in 2020. Amongst the cancers, female breast cancer (11.7%) is an
enormously noticed cancer than lung (11.4%), colorectal (10.0%), prostate (7.3%),
and stomach (5.6%) cancers. Furthermore, in the LMICs and higher-income coun-
tries, the extent of lung cancer was found to be enormous with an estimated 1.8
million deaths (18%), followed by colorectal (9.4%), liver (8.3%), stomach (7.7%),
and female breast (6.9%) (Sung et al. 2021). Thus, global impact of various cancers
is a major worry, and this trend is expected to continue.
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The prime critical worry in oncology practice is the origin and changeability of
clones towards cargos and radiations, existence of cancer stem cells, rapid angio-
genesis and metastasis, and relapse after therapy. Surgery is highly recommended for
several early-stage cancers like lung cancer; yet, patient’s low tolerance limits its
applications. Furthermore, gene therapy is known to be promising in cancer treat-
ment when compared to chemotherapy. Nevertheless, it is associated with a range of
problems like non-specificity, less efficiency, increased health issues due to the
mutagenesis. Besides, poor success to gene therapy is owing to the worries allied
with biosafety, ethical, and financial issues. As a result, for cancer detected at an
advanced stage, chemotherapy is the crucial line of treatment, either alone or in
combination with other treatments (Kumbhar et al. 2022a, b). However, the enor-
mous rate of marketed chemotherapeutics resulting in elevated death in LMICs is
also documented. Moreover, the existing chemotherapeutic applications are
restricted owing to multidrug resistance (MDR), poor therapeutic performance,
and fatal side effects. Furthermore, new anticancer cargos development via de
novo approach to tackle the aforementioned problem is a tedious and lengthy and
pricey process with sturdy regulatory barriers, and a higher frequency of failure
(a success rate of only 2.01%) (Kumbhar et al. 2022a, b; Das et al. 2015; Fojo and
Parkinson 2010; Hay et al. 2014; Sleire et al. 2017). Therefore, to conquer the
challenges in the new drug development by de novo approach and to meet the
existing need for anticancer cargos, there is an unmet need to use repurposed drugs.
These cargos save time and cost because they are formerly approved for indications
other than cancer and lots of them are available as generic. Moreover, several
repurposed non-oncology dugs are reported to show effectivity against MDR can-
cers. Thus, DR can provide cancer patients with a novel therapy alternative at a low
cost, thereby reducing cancer-related mortality in LMICs.

5.5.2 Repurposing Small-Molecule Non-Oncology Drugs

The small-molecule non-oncology therapeutics from different pharmacological clas-
ses repurposed against assorted cancers are depicted in Fig. 5.1 and summarized
along with molecular mechanisms in Table 5.1. These all therapeutics repurposed
are further discussed below in brief.

5.5.2.1 Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

5.5.2.1.1 Aspirin

Aspirin is a common NSAID and it has been observed to be effective in cardiovas-
cular illness by inhibiting cyclooxygenase-1 (COX-1), which is crucial in the
manufacture of thromboxane A2, a critical component in platelet aggregation
(Raber et al. 2019). After rigorously evaluating randomized trials with cohort and



case reports, Algra and his team revealed that frequent consumption of aspirin
considerably decreased the risk of colorectal, esophageal, gastric, liver, and breast
cancer (Algra and Rothwell 2012). It was capable to stop hepatocellular carcinoma
cells from growing by cell cycle arrest, induction of apoptosis, and changes in
mRNA expression (Shi et al. 2020). In colorectal malignancy, it induces adenosine
monophosphate kinase (AMP kinase) (Steinberg et al. 2013), G0/G1 cell cycle
arrest, and apoptosis (Goel et al. 2003). Furthermore, it suppresses mTOR signaling
(Din et al. 2012), Wnt-signaling, and β-Catenin phosphorylation in colon cancer
(Bos et al. 2006). Aspirin was also reported to inhibit osteosarcoma development and
metastasis via inhibiting the nuclear factor kappa B (NF-κB) network (Liao et al.
2015). Moreover, it prevented inhibition of nuclear factor-κB kinase (IKK-β)-medi-
ated prostate cancer cell invasion by attacking matrix metalloproteinase-9 (MMP-9)
and urokinase-type plasminogen activators (Shi et al. 2017). Furthermore, it also
inhibited inflammation-related stemness gene activity (particularly ICAM3) and
histone demethylase (KDM6A/B) activity, which slows tumor development, spread
and lengthens life in breast cancer cells (Zhang et al. 2020a, b).
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Fig. 5.1 Repurposed small-molecule non-oncology drug candidates for various cancers
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Table 5.1 Repurposed small-molecule non-oncology drugs for the treatment of various cancers

Cancers against
which drug is
repurposed

Non-steroidal
anti-inflammatory
drugs

Aspirin Colorectal, esopha-
geal, gastric, liver,
& breast

Induced cell cycle arrest, apopto-
sis, changes in mRNA expression
and AMP kinase, inhibited mTOR
signaling, Wnt-signaling,
β-Catenin phosphorylation,
NF-κB network, matrix
metalloproteinase-9 and
urokinase-type plasminogen acti-
vator, GRP78 protein, ICAM3, and
KDM6A/B (Shi et al. 2020; Goel
et al. 2003; Din et al. 2012; Bos
et al. 2006; Liao et al. 2015; Shi
et al. 2017; Zhang et al. 2020a, b)

Diclofenac Ovarian, pancre-
atic, skin colorectal,
soft tissue, & liver

Induced apoptosis, " arginase
activity, # VEGF levels, # vascu-
larization levels (Sleire et al. 2017;
Albano et al. 2013; Falkowski
et al. 2003; Mayorek et al. 2010)

Ibuprofen Lung, prostate, &
gastric

Induced apoptosis, inhibited the
heat shock protein 70, cell prolif-
eration, and angiogenesis (Endo
et al. 2014; Kim and Chung 2007;
Akrami et al. 2015)

Naproxen Bone, bladder,
colon, melanoma,
leukemia, & breast

Activated cell cycle arrest and
apoptosis, inhibited immunosup-
pressive state, " TNF-alpha, #
PGE2 (Deb et al. 2014; Kim et al.
2014)

Statins Simvastatin Esophageal, liver,
gastric, breast, &
chondrosarcoma

# AKT and ERK signals, activated
cell cycle arrest and apoptosis,
blocked cell proliferation
(Nagayama et al. 2021; Kirtonia
et al. 2021)

Biguanides Metformin Skin, bone, breast,
& colorectal

Induced G0-G1 phase cell cycle
arrest, apoptosis, AMPK pathway
and autophagy, inhibited cell pro-
liferation and mobility (Tomic
et al. 2011; Park et al. 2019)

Phenformin Ovary, glioma,
breast, & skin

Induced AMPK activation, cellu-
lar stress and G1 phase cell cycle
arrest, inhibited mTOR cascade,
cellular proliferation, adhesion,
and invasion (Appleyard et al.
2012; Jackson et al. 2017; Yuan
et al. 2013)
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Table 5.1 (continued)

Cancers against
which drug is
repurposed

Selective estro-
gen receptor
modulators

Raloxifene Breast Inhibited MMP-2 enzyme tumor
invasion and angiogenesis
(Ağardan et al. 2016)

Antidepressants Imipramine Breast, myeloid
leukemia, & brain

Induced apoptosis, inhibited
FoxM1-mediated DNA repair,
ROS, invasion, and metastasis
(Rajamanickam et al. 2016; Metts
et al. 2017; Munson et al. 2012)

Trifluoperazine Breast & skin Induced mitochondria-mediated
apoptosis and G0/G1 cell cycle
arrest, blocked cyclin-dependent
kinase D1/CDK4 and cyclin
E/CDK2 (Feng et al. 2018; Xia
et al. 2021)

Fluoxetine Breast, lung, & skin Induced cytotoxic endoplasmic
reticulum stress, apoptosis and
autophagy, inhibited DNA repair
and metastatic, # mitogen-induced
T cell proliferation (Bowie et al.
2015; Grygier et al. 2013)

Antipsychotic Chlorpromazine Brain, leukemia, &
breast

Induced autophagic cell death,
inhibited Akt/mTOR pathway,
FLT3-ITD, KIT-D816V, and YAP
signaling (Abbruzzese et al. 2020;
Rai et al. 2020; Yang et al. 2019)

Anticonvulsant Valproic acid Head and neck
squamous cell can-
cer & breast

" p21 level, induced G0/G1 cell
cycle arrest (Gan et al. 2012;
Aztopal et al. 2018)

Antiviral drugs Ritonavir Breast, ovaries, &
pancreas

Induced apoptosis, inhibited
Hsp90, RB/E2F-1 and AKT sig-
naling (Srirangam et al. 2006;
Kumar et al. 2009; Batchu et al.
2014)

Nelfinavir Liver & breast Induced apoptosis and cell cycle
arrest, inhibited Hsp90 & ROS
generation (Sun et al. 2012; Shim
et al. 2012; Soprano et al. 2016)

Lopinavir Skin, lung, &
urological

Induced apoptosis, autophagy, and
cell cycle arrest, " ER stress
(Marima et al. 2020; Okubo et al.
2019; Paskas et al. 2019)

Antibiotics Ciprofloxacin Skin, breast, &
prostate

Induced apoptosis, p53/Bax/Bcl-2
signaling cascade and cell cycle
arrest at S phase (Beberok et al.
2018a, b, c)
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Table 5.1 (continued)

Cancers against
which drug is
repurposed

Nifuroxazide Thyroid & skin Induced apoptosis, # MMP-2,
MMP-9 and ALDH1, " CC-3 and
Bax proteins, inhibited cell prolif-
eration, migration, and invasion
(Luo et al. 2019; Hu et al. 2019;
Sarvi et al. 2018)

Moxifloxacin Brain & pancreas Induced apoptosis, ERK, S-phase
cell cycle arrest and caspase-3/7, #
glutathione levels (Beberok et al.
2018a, b, c; Yadav et al. 2015)

Antifungals Clotrimazole Lung, brain, &
breast

Induced apoptosis and cell cycle
arrest at the G0/G1 phase,
inhibited glycolysis (Furtado et al.
2012; Khalid et al. 2005; Penso
and Beitner 2002)

Itraconazole Colon, pancreas, &
skin

Induced autophagy and BAK-1
protein, inhibited Hedgehog, Wnt,
and PI3K/mTOR signaling cas-
cades [Dend et al. 2020, Jiang
et al. 2019, Liang et al. 2017]

Antiepileptic
drug

Flunarizine Skin Induced autophagy, # N-Ras pro-
tein (Zheng et al. 2018)

Antihypertensive
drug

Prazosin Brain, prostate Induced caspase3, DNA damage
stress, and G2 phase cell cycle
arrest, inhibited AKT cascade, #
PKC-δ and Cdk-1 (Lin et al. 2007)

Antimalarials Amodiaquine Lung, breast, &
skin

Induced apoptosis and S-phase cell
cycle arrest (Parvathaneni et al.
2020; Salako 2021; Qiao et al.
2013)

Chloroquine Liver & skin Activated G0/G1 cell cycle arrest,
DNA damage and apoptosis,
inhibited PUMA, # HIF-1 and
VEGF (Hu et al. 2016a, b; Lakhter
et al. 2013; Thongchot et al. 2015)

Anthelmintics Mebendazole Breast, skin, & lung Activated apoptosis and cell cycle
arrest at the G2/M phase, # XIAP,
inhibited tumor cell proliferation
(Zhang et al. 2019; Doudican et al.
2013; Sasaki et al. 2002)

Niclosamide Skin, leukemia, &
renal cell cancer

Induced mitochondrial apoptotic
cascade, inhibited FOXM1/-
catenin and Wnt/-catenin (Zhu
et al. 2019; Jin et al. 2017; Zhao
et al. 2016)
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Table 5.1 (continued)

Cancers against
which drug is
repurposed

Albendazole Ovary, gastric, &
ocular

# VEGF-A, VEGF-C, TNF-alpha,
and VEGFR-2 levels, induced
STAT-3 and STAT-5, inhibited
angiogenesis (Yang et al. 2021;
Cho et al. 2019)

Antirheumatics Leflunomide Bladder, skin, &
oral

Activated apoptosis, cell cycle
arrest at the G1 and S phase,
inhibited PI3K/Akt signaling cas-
cade and cell proliferation, ele-
vated cyclin A protein levels
(Cheng et al. 2020; Hanson et al.
2018; Ren et al. 2017)

Auranofin Skin, colon, &
pancreas

# cAMP, hexokinase, ROS and
ATP production, inhibited
TxnRd1 and HIF-1 (Goenka and
Simon 2020; Han et al. 2019; Rios
Perez et al. 2019)

Alcohol antago-
nist drug

Disulfiram Breast, skin, &
lungs

Induced cell cycle arrest at the
G2/M phase and mitochondria-
dependent apoptotic (Yang et al.
2016; Cen et al. 2004; Duan et al.
2014)

Antilipidemic Fenofibrate Pancreas, oral Induced G0/G1 phase cell cycle
arrest, p53, PPAR/FoxO1/p27 kip
cascade, inhibited mTOR activity
(Han et al. 2015; Hu et al.
2016a, b; Jan et al. 2016)

5.5.2.1.2 Diclofenac

It is an extensively prescribed NSAID that has antagonist activity on COX-2 and
prostaglandin E2 production (Pantziarka et al. 2016). It has shown anticancer
activity against ovarian, pancreatic, skin, colorectal, and liver cancer (Sleire et al.
2017). In skin and colorectal cancer cells, diclofenac promoted apoptosis (Albano
et al. 2013; Falkowski et al. 2003). It slowed the development of pancreatic cancer
cells by lowering vascular endothelial growth (VEGF) levels and increasing arginase
activity (Mayorek et al. 2010).

5.5.2.1.3 Ibuprofen

Ibuprofen has displayed anti-tumor effectiveness in variety of cancers such as lung,
prostate, and gastric cancer. It has caused apoptosis in lung carcinoma cells by
retarding the heat shock protein 70 (Endo et al. 2014). In prostate cancer, ibuprofen



showed programmed cell death (Kim and Chung 2007). Furthermore, it blocked
tumor development in gastric cancer via triggering apoptosis and decreasing cell
proliferation and angiogenesis (Akrami et al. 2015).
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5.5.2.1.4 Naproxen

Naproxen is a propionic-acid analog that is a non-selective COX-blocker (Han and
Küçükgüzel 2020). It has exhibited anticancer activity towards bone, bladder, colon,
melanoma, leukemia, and breast malignancy. Tumor growth was reduced by
naproxen via inducing apoptosis and inhibiting migration in breast carcinoma
(Deb et al. 2014). In human urinary bladder cancer, exhibited anticancer activity
through the arrest of cell cycle progression and programmed cell death (Kim et al.
2014).

5.5.2.2 Statins

5.5.2.2.1 Simvastatin

Statins like simvastatin are a kind of cholesterol-lowering medication commonly
employed in the treatment of atherosclerosis. It works by inhibiting the active site of
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA reductase), the
first and most important rate-limiting enzyme in the mevalonate cascade (Ward
et al. 2019). Statins were reported to show anticancer activity against esophageal,
breast, gastric, and liver cancer. Statins have inhibited tumor growth in esophageal
carcinoma via downregulating AKT and extracellular signal-regulated kinase (ERK)
signals (Nagayama et al. 2021). Also, statins proved to inhibit proliferation and
promote conversion in primary liposarcoma cells in culture as well as growth arrest
and differentiation in breast cancer cells and apoptosis in malignancies such as
chondrosarcoma and gastric and liver tumors (Kirtonia et al. 2021).

5.5.2.3 Antidiabetic Drugs

5.5.2.3.1 Metformin

Metformin, a biguanide analog, is a medication used for the treatment of type
2 diabetes (Tomic et al. 2011). It has shown chemotherapeutic properties against a
variety of malignancies including skin, bone, breast, and colorectal. It has demon-
strated anti-tumor action against skin cancer cells by inducing autophagy, arresting
the cell cycle (G0-G1) phase, and activating the AMP-activated protein kinase
(AMPK) pathway (Tomic et al. 2011). Further, it has prevented tumor development
in rectal cancer cells by decreasing cell proliferation, mobility, and penetration,
lowering clonogenic capacity, and promoting apoptotic cell death (Park et al. 2019).
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5.5.2.3.2 Phenformin

It is also an antidiabetic drug belonging to the biguanide class (Jackson et al. 2017).
It has demonstrated antineoplastic activity against ovarian, glioma, breast, and skin
cancer. It has hindered the growth of breast cancer cells via AMPK activation
(Appleyard et al. 2012). In ovarian cancer, phenformin decreased cellular prolifer-
ation, produced cell cycle G1 arrest and death, caused cellular stress, prevented
adhesion and invasion, and activated AMPK while inhibiting the mTOR cascade
(Jackson et al. 2017). Moreover, it induced programmed cell death in glioma stem
cells (Jiang et al. 2016). In melanoma cells, it has significantly reduced tumor growth
via inhibiting cell viability, mTOR signaling, and inducing apoptosis (Yuan et al.
2013).

5.5.2.4 Selective Estrogen Receptor Modulators (SERMs)

5.5.2.4.1 Raloxifene

Raloxifene is a SERMmember approved by the food and drug administration (FDA)
against osteoporosis. It showed promise against breast cancer. The underlying
mechanism of anti-tumor activity of raloxifene is obstruction of the matrix
metalloproteinase-2 (MMP-2) enzyme, which is recognized to be important for
tumor invasion and angiogenesis during tumorigenesis (Ağardan et al. 2016).

5.5.2.5 Antidepressants

5.5.2.5.1 Imipramine

Imipramine is FDA approved drug for treating depression via inhibition of the
reuptake of serotonin and norepinephrine. It reported effectiveness against breast
cancer, leukemia, and glioma. It suppressed breast cancer growth and metastasis via
inhibition of forkhead box protein M1 (FoxM1) and FoxM1-mediated DNA repair
(Rajamanickam et al. 2016). Furthermore, it induced apoptosis and inhibited reactive
oxygen species (ROS) in myeloid leukemia cells (Metts et al. 2017). In the glioma,
imipramine caused inhibition of invasion of glioma cells (Munson et al. 2012).

5.5.2.5.2 Trifluoperazine

It belongs to the phenothiazine derivative that blocks dopaminergic D1 and D2
receptors in the brain and is extensively prescribed as an antidepressant. Several
studies reported its anti-tumor potential against breast cancer and melanoma (skin
cancer). It enhanced mitochondria-mediated apoptosis in breast cancer by inducing
G0/G1 cell cycle arrest and lowering the levels of both cyclinD1/CDK4 and cyclin



E/CDK2 (Feng et al. 2018). Furthermore, trifluoperazine inhibited melanoma cell
growth and migration to the lungs, bones, and brain by causing G0/G1 cell cycle
seize and mitochondrial-dependent intrinsic apoptosis (Xia et al. 2021).
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5.5.2.5.3 Fluoxetine

Fluoxetine was the first licensed selective serotonin reuptake antagonist for depres-
sion, blocking serotonin 5-hydroxytryptamine (5-HT) reuptake at the presynaptic
membrane while boosting 5-HT effects on serotonin receptors at the post-synaptic
neuron. It demonstrated promise against cancers like breast, lung, and melanoma. In
triple-negative breast cancer, fluoxetine promoted cytotoxic endoplasmic reticulum
stress and autophagy (Bowie et al. 2015). In non-small cell lung cancer (NSCLC), it
caused apoptosis and hindered DNA repair and metastatic potential (Wu et al. 2018).
Furthermore, it reduced melanoma progression via augmenting the mitogen-induced
T cell proliferation (Grygier et al. 2013).

5.5.2.6 Antipsychotic

5.5.2.6.1 Chlorpromazine

Chlorpromazine, a tricyclic antipsychotic belonging to phenothiazine derivatives is
employed to treat mental problems (Abbruzzese et al. 2020). It has shown its
anticancer activity against cancers like brain, leukemia, breast, and glioma. Inhibi-
tion of the Akt/mTOR pathway caused autophagic cell death in human glioma cells
(Abbruzzese et al. 2020). Furthermore, by disrupting the subcellular organization of
FMS-like tyrosine kinase 3 (FLT3-ITD) and KIT-D816V, chlorpromazine was able
to eradicate acute myeloid leukemia and slow tumor development (Rai et al. 2020). It
reduced tumor development by suppressing yes-associated protein (YAP) signaling
and stemness features in breast cancer cells (Yang et al. 2019).

5.5.2.7 Anticonvulsant

5.5.2.7.1 Valproic Acid

It is a short-chain fatty acid used as an anticonvulsant and mood stabilizer in humans,
notably in the long-term therapy of epilepsy. It mainly acts on GABA (-
γ-aminobutyric acid) levels in the central nervous system, blocking voltage-gated
ion channels and suppressing histone deacetylase, among other things. It exhibited
anticancer action in squamous cell carcinoma of the head and neck and breast cancer.
It showed antineoplastic activity via suppression of cell growth both acutely and
chronically by promoting p21 expression and cell cycle arrest at G0/G1 (Gan et al.
2012; Aztopal et al. 2018).
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5.5.2.8 Antiviral Drugs

5.5.2.8.1 Ritonavir

Ritonavir is an antiretroviral protease blocker utilized in HIV transmission treatment
and prophylaxis (Meini et al. 2020). It showed anti-tumor activity against cancers
like breast, ovarian, and pancreatic cancer. Ritonavir decreased cell growth in breast
cancer via blocking heat shock protein-90 (Hsp90) substrates, including Akt
(Srirangam et al. 2006). Moreover, it reduced migration and invasion in ovarian
cancer cells by blocking AKT signaling and activating apoptosis (Kumar et al.
2009). In the pancreatic cancer, it has displayed anticancer activity through pro-
tein/E2 transcription factor-1 (RB/E2F-1) and AKT pathways mediated apoptosis
(Batchu et al. 2014).

5.5.2.8.2 Nelfinavir

Nelfinavir is another antiretroviral protease inhibitor used in the treatment and
prevention of HIV acquisition. It showed promise against various cancers like
liver and breast cancer. In liver cancer, nelfinavir suppressed the development of
tumor cells by inducing apoptosis and cell cycle arrest (Sun et al. 2012). It blocked
the growth of breast tumor cells via suppression of Hsp90 (Shim et al. 2012). In
addition, it also exhibited antiproliferative activity in breast cancer by ROS gener-
ation (Soprano et al. 2016).

5.5.2.8.3 Lopinavir

Lopinavir is an antiviral peptidomimetic human immunodeficiency virus (HIV)
protease inhibitor used for the treatment of acquired immunodeficiency syndrome
(AIDS) (Marima et al. 2020). Apart from antiviral potential, it has shown anti-tumor
effects in skin, lung, and urological cancers. It disrupted cell cycle progression in
lung cancer cells, resulting in slower tumor development (Marima et al. 2020). The
combination of lopinavir and ritonavir has a combinatorial effect on urological
cancer cells by generating endoplasmic reticulum (ER) stress (Okubo et al. 2019).
Furthermore, lopinavir showed anti-melanoma activity via induction of apoptosis,
autophagy, and reduction of cell growth (Paskas et al. 2019).
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5.5.2.9 Antibiotics

5.5.2.9.1 Ciprofloxacin

Ciprofloxacin is a fluoroquinolone-class second-generation antibiotic used to com-
bat respiratory and urinary tract infections. It stops cell growth by blocking topo-
isomerase II (DNA gyrase) and topoisomerase IV, which are required for bacterial
deoxyribonucleic acid (DNA) separation (Zhang et al. 2018). It has also been proven
to have anticancer properties in skin, breast, and prostate malignancies. Ciproflox-
acin induced apoptosis and cell cycle arrest at S phase in melanoma cells (Beberok
et al. 2018a, b, c). It activated the p53/BCL2-associated x protein (Bax)/B-cell
lymphoma-2 (Bcl-2) signaling cascade, which led to the death of human breast
cancer cells (triple-negative) (Beberok et al. 2018a, b, c). Besides, it inhibited the
growth of prostate cancer cells through the apoptosis and cell cycle arrest (Beberok
et al. 2018a, b, c).

5.5.2.9.2 Nifuroxazide

Nifuroxazide (nitrofuran antibiotic) is used orally to treat colitis and diarrhea in
humans and other animals (Luo et al. 2019). It has demonstrated an anti-tumor
activity against bone, thyroid, and skin malignancy. In bone cancer, it triggered
apoptosis and reduced cell migration and invasion (Luo et al. 2019). In thyroid
malignancy, it caused cell death by potentiating the expressions of CC-3 and Bax
proteins and hindering cell proliferation, migration, and invasion by lowering the
protein expressions of MMP-2 and MMP-9 (Hu et al. 2019). It inhibited the
aldehyde dehydrogenase-1 (ALDH1) enzyme, which inhibited tumor development
in melanoma cells (Sarvi et al. 2018).

5.5.2.9.3 Moxifloxacin

Moxifloxacin is a fourth-generation fluoroquinolone highly effective against gram-
positive bacteria. It works by blocking DNA gyrase, topoisomerase II and IV
(Beberok et al. 2018a, b, c). Moxifloxacin reported antineoplastic activity toward
the brain and pancreatic cancer. It caused apoptosis and S-phase arrest in brain
tumors by depleting glutathione, breaking down mitochondrial membranes, activat-
ing caspase-3/7, and fragmenting DNA (Beberok et al. 2018a, b, c). Furthermore, it
triggered S-phase cell cycle arrest and induced apoptosis in human pancreatic cancer
cells through activation of ERK (Yadav et al. 2015).
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5.5.2.10 Antifungals

5.5.2.10.1 Clotrimazole

Clotrimazole is an antifungal drug belonging to the azole analog family. It has shown
anticancer potential in the cancers like lung, brain, breast, and adenocarcinoma. It
decreased cell growth and survival in breast cancer cells via cell cycle arrest and
inhibition of glycolysis (Furtado et al. 2012). In brain cancer, it caused apoptosis and
cell cycle seize at the G0/G1 phase (Khalid et al. 2005). Clotrimazole has impaired
the survival of lung carcinoma and colon adenocarcinoma cells by inhibition of
glycolysis (Penso and Beitner 2002).

5.5.2.10.2 Itraconazole

This antifungal medicine is mainly employed to treat systemic fungal infections.
Besides its antifungal potential, itraconazole also exhibited anti-tumor activity
against colon and pancreatic cancer and melanoma. It blocked the hedgehog signal-
ing cascade, causing colon cancer cells to die by autophagy (Deng et al. 2020).
Furthermore, it activated the Bak-1 protein and reduced the development of pancre-
atic cancer cells (Jiang et al. 2019). Itraconazole also displayed potency against
melanoma via suppression of Hedgehog, Wnt, and phosphoinositide 3-kinase
(PI3K)/mTOR signaling cascades (Liang et al. 2017).

5.5.2.11 Antiepileptic Drug

5.5.2.11.1 Flunarizine

Flunarizine is a calcium channel blocker employed to cure headaches and seizures.
Antineoplastic effects have been reported against breast cancer. In breast malig-
nancy, its antineoplastic activity was noticed by activating the autophagy process by
degrading the neuroblastoma-RAS (N-Ras) protein (Zheng et al. 2018).

5.5.2.11.2 Prazosin

Prazosin is an antihypertensive medication belonging to the α-1 receptor antagonist
family and intended to cure hypertension. Its anticancer activity is observed in the
cancers such as glioblastoma and prostate cancer. Prazosin caused cell death in
glioblastoma by inhibiting the AKT cascade via protein kinase C-delta (PKC-δ),
resulting in caspase3 activation (Assad Kahn et al. 2016). It also caused cell death in
prostate cancer cells by inducing DNA damage stress, which resulted in cyclin-
dependent kinase-1 (Cdk-1) inactivation and G2-checkpoint arrest (Lin et al. 2007).
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5.5.2.12 Antimalarials

5.5.2.12.1 Amodiaquine

Amodiaquine is an antimalarial medication of the 4-aminoquinoline class. It
displayed anticancer activity against lung cancer, breast cancer, and skin cancer. In
NSCLC and breast cancer, it caused apoptosis and blocked autophagy (Parvathaneni
et al. 2020; Salako 2021). Besides, it reduced cell growth and triggered S-phase cell
cycle arrest in skin cancer cells (Qiao et al. 2013).

5.5.2.12.2 Chloroquine

It is the 4-aminoquinoline antiviral licensed by the FDA for malaria prophylaxis and
therapy. It exhibited anticancer potential against several cancers like hepatic cancer,
skin cancer, and bile duct cancer. In hepatocarcinoma, it caused G0/G1 cell cycle
arrest, DNA damage, and death (Hu et al. 2016a, b). It augmented apoptosis in skin
cancer cells by blocking the p53 upregulated modulator of apoptosis (PUMA)
degradation driven by the BH3 domain (Lakhter et al. 2013). It inhibited metastasis
in bile duct carcinoma via downregulating hypoxia-inducible factor (HIF-1) and
factor VEGF (Thongchot et al. 2015).

5.5.2.13 Anthelmintics

5.5.2.13.1 Mebendazole

Mebendazole (benzimidazoles) are tubulin-disrupting medications employed to heal
parasitic infections in people. Several studies reported its promise against breast,
skin, and lung cancer. It displayed anti-tumor activity in breast cancer via induction
of apoptosis and cell cycle arrest at the G2/M phase (Zhang et al. 2019). Moreover,
mebendazole showed anti-melanoma activity via suppression of the X-linked inhib-
itor of apoptosis (XIAP) (Doudican et al. 2013). In NSCLC, it caused depolymer-
ization of tubulin that resulted in mitotic arrest and death of tumor cells (Sasaki et al.
2002).

5.5.2.13.2 Niclosamide

It is used to treat tapeworm infection for over 50 decades. Despite anti-helminthic
use, it showed activity against melanoma, leukemia, and renal cancer. It promoted
apoptosis and reduced tumor cell development in melanoma cells via the mitochon-
drial apoptotic cascade (Zhu et al. 2019). By inhibiting the association of p65 with
(FoxM1)/-catenin, it prevented leukemia stem cells from surviving and



self-renewing (Jin et al. 2017). Besides, it hindered Wnt/-catenin and caused mito-
chondrial malfunction, suppressing renal cell cancer (Zhao et al. 2016).
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5.5.2.13.3 Albendazole

Albendazole is a carbamate anthelminthic benzimidazole analog, which can inhibit
worm cell growth by disrupting microtubule formation and altering glucose absorp-
tion. It has displayed effectiveness in gastric and ocular cancer. It has anti-tumor
effects on gastric cancer cells via influencing the activity of signal transducer and
activator of transcription-3 (STAT-3) and (STAT-5) by a pleiotropic pathway (Yang
et al. 2021). Furthermore, it inhibited angiogenesis in ocular carcinoma by lowering
VEGF-A, VEGF-C, TNF-alpha, and VEGFR-2 levels (Cho et al. 2019).

5.5.2.14 Antirheumatics

5.5.2.14.1 Leflunomide

Leflunomide is an immunoregulatory medication that has been authorized in the
clinic for the management of rheumatoid arthritis and allograft refusal. It is also
noticed to be effective in bladder cancer, skin cancer, and head and neck cancer. It
reduced growth and promoted death in human bladder malignant cells through
decreasing autophagy and the PI3K/Akt signaling cascade (Cheng et al. 2020). In
skin cancer, it caused apoptosis, cell cycle arrest at the G1 phase, and decreased cell
proliferation (Hanson et al. 2018). Similarly, it prevented cell cycle arrest during the
S phase and cell proliferation in oral squamous cell tumor cells with an elevation of
cyclin A protein levels (Ren et al. 2017).

5.5.2.14.2 Auranofin

Auranofin is an FDA approved organogold medication employed to treat rheuma-
tism. It has also been re-profiled for a variety of pharmacological purposes due to its
bactericidal, fungicidal, and anti-inflammatory properties. Apart from the aforemen-
tioned activities, it also demonstrated anticancer activity in melanoma, colon cancer,
and ductal carcinoma. The underlying mechanisms of anticancer activity of
auranofin are reduced cyclic adenosine monophosphate (cAMP) levels and cellular
ROS (Goenka and Simon 2020). Moreover, it generated significant oxidative stress
on colon cancer cells, resulting in ROS-mediated blockage of hexokinase and
disruption of mitochondrial redox equilibrium, eventuating in reduced ATP produc-
tion and tumor cell growth (Han et al. 2019). Similarly, it slowed pancreatic ductal
adenocarcinoma development via inhibition of thioredoxin reductase-1 (TxnRd1)
and HIF-1 (Rios Perez et al. 2019).
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5.5.2.15 Antilipidemic

5.5.2.15.1 Fenofibrate

Fenofibrate is an antilipidemic agent used to lower cholesterol levels. It is found to
be effective against glioblastoma, pancreatic cancer, and oral cancer. In human
glioblastoma cells, it triggered G0/G1 phase arrest via regulating the proliferator-
activated receptor alpha (PPAR)/FoxO1/p27 kip cascade (Han et al. 2015). The
anticancer effect in the pancreatic malignancy was observed by activating p53
through the overexpression of long non-coding RNA (MEG-3) (Hu et al.
2016a, b). Furthermore, it inhibited tumor development in oral malignancy by
inhibiting mTOR activity (Jan et al. 2016).

5.5.2.16 Alcohol Antagonist Drug

5.5.2.16.1 Disulfiram

Disulfiram is a wide-range anti-alcoholism agent that inhibits aldehyde dehydroge-
nase, a key enzyme in the physiological purification of ethyl alcohol. Several
research studies reported its antineoplastic potential against breast cancer, mela-
noma, and lung cancer. In breast cancer, disulfiram caused cell cycle arrest at the
G2/M phase and mitochondria-dependent apoptotic cascade (Yang et al. 2016). In
human melanoma cells, it accelerated intracellular copper (Cu) absorption and
induced apoptosis (Cen et al. 2004). Furthermore, in NSCLC, produced cell cycle
arrest at the G2/M phase, reduced lung cancer cells spheroid formation, and mRNA
levels of lung cancer stem cell genes (Duan et al. 2014).

5.5.3 Repurposing Phytochemicals

The different kinds of phytochemicals repurposed against the cancers are depicted in
Fig. 5.2 and are summarized with their molecular mechanisms in Table 5.2. These
various phytochemicals repurposed are further discussed below.

5.5.3.1 Resveratrol

Resveratrol is a kind of polyphenol derived from peanuts, grapes (red wine), tiger
cane, mulberries, and other plants. It is crucial in disorders including aging, neuro-
logical impairment, and inflammation. It has also been proven to have cytotoxic
activity in lung, prostate, and breast malignancies. It increased doxorubicin sensi-
tivity in breast carcinoma by suppressing epithelial-mesenchymal transition and



altering the sirtuin-1(SIRT1)/-catenin signaling pathway (Jin et al. 2019). By con-
trolling intrinsic apoptosis, it increased the susceptibility of small-cell lung cancer
cells to cisplatin (Li et al. 2018a, b). It used the p53/ p21WAF1/CIP1 and p27KIP1

pathways to cause cell cycle arrest and death in prostate malignancy (Singh et al.
2017).
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Fig. 5.2 Repurposed phytochemicals against various sorts of cancers

5.5.3.2 Quercetin

Quercetin is a pigment found in plants (flavonoid). It possesses anti-inflammatory
and antioxidant properties that may assist to decrease edema, destroying tumor cells,
regulating blood sugar, and avoiding heart disease. In addition to the aforementioned
activities, it has also shown anti-tumor efficacy against brain and breast malignan-
cies. In human glioma cells, it induced cell death and inhibited the production of
matrix metallopeptidase-9 (MMP-9) and fibronectin via the AKT and ERK signaling
pathways (Pan et al. 2015). It removed breast cancer stem cells via removing Y-box
binding protein 1 nuclear translocation and reduced multidrug resistance in breast
cancer cells by downregulating P-GP levels (Li et al. 2018a, b).

5.5.3.3 Epigallocatechin-3-Gallate

Green tea has a high concentration of polyphenol epigallocatechin-3-gallate. It is
reported to be cytotoxic in skin, liver, and bladder cancers. It induced apoptosis and
slowed the development of bladder tumor cells by inhibiting the sonic hedgehog
pathway (Zhang et al. 2015). In liver cancer cells, it caused apoptosis, lowered
mitochondrial membrane potential, and increased G0/G1 phase cell cycle arrest (Sun



Phytochemical Molecular mechanisms

"

et al. 2019). It inhibited tumor cell proliferation by decreasing interleukin 1 beta
(IL-1) production and nuclear factor kappa B (NF-κB) activity in skin cancer (Ellis
et al. 2011).

5 Drug Repurposing Opportunities in Cancer 73

Table 5.2 Repurposed phytochemicals for the treatment of various cancers

Cancers against which
phytochemical is
repurposed

Resveratrol Lung, prostate & breast Altered SIRT1/-catenin signaling pathway,
induced cell cycle arrest, p53/ p21WAF1/CIP1 and
p27KIP1 pathways (Jin et al. 2019; Li et al.
2018a, b; Singh et al. 2017)

Epigallocatechin-
3-gallate

Bladder, skin, & liver Activated G0/G1 phase cell cycle arrest and
apoptosis, inhibited sonic Hedgehog pathway,
tumor cell proliferation and NF-κB, # mito-
chondrial membrane potential and IL-1 produc-
tion (Zhang et al. 2015; Sun et al. 2019; Ellis
et al. 2011)

Caffeic acid Skin Activated apoptosis inhibited the mTOR/PI3K/
AKT signaling cascade (Zeng et al. 2018)

Quercetin Brain & breast # P-GP levels, induced cell cycle arrest,
inhibited MMP-9, fibronectin, AKT and ERK
signaling pathways (Pan et al. 2015; Li et al.
2018a, b)

Fisetin Liver, colon & pancreas Induced apoptosis, oxidative stress response,
CDK-5, NRF-2, glucocorticoid signaling, and
the ERK/MAPK signaling cascade (Khan et al.
2013)

Berberine Skin & lung Induced caspase-3 and apoptosis antiangiogenic
activity, # hypoxia-inducible factor-1, VEGF,
Bcl-2, Bcl-xl and proinflammatory mediators
(Hamsa and Kuttan 2012; Katiyar et al. 2009)

Sanguinarine Lung Activated cell cycle at the S phase and apopto-
sis, Fas-associated factor 1 (Wei et al. 2017)

Oxymatrine Brain & lung Induced cell cycle arrest in the G0/G1 stage,
EGFR/PI3K/Akt/mTOR signaling cascade and
STAT3 (Dai et al. 2018; Zhou et al. 2019)

Caffeic acid
phenethyl ester

Skin Induced apoptosis, " ROS, # glutathione
(Kudugunti et al. 2011)

Capsaicin Skin Inhibited phosphoinositide 3-kinases/Akt/Rac1
signal cascade (Shin et al. 2008)

Eugenol Skin Induced apoptosis, # c-Myc, H-ras, and Bcl2, "
P53, Bax, and active Caspase-3 (Pal et al. 2010)
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5.5.3.4 Fisetin

Fisetin, one of the most widespread bioactive flavonoids found in vegetables and
fruits, has been widely demonstrated to have antioxidant and anti-inflammatory
effects due to its polyphenol structure (Khan et al. 2013). It also exhibited an anti-
tumor effect in liver, colon, and pancreatic cancer. In all aforementioned cancer,
fisetin inhibited growth and triggered via the cyclin-dependent kinase 5 (CDK-5)
signaling cascade, the nuclear factor erythroid 2–related factor 2 (NRF-2) facilitated
oxidative stress response, glucocorticoid signaling, and the ERK/mitogen-activated
protein kinase (MAPK) signaling cascade (Khan et al. 2013).

5.5.3.5 Berberine

Berberine is an isoquinoline alkaloid derivative utilized to alleviate bacterial diar-
rhea. It also has anti-tumor properties over skin and lung malignancies. It displayed
anti-melanoma efficacy by downregulating hypoxia-inducible factor-1, VEGF, and
proinflammatory mediators (Hamsa and Kuttan 2012). It caused apoptosis in human
lung cancer cells by disrupting mitochondrial membrane potential, lowering Bcl-2,
B-cell lymphoma-extra large (Bcl-xl) levels, and activating caspase-3 (Katiyar et al.
2009).

5.5.3.6 Sanguinarine

Sanguinarine is a benzo phenanthridine alkaloid derived from plants in the
Papaveraceae family. It is commonly used to treat inflammation conditions. It
observed to be effective in the lung by upregulating Fas-associated factor 1, inducing
programmed cell death, and arresting the cell cycle at the S phase (Wei et al. 2017).

5.5.3.7 Caffeic Acid Phenethyl Ester

It is a caffeic acid ester analog which is an effective ingredient of propolis. It has
numerous actions, comprising bactericidal, anti-inflammatory, antiviral, and anti-
cancer. It decreased glutathione levels, raised ROS, and caused programmed cell
death in skin cancer resulting in a decrease in the growth of cancer cells (Kudugunti
et al. 2011).

5.5.3.8 Capsaicin

Capsaicin is one of the key pungent compounds present in red pepper and used as
spices. It showed promising activity in melanoma. Capsaicin stopped melanoma



cells from migrating by hindering the phosphoinositide 3-kinases/Akt/Rac1 signal
cascade (Shin et al. 2008).
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5.5.3.9 Eugenol

Eugenol is the active ingredient found in clove essential oil (Syzygium aromaticum).
It possesses antimutagenic, antigenotoxic, and anti-inflammatory activity. Despite,
eugenol demonstrated anti-melanoma potential. It inhibited melanoma cell growth
by downregulating the master regulator of cell cycle entrance and proliferative
metabolism (c-Myc), H-ras, and Bcl2 expression and inducing apoptosis by
upregulating P53, Bax, and active caspase-3 expression (Pal et al. 2010).

5.5.3.10 Caffeic Acid

Caffeic acid is a phenolic chemical found in coffee, wine, tea, and popular medica-
tions like propolis. It has antioxidant, anti-inflammatory, and anticancer properties.
Caffeic acid also showed activity in skin cancer. Through activation of programmed
cell death and suppression of the mTOR/PI3K/AKT signaling cascade, it has
exhibited an anti-tumor effect in skin cancer (Zeng et al. 2018).

5.5.3.11 Oxymatrine

Oxymatrine is a naturally occurring quinolizidine alkaloid reported for wide range of
activity like anti-inflammatory, antiviral, and immunostimulatory. It is also reported
to be efficacious in the glioblastoma and lung cancer. It inhibited the invasion of
human glioblastoma cells by inducing cell cycle arrest and death via the EGFR/
PI3K/Akt/mTOR signaling cascade and STAT3 (Dai et al. 2018). It stopped lung
cancer cells from proliferating and triggered cell cycle arrest in the G0/G1 stage
(Zhou et al. 2019).

5.6 Repurposed Non-Oncology Drugs in Clinical Trials
for the Treatment of Different Cancers

An ample of drugs from different pharmacological classes effective in diverse types
of cancers are under diverse stages of clinical trials. Various non-oncology drugs
which are under different phases of clinical trials against diverse kinds of cancer are
summarized in Table 5.3. For instance, itraconazole (antifungal) medicine approved
for fungal infections (toenail, fingernail) has been tested for its efficacy against
prostate cancer. In prostate cancer, itraconazole exhibited anticancer activity via



Drug(s) Type/stage of cancer Status

(continued)
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Table 5.3 List of repurposed drugs undergoing clinical trials against various cancers

Clinical
identifier

Phase of
study

Itraconazole and
hydroxychloroquine

NCT03513211 Phase I
&II

Prostate cancer Recruiting

NCT03081702 Phase I
& II

Platinum-resistant epithelial
ovarian cancer

Completed

Itraconazole NCT04081831 – Gastrointestinal cancer Completed

NCT02357836 Early
phase I

NSCLC Completed

NCT00887458 Phase II Prostate cancer Completed

NCT01108094 Phase II Skin cancer Completed

NCT04018872 Phase II Esophagus squamous cell
cancer

Recruiting

Aspirin & Vitamin
D3

NCT03103152 Phase II
& III

Prostate cancer Completed

Aspirin NCT04081831 – Gastrointestinal cancer Completed

NCT02301286 Phase
III

Colon cancer Recruiting

Diclofenac,
diclofenac, &
calcitriol

NCT01358045 Phase II Basal cell carcinoma Completed

Diclofenac epolamine NCT01380353 Early
phase I

Breast cancer Completed

Statin NCT01813994 – Gastric adenoma Completed

Simvastatin & aspirin NCT02285738 Early
phase I

Solid tumor cancer Recruiting

Simvastatin NCT01099085 Phase
III

Gastric cancer Completed

NCT04457089 Early
phase I

Recurrent ovarian cancer Recruiting

Atorvastatin NCT05103644 Phase II
& III

Breast cancer Recruiting

NCT01988571 Phase II Breast cancer & lymphoma Completed

NCT01759836 Phase II Prostatic neoplasms Completed

Metformin hydro-
chloride & ritonavir

NCT02948283 Phase I Multiple myeloma lympho-
cytic leukemia

Completed

Metformin NCT04947020 – Rectal cancer Recruiting

NCT01266486 Phase II Breast cancer Completed

NCT01243385 Phase II Prostate cancer Completed

NCT01205672 Early
phase I

Endometrial cancer Completed

NCT01677897 Phase II Metastatic prostate cancer Completed

Raloxifene and
tamoxifen

NCT00003906 Phase
III

Breast cancer Completed

Imipramine NCT03122444 Early
phase I

Breast cancer Recruiting



Drug(s) Type/stage of cancer Status

inhibition of Hh pathway and angiogenesis [NCT00887458]. Furthermore, in
another trial, the itraconazole efficacy was tested in NSCL. They studied the effect
of itraconazole on the inhibition of angiogenesis and Hh pathway. Investigator gave
itraconazole (600 mg PO) for 7–10 days to the 15 patients diagnosed with NSCLC.
Finally, they observed the anticancer potency of itraconazole at 600 mg in the
NSCLC via inhibition of Hh pathways (NCT02357836).
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Table 5.3 (continued)

Clinical
identifier

Phase of
study

Temozolomide NCT04224441 Phase II Glioblastoma Recruiting

Ritonavir NCT01009437 Phase I Breast cancer Completed

NCT00002366 Phase II Kaposi sarcoma Completed

Nelfinavir NCT00704600 Phase I
& II

Colorectal cancer Completed

NCT01445106 Phase I Solid tumors Completed

NCT01065844 Phase II Head and neck cancer Completed

Ciprofloxacin NCT02173262 Phase
IV

Breast cancer Completed

Chloroquine NCT01023477 Phase I
& II

Ductal carcinoma Completed

Mebendazole NCT02644291 Phase I Medulloblastoma Recruiting

NCT01729260 Phase I High-grade glioma Completed

Leflunomide NCT03709446 Phase I
& II

Breast cancer Recruiting

Auranofin NCT01747798 Early
phase I

Ovarian epithelial cancer &
fallopian tube cancer

Completed

NCT01737502 Phase I
& II

NSCLC Recruiting

Disulfiram & copper
gluconate

NCT00742911 Phase I Solid tumor Completed

Disulfiram NCT00256230 Phase I
& II

Stage IV melanoma Completed

NCT01118741 NA Prostate cancer Completed

NCT03323346 Phase II Breast cancer Recruiting

5.7 Future Prospects

In the recent years, large number of small-molecule non-oncology therapeutics and
phytochemicals showing anticancer indication has increased. These therapeutics
may have ability to interact with many targets therefore understanding of its
polypharmacology is of huge importance. There is necessity to screen the suitable
therapeutics having a better affinity with cancer targets via different computational
tools to achieve better anticancer effect. Moreover, these computational avenues can



also help to identify the novel cancer targets of repurposed therapeutics. The in vitro
analysis like proteins expression is essential to investigate the molecular mecha-
nisms of these therapeutics. The preclinical studies are essential to ascertain the
safety and efficacy of repurposed therapeutics. Furthermore, compiling a new
dossier for the new pharmacology of repurposed therapeutics is essential.
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The combined delivery of repurposed therapeutics alone and repurposed thera-
peutics with approved antineoplastic drugs could be useful to achieve superior
anticancer efficacy and reduce the dose-related toxicities. However, more research
is expected to confirm the drug-drug interactions, safety, and efficacy. Besides, only
few therapeutics are noticed to be repurposed for several cancers in the clinical trials
and there are enormous opportunities to take the leftover therapeutics to the clinical
level.

Furthermore, the prime challenge when the repurposed drug is delivered in the
conventional way is its non-specific distribution and toxicities allied to their
approved indication. Therefore, the delivery of repurposed therapeutics as
nanoparticulate drug using an appropriate route of administration is of great signif-
icance. There is a lack of repurposed drug-loaded nanoformulations at the commer-
cial level. Therefore, there is a great opportunity to engineer efficient
nanoformulation laden with repurposed therapeutics against a variety of cancers
and their commercialization.

5.8 Concluding Remarks

Drug repurposing has gained more interest from the pharmaceutical industry, aca-
demia, and other public sector as a speedier and less expensive way to expand the
armory of licensed cancer therapeutics. In this chapter, the importance of repurpose
therapeutics, drug repurposing approaches, repurposed small-molecule
non-oncology drugs, and phytochemicals for different cancer is briefed. Various
therapeutic (small-molecule non-oncology and phytochemicals) candidates
repurposed for range of cancers are mentioned along with their molecular mecha-
nisms. However, many of these therapeutics are still at the laboratory scale and so
present new prospects for pharmaceutical scientist to take it to the clinical and
commercial level.
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Chapter 6
Repurposing of Flavonoids as Promising
Phytochemicals for the Treatment of Lung
Carcinoma

Vivek Yadav, Lovika Mittal, Swati Paliwal, Shailendra Asthana,
and Rajiv K. Tonk

Abstract Flavonoids are the polyphenolic secondary metabolites that were
obtained from the plants. In recent years, the study and research of flavonoids
have become important due to new findings about their diverse pharmacological
actions. Here in this chapter, we described about the repurposed use of flavonoids to
treat different types of lung cancers such as small-cell lung cancer and non–small-
cell lung cancer. The flavonoids covered in this chapter are vital in terms of their role
and mechanism of action to hit many targets linked with lung cancer. Further this
chapter includes repurposing, structural modification, as well as an in-depth under-
standing of the various functional groups present in flavonoids and their impact on
the biological mechanism to develop some improved therapeutic strategies for the
prevention and treatment of lung carcinomas. The repurposing of flavonoids pro-
vides a fruitful alternative against the toxic chemotherapy treatments for the various
types of cancer and diseases.

Keywords Flavonoids · Repurposing · Secondary metabolite · Lung cancer

6.1 Introduction

Flavonoids are a family of polyphenolic secondary metabolites that are found in
plants and are therefore often ingested in human diets. Flavonoids are known as the
anthocyanin pigments of plant tissues that are characteristically red, blue, and purple
in color. Flavonoids are extensively distributed secondary metabolites with diverse
metabolic activities in plants. Flavonoids generally accumulate in the epidermis of
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leaves and skin of fruits. They are involved in pigmentation, immunity development,
UV protection, and stimulation of nitrogen-fixing in plants. Flavonoids are derived
from chalcones with an arrangement of 3 aromatic rings (A, B, C) with 15 carbons
and a C6–C3–C6 skeleton. Ring A is a benzene ring fused with a 6-membered ring
(C) carrying ring B, phenyl benzene at position 2 as a substituent as shown in
Fig. 6.1. In flavonoids, mixed biosynthesis is observed and these are products of both
the shikimate and acetate pathways. The glycosidic sugars are joined with flavo-
noids, and along with hydroxyl groups, they increase water solubility and the sub-
stituents like methyl and isopentenyl groups increase lipophilicity (Lin and Weng
2006).
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Fig. 6.1 Basic chemical
structure of flavonoid

It has been shown that eating foods rich in flavonoids reduces the risk of coronary
heart disease, myocardial infarction, cancer, and other chronic diseases such as
neurodegenerative psychological diseases and other chronic diseases. Flavonoids
may act as antioxidants to promote health by reducing oxidative stress, which is
thought to be a factor in the development of several diseases. Along with their
antioxidant capabilities, flavonoids have been shown to have a variety of additional
biological effects, including antiviral, antibacterial, anti-inflammatory, vasodilatory,
anticancer, and anti-ischemic qualities. There is significant and persistent scientific
evidence that plant-based diets, particularly those high in vegetables and fruits,
protect against a wide range of malignancies. Whether this is due to the diet’s low
energy content or its specific ingredients, it has been shown to have an effect.
Although the nutritional profiles of plant-derived meals vary, they are generally
good providers of essential nutrients (e.g., fiber, carotenoids, vitamin C, folate,
minerals) and a variety of less well-characterized bioactive substances (phytochem-
icals). Drugs like aspirin and biguanides (metformin and phenformin), which were
originally generated from phytochemical backbones (triterpenoids, flavonoids, reti-
noids), are multitarget medicines with antiangiogenic/anti-anti-inflammatory prop-
erties that were originally derived from phytochemical backbones. These
compounds could be repurposed in cancer and other chronic complex diseases as
part of combinatorial chemoprevention and interception techniques, or as part of
chemoprevention/therapy regimens, for example. In this chapter, we have shed light
on the repurposing of different flavonoids in the treatment of lung carcinoma.
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6.1.1 Classifications of Flavonoids

The flavonoids, ubiquitous in plants, are the largest class of polyphenols, with a
common structure of diphenylpropanes (C6–C3–C6), consisting of two aromatic
rings linked through three carbons. The classifications of six subclasses of flavonoids
are tabulated in Table 6.1 and the structures of some flavonoids are showed in
Fig. 6.2 below.

They are found in fruits, vegetables, tea, cocoa, and wine among other plant-
based foods. Within the flavonols and flavones subgroups, the flavonol quercetin is
the most abundant component in foods. Additionally, kaempferol, myricetin, and the
flavonoids apigenin and luteolin are prevalent. The primary dietary sources of
flavonols and flavones are tea and onions (Marchand 2002).

Table 6.1 The six major subclasses of flavonoids

S. no. Subclass Flavonoids Sources

1 Flavones Apigenin, luteolin Apple skin, celery

2 Flavonols Quercetin, kaempferol, myricetin Onions, apples, tea

3 Flavanones Naringenin, hesperetin Citrus fruits, grapefruit

4 Flavanols Catechins, epicatechin, gallocatechin Tea

5 Anthocyanidins Cyaniding, pelargonidin Berries

6 Isoflavones Genistein, daidzein Soya

Fig. 6.2 Structure of some flavonoids
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6.2 Reported Flavonoids Against Lung Cancer

Lung cancer is the leading cause of cancer-related death globally. Lung cancer has
caused ~1.76 million fatalities by 2021, accounting for over one-fifth (18.4%) of all
cancer-related deaths. Lung cancer is divided into two distinct subtypes: non–small-
cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). NSCLC accounts for
around 85% of all lung malignancies. Lung cancer has a high mortality/incidence
rate (more than 80%) and a low 5-year survival rate (10–20%). This dismal prog-
nosis is a result of lung cancer cells’ propensity for metastatic spread. The majority
of individuals are diagnosed only after developing clinical symptoms associated
with extensive metastases. Additionally, lung cancer cells have a proclivity for
developing resistance to a wide array of anticancer treatments (Zanoaga et al.
2019a).

Therapeutic strategies for lung cancer include chemotherapy, radiotherapy, sur-
gery, immunotherapy, and targeted therapy. Chemotherapy is the primary treatment
option, and it is used as a first-line option or as an adjuvant/neoadjuvant in combi-
nation therapies. Among the conventional chemotherapy agents used to treat
NSCLC are etoposide, docetaxel, paclitaxel, cisplatin, irinotecan, and doxorubicin,
which are typically given in paired combinations. Phytochemicals emerge as natural,
plentiful, low-cost, and nontoxic compounds with a variety of pharmacological
properties, including anticancer potential. Numerous studies have demonstrated
that flavonoids have anticancer action in cancer cells both in vitro and in vivo by
causing cell cycle arrest, apoptosis, autophagy, and/or senescence.

6.2.1 Anticarcinogenic Properties and Targets of Flavonoids

Various studies have shown that flavonoids have the ability to scavenge free radical
and stop oxidative stress-related diseases like cancer, diabetes, Alzheimer’s, and
asthma. There are a lot of flavonoids accessible which show anticancer activity but
still, the mechanism liable for anticancer effects have not been elucidated yet. There
are two crucial causes of cancer in which internal factors include oxidative stress
and genetic mutations, while external factors are smoking, U-V rays and exposure to
radiation. The change in metabolism, induction of angiogenesis, metastasis forma-
tion, impaired cell cycle and resistance to immune reaction are major characteristics
of the cancer cells (Kopustinskiene et al. 2020). Figure 6.3, represents the mecha-
nisms of action and targets of flavonoids involved in cancer prevention and treatment
therapy (Chabot et al. 2010).

Numerous flavonoids have been shown to be antimutagenic, such as quercetin,
which can decrease the mutagenic effect of benzopyrene, a potent carcinogen in
bacterial mutagenesis assays. The flavonoids 3,5,7-trihydroxyflavone, commonly
known as Galangin, have been demonstrated to have anticlastogenic properties
in vitro and in vivo using bleomycin or benzopyrene models. Mutagenesis produced



by benzopyrene diol-epoxide can also be prevented by hydroxylated flavones, and
numerous synthesized flavones have been demonstrated to be antimutagenic in the
Ames test. Flavonoids are thought to hinder a chemical interaction between a
reactive metabolite and DNA, which is why they are thought to prevent carcinogen-
esis. To prevent the DNA–carcinogen covalent bond, polyphenols have been proven
to inhibit the enzymes that activate them, notably cytochrome P450 1A1 and 1B1
cytochrome P450s. In addition, flavonoids can inhibit the cytochromes’ P450s
protein expressions, inhibiting the synthesis of DNA-reactive mutagens.
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Fig. 6.3 Flavonoids anticancer activity and their targets
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6.2.2 Molecular Mechanism of Action of Flavonoids

Despite the fact, the information supporting cancer prevention remains contentious
in humans, probably thanks to the inherent difficulties to conduct this type of
epidemiological study, which has shown that diet rich in polyphenol is found to be
very fruitful in preventing certain kinds of cancer and significantly lower the danger
of dying from this disease.

Studies have shown that those who consume large amounts of flavonoids have a
lower risk of developing lung cancer. Tea and flavonoids consumption has been
linked to a reduced incidence of cancer in epidemiological studies. The pictorial
representation of the flavonoids mechanism on the cell is shown in Fig. 6.4.

According to in vivo and in vitro investigations, macromolecular activities
include antioxidant effects, electrophile binding, stimulation of protective enzymes
(phase 2 with conjugating activities), enhancement of caspase-mediated necrobiosis,
suppression of cellular reproduction, inhibition of lipid peroxidation, inhibition of
angiogenesis, inhibition of H-donation, and inhibition of DNA oxidation (Patil and
Masand 2018).

6.2.2.1 Carcinogenic Metabolic Activation Pathway Targeting by
Flavonoids

Flavonoids have shown antileukemic effects by changing the uptake and tempera-
ment or disposition of carcinogens. Mechanism of action of flavonoids can be shown
in two ways either: (a) interacting with cytochrome P450 includes (CYP1A1 and
CYP1A2) which is metabolizing enzyme belongs from phase 1 clinical trial and then
activating the pro-carcinogens which are converted into reactive species or either

Fig. 6.4 Molecular mechanism of action of flavonoids



(b) interact with cellular nucleophiles resulting activated carcinogenesis and show
antitumor effect. Flavonoids interact with the metabolizing enzymes (phase II
clinical trials) like glutathione-S-transferase, quinone reductase, and
UDP-glucuronyl transferase and show their involvement in the detoxification of
carcinogens for their expeditious elimination.
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6.2.2.2 Antiproliferative Activity

By inhibiting the pro-oxidant process and polyamine biosynthesis which causes
tumor promotion, flavonoids show their antiproliferative effect example—
flavopiridol and quercetin. Flavonoids also stop the enzymes which express their
involvement in cell proliferation like Kinase enzymes (protein kinase enzyme,
protein kinase C, phosphoinositide 3-kinase), xanthine oxidase.

6.2.2.3 Cell Signaling

Cell cycle signaling is associated with cyclin-dependent kinase (CDKs); thus,
variation in the activity of CDK is of interest to progress innovative anticancer
agents. There are some examples of flavonoids like silymarin, genistein, quercetin,
daidzein, luteolin, kaempferol, apigenin, and epigallocatechin 3-gallate which have
shown alteration in the cell cycle.

Flavonoids act on various kinase signaling pathways like the MAP kinase
(mitogen-activated protein kinase), the phosphoinositide 3-kinase (PI 3-kinase),
the Akt/protein kinase B (Akt/PKB), the tyrosine kinases, and the protein kinase C
(PKC) signaling pathways and inhibit these pathways which affect cellular
functions.

6.2.2.4 Apoptotic Effect

Induction of apoptosis through flavonoids has been reported by a various mecha-
nisms like changing of DNA topoisomerase I/II activity, ROS, HSP expression,
signaling pathways, caspase-9, caspase-3, Bcl-X(L) expression, Bax, as well as Bak
expression, nuclear transcription factor kappaB, Bcl-2 family protein (Mcl-1).

Quercetin-induced apoptosis occurs because of cell cycle arrest in the S phase and
the inhibition of thymidylate synthase. Catechin, a natural phenol and antioxidant, is
found in green tea, and induces apoptosis and chunk cell cycle in tumor cells.
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6.2.2.5 Differentiation

For cell differentiation, flavones and isoflavones, both are the well-reported
inducers. Through rebalance of normal cellular homeostasis and elimination of
tumor genic cells, new anticancer therapies can also be developed.

Reports have shown that the flavonoids found to be more active which consist
these substituents like 3-OH; 5,6,7,8,30,40-OMe > 5,7,30,40-OH > 5,6,7,8,40-
OMe. Genistein as well as quercetin and luteolin were also found to introduce
HL60 cells differentiation. The foremost promising condition for differentiation is
covalent bond needed at the C2–C3 and an unopened C ring because chalcones are
inactive.

6.2.2.6 Antiangiogenic Effect

The VEGF (vascular endothelial growth factor) and HIF-1 (hypoxia-inducible
factor-1) inhibition occurred via angiogenesis inhibitors of flavonoids. Also, these
inhibitors act by interfering with the basement destruction of blood cells, and the
rapid increase and migration of endothelial cells. Along with this, it has also been
reported that EGCG could decrease the vascular endothelial growth factor mRNA
and crucially decrease the growth of gastric tumors. Quercetin also shows inhibition
of NO synthase in angiogenesis inhibition in vivo as well as in vitro.

6.2.2.7 Multidrug Resistance

Flavonoids show their anticancer property through multidrug resistance-related
protein (MRP) or Pgp (P-glycoprotein). Recent work has been done on molecular
mechanisms for multidrug resistance involving the direct interaction of EGCG
(epigallocatechin gallate flavonoid) on ATP binding site on GRP78 (glucose-
regulated protein) of a chaperone protein. There are some other mechanisms
involved in multidrug resistance like blocking ATPase activity, inhibiting the
overexpression of multidrug resistance gene-1, hydrolysis of nucleotide, etc. Flavo-
noids also help in multidrug resistance by targeting Pgp to build up doxorubicin.

6.2.2.8 Antioxidant Activity

The flavonoids have been reported as a natural antioxidant (e.g., catechin, anthocy-
anins, flavonols, and flavones) that focus on the modulation of ROS as well as on
proliferation pathways and cell cycle signaling. They show their anticancer mecha-
nism which is based on antioxidant activity by direct removal of free radicals.
Flavonoid acts directly with the free radical and creates less reactive as well as
more stable phenolic radicals resulting in inhibition of LDL oxidation. Flavonoid



interferes with NO-synthase activity to remove reactive oxygen species (ROS).
Flavonoids stop NO reaction along free radicals, resulting in prevention of
peroxynitrites which directly oxidizes ROS. In colon and stomach cancer, flavo-
noid’s antioxidant activity plays a vital role in the treatment of the disease.
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6.3 Flavonoids and Their Reported Biological Activities

The several enzymatic inhibitions were reported from the flavonoids for their
different pharmacological activities. Some of the reported flavonoids are tabulated
in Table 6.2 with the anticancer activities. We briefly mentioned below about the
different types of flavonoids with their biological activities toward the lung cancer-
related diseases.

1. Luteolin: Extracts of Blumea balsemifera leaves, luteolin-7-methyl ether, dem-
onstrated significant cytotoxicity against human lung cancer cell lines
(NCI-H187) and moderate toxicity against oral cavity cancer cell lines
(KB) with IC50 values of 1.29 and 17.83 μg/mL, respectively (Saewan et al.
2011). Studies have demonstrated that it lowers Sirt-1 expression levels and has
an anticancer effect by inducing apoptosis in cancer cells through the Sirt-1
pathway (Ma et al. 2015). According to the findings, luteolin also functions as a
radiosensitizer by increasing apoptotic cell death by activating a p38/ROS/
caspase cascade in the presence of γ-ionizing radiation (Cho et al. 2015).

2. Kaempferol: Claudin-2 is highly expressed in human lung adenocarcinoma
tissues, and its knockdown reduces cell proliferation, suggesting that it could be
a new target for cancer chemotherapy. In lung adenocarcinoma, A549 cells,
flavonoids like kaempferol, chrysin, and luteolin reduced claudin-2 expression
in a concentration-dependent manner. Mitogen-activated protein kinase (MEK)/
ERK/c-Fos and phosphoinositide 3-kinases (PI3K)/Akt and nuclear factor-B
(NF-B) pathways upregulate claudin-2 expression, but these activities were not
inhibited by the kaempferol, chrysin, and luteolin compounds studied (Sonoki
et al. 2017). The luciferase reporter vector-based promoter deletion assay
revealed that kaempferol and luteolin inhibit the transcriptional factor’s ability
to bind to the region of the claudin-2 promoter between codons 395 and 144.
The decrease in promoter activity was prevented by a mutation in the STAT-
binding site, which is located between 395 and 144. Although the phosphory-
lation level of STAT3 was not decreased, kaempferol and luteolin in chromatin
immunoprecipitation assays suppressed STAT3 binding to the promoter region.
Ectopic expression of claudin-2 partially reversed the effects of kaempferol and
luteolin on cell proliferation. The inhibition of STAT3 binding to the claudin-2
promoter region was the mechanism by which kaempferol and luteolin reduced
claudin-2 expression and proliferation in A549 cells. Lung adenocarcinoma
development may be prevented by consuming foods and nutrients rich in
these flavonoids. The PI3K/AKT pathway may be inhibited by kaempferol as
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well as by increasing the expression of miR-340, PTEN, and PTEN-related
factors (Han et al. 2018).

3. Broccolini leaf flavonoids (BLF): They have been shown to have an
antiproliferative effect on the A549 cell line (adenocarcinomic human alveolar
basal epithelial cells) in a dosage-dependent manner (Wang and Zhang 2012).
BLF has an IC50 value, 79.77 μg/mL in an A549 cell line study.

4. Quercetin: A number of in vitro and in vivo investigations have indicated that
the Quercetin target aurora B kinase has a direct effect on lung cancer cells by
inhibiting their growth (Xingyu et al. 2016). The lowest equilibrium dissociation
constant (Kd) was found to be 25.6 ± 3.5 μmol/L, indicating the strongest
binding between quercetin and aurora B. Quercitrin (QR; quercetin-3-O-
rhamnoside) has been used in the past as an antibacterial agent and has been
found to block the oxidation of low-density lipoproteins and avoid an allergic
reaction. Furthermore, it has been proven that QR protects lung fibroblast cells
from H2O2-induced dysfunction (Cincin et al. 2014). Anticarcinogenic and
antiproliferative properties of QR on lung cancer cells have been demonstrated
via regulating the immune response. Cell adhesion, phosphatidylinositol signal-
ing, and leukocyte trans-endothelial migration were found to be the most
statistically significant pathways in NCI-H358 and A549 cells, respectively.
This shows that it could be a novel and potent anticancer drug for NSCLC. It is
noticed that Quercetin reduces the stability of claudin-2 mRNA in A549 cells,
which reduces its expression. Claudin-2 levels were restored after quercetin
boosted miR-16 expression, and an inhibitor of miR-16 reversed the effects of
quercetin on claudin-2 levels. Quercetin may reduce claudin-2 expression in
lung cancer cells by increasing miR-16 expression (Sonoki et al. 2015).

5. Apigenin: As a nonmutagenic flavonoid found in fruits and vegetables,
Apigenin (APG) has been shown to have many potential targets. APG inhibited
A549 human lung cancer cell proliferation, migration, and invasion by targeting
the PI3K/Akt signaling pathway, according to the findings (Zhou et al. 2017).
When APG inhibits the PI3K/Akt signaling pathway, the migration and invasion
of A549 cells is significantly reduced, indicating that APG can inhibit lung
cancer cell migration (IC50 value of 93.7 ± 3.7 μM for 48 h) and invasion by
modulating this pathway. Additionally, the results indicated that APG not only
inhibited Akt phosphorylation, thereby inhibiting its activation, but also
inhibited matrix metalloproteinases-9, glycogen synthase kinase-3, and HEF1
expression downstream of Akt. Snail/Slug-mediated EMT was also shown to be
suppressed by APG, preventing NSCLC cells with varying EGFR statuses from
migrating or invading (Chang et al. 2018). A549 xenograft growth and metas-
tasis were drastically reduced in vitro by APG, which targeted CD26. The ability
of lung cancer cells to invade and the poor prognosis of patients with this type of
cancer were positively correlated with CD26 expression. With CD26high/Akthigh

tumors, patients had the shortest recurrence-free survival times, according to the
results. Overall, APG is a new Akt inhibitor in lung cancer and a possible natural
compound for cancer chemoprevention.
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6. Baicalein: Chinese herbal medicine, Baicalein, has a wide range of pharmaco-
logical effects. Baicaleins were found to have a significant impact on the
proliferation of A549 and H1299 cell lines (Su et al. 2018). In addition,
CyclinD1 and CDK1 mRNA expression was decreased, as well as cell invasion
and E-cadherin expression. It has an IC50 value of 80 ± 6 μM determined from
the MTT assay. Studies have shown that it may be a potential flavonoid for the
treatment of NSCLC.

7. Epigallocatechin gallate (EGCG): Chemopreventive properties of green tea’s
main biologically active compound, EGCG, are well established. Proliferation
and apoptosis of H1299 lung cancer cells can be inhibited by EGCG, which has
an effect on the PI3K/Akt signaling pathway by preventing its activation
(Gu et al. 2018). EGCG’s antitumor properties were primarily due to the
inhibition of the EGFR signaling pathway (Ma et al. 2014). It was also found
that long-term EGCG treatment reduced EGFR expression in both the nucleus
and membranous tissues, as well as in the downstream target gene cyclin D1,
suggesting that it inhibited the process of EGFR transactivation. EGCG also
appears to inhibit TGF-induced EMT in NSCLC cells by reducing phosphory-
lation of Smad2 and Erk1/2 (Liu et al. 2012). In human lung cancer cells, EGCG
inhibited p300/CBP activity (Ko et al. 2013). TGF-1 induces p300/CBP activity,
which is inhibited by EGCG. It has been shown to influence hypoxia-induced
factor (HIF) activity but also suppresses HIF-1 production and protein accumu-
lation in the body (Wang et al. 2011). The role of miRNA in lung development
has been established. Different miRNA groups are expressed in growing and
mature lung tissues, implying that these miRNAs play distinct roles in control-
ling lung tissue cell proliferation and differentiation as well as maintaining
proper lung functioning. EGCG has been shown to prevent lung carcinogenesis
and slow the growth of lung cancer research. HIF-1, an activator of miR-210
expression, was found to accumulate in cells treated with EGCG. EGCG
regulates cellular activity in a unique manner by targeting the HIF protein and
miR-210. Lung cancer cells’ proliferation and anchorage-independent growth
are slowed when miR-210 is overexpressed. When cancer cells are exposed to
EGCG, the overexpression of miR-210 indicates an earlier response and may
contribute to the anticancer effect of EGCG. Affinity binding assays demon-
strated that EGCG selectively binds HIF-1 with a Kd = 3.47 μM.

8. Delphinidin: Delphinidin, an anthocyanidin-containing polyphenol found in a
variety of pigmented fruits and vegetables, possesses significant antioxidant,
anti-inflammatory, antimutagenic, and anticancer properties. It was found that
delphinidin had significant antiangiogenic effects on A549 human lung cancer
cells by reducing the expression of vascular endothelial growth factor (VEGF)
(Kim et al. 2017). Delphinidin also decreased the CoCl2- and EGF-stimulated
expression of hypoxia-inducible factor (HIF-1), a transcription factor for VEGF.
HIF-1 binding to the hypoxia response element (HRE) promoter was reduced by
delphinidin, suggesting that the inhibition of VEGF expression is due to the
suppression of HIF-1 binding to HRE promoters. It was also discovered that
delphinidin inhibited the CoCl2 and EGF-induced HIF-1 protein expression
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specifically by blocking the ERK and PI3K/Akt/mTOR/p70S6K signaling path-
ways, but not the p38-mediated pathways. Thus, the results suggest that
delphinidin may have a novel role in antiangiogenic activity by inhibiting the
expression of HIF-1 and VEGF. Cell proliferation and apoptosis in non–small-
cell lung cancer (NSCLC) are reduced by delphinidin, which targets EGFR/
VEGFR2 signaling pathways (55 μM on A549 cells) (Pal et al. 2013).

9. Genistein: Soybean genistein, a major isoflavone constituent, has been shown to
have multiple antitumor effects, including cell cycle arrest, apoptosis, and
inactivation of critical signaling pathways in a small number of human cancer
cells. H446 cells’ proliferation and migration were significantly slowed by
genistein, which was also found to cause apoptosis and a halt in the G2/M
phase of the cell cycle (IC50 value of 72 μM) (Tian et al. 2014). The FoxM1
protein was weakened by genistein, and a number of FoxM1 target genes
involved in the cell cycle and apoptosis were downregulated, including
Cdc25B, cyclin B1, and survivin. Genistein exerted multiple antitumor effects
in H446 SCLC cells for the first time, and these were at least partially mediated
by FoxM1 downregulation. A lot more research is needed on FoxM1 because it
has the potential to be a new treatment for SCLC. It also has the ability to stop
the growth of A549 lung cancer cells in vitro and cause them to die (Zhang et al.
2018). Its antitumor activity is mediated by a decrease in Bcl-2 expression and
an increase in Bax expression. Lung cancer patients could benefit from its use in
the clinical setting. It is also reported that the miR-27a and MET signaling
pathways are both inhibited by genistein in A549 human lung cancer cells
(Yang et al. 2016).

10. Daidzein: By inducing apoptosis, daidzein inhibited NSCLC cell proliferation
in a concentration-dependent manner (Chen et al. 2017). Its treatment signifi-
cantly restored STK4 expression and increased YAP1 phosphorylation,
resulting in cell apoptosis, as evidenced by increased cleaved caspase3 expres-
sion levels. Daidzein’s apoptosis-inducing effects on NSCLC cells were reduced
when STK4 was silenced rather than STK3.

11. Naringenin: There were numerous ways by which naringenin prevented the
migration of lung cancer A549 cells, including the inhibition of AKT activities
as well as the lowering of MMP-2 and MMP-9 activities (Chang et al. 2017).
Human lung cancer A549 cells were treated with naringenin, which increased
the expression of death receptor 5 and increased apoptosis (Jin et al. 2011). By
binding to its death-inducing receptors, tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) has been shown to selectively trigger apoptotic cell
death in a variety of tumor cells (Dai et al. 2015). The MTT assay demonstrated
a concentration-dependent decrease in cell viability for naringenin-NE (nano-
emulsion) and free naringenin, with IC50 values of 19.28 ± 3.21 and
37.63 ± 7.27 μg/mL, respectively.

12. Fisetin: Many different kinds of tumors have responded favorably to the
anticancer effects of the naturally occurring flavonoid fisetin (Wang and
Huang 2018). Analysis of cell viability by flow cytometry showed that the
A549 cell line was apoptotic because fisetin decreased c-myc, CDKN1A/B,
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and CDKN2D expression, increased CDKN1A/B and CDKN2D expression,
and increased the activity of caspase-3/9 by targeting the extracellular signal-
regulated kinase signaling pathway. Fisetin showed IC50 values for A549 and
A549-CR cells were 214.47 μM and 320.42 μM, respectively. Fisetin’s
antitumor effects in NSCLC were demonstrated in vitro, which could lead to a
new treatment strategy in the clinic.

13. Hesperidin: Hesperidin induced apoptosis in human NSCLC A549 cells via the
mitochondrial apoptotic pathway and G0/G1 arrest (Xia et al. 2018). Hence, the
development of hesperidin as a therapeutic drug for NSCLC is possible.

6.4 Combination of Strategies and Futuristic Approaches

It has been demonstrated that EGCG acts as an adjuvant in the treatment of NSCLC
cell lines, primarily through the CTR1 mechanism activated by EGCG and the
crosstalk between NEAT1/mir-98-5p (Zanoaga et al. 2019b). It has been observed
that metformin sensitized NSCLC cells to EGCG treatment after treatment with a
combination of metformin and EGCG. This was observed by suppressing the Nrf2/
HO-1 signaling pathway in NSCLC cells. Quercetin enhances the sensitivity to
gemcitabine treatment in lung adenocarcinoma by increasing cell apoptosis via
inhibiting HSP70 expression. Simultaneous treatment of resveratrol and clofarabine
induced apoptosis in H-2452 cells by reducing the Mcl-1 protein level. In
chemoresistant lung cancer cells, EGCG induces the reversion of cisplatin resistance
mediated by the downregulation of AXK and TYRO3 receptor tyrosine kinases.
After combination treatment with honokiol and cetuximab in non–small-cell lung
cancer, H226 cell line has been observed downregulation of HER family and their
signaling pathways. Since radiotherapy is one of the prime treatment measures for
lung cancer, the need to enhance radiotherapy efficacy and protect normal tissues has
appeared. A combination treatment of quercetin and gemcitabine had significant
antiproliferative and pro-apoptotic activities by the downregulation of the HSP70
expression. The combined treatment of diosmetin and paclitaxel synergistically
suppressed lung cancer cells via ROS accumulation through the PI3K/Akt/GSK-
3β/Nrf2 pathway disruption. A549 non–small-lung cancer cell line has shown that
fisetin synergizes with paclitaxel at in vivo doses, as well (Klimaszewska-
Wisniewska et al. 2016). This synergism’s processes include the following: the
enhancement of multipolar spindle formation induces mitotic catastrophe.
Autophagy is used to remove cells that have suffered a mitotic catastrophe and
have been the prospective target in lung carcinoma (Sarmah et al. 2021a; Sarmah
et al. 2021b). A significant increase in autophagy is responsible for the switch from
cytoprotective autophagy to autophagic cell death. Since cancer treatment is ham-
pered by the resistance to apoptosis, new medicines that trigger nonapoptotic cell
death pathways are now being considered as an alternative strategy for overcoming
this impediment. All three flavonoids, apigenin, luteolin, and quercetin, were shown



to induce NK-92 cell-mediated cytotoxicity against lung cancer cells (Oo et al.
2021). Apigenin and luteolin treatment of natural killer cells (NK cells) increases
the release of cytotoxic granules, which in turn increases the NK-cell-mediated
cytotoxicity against lung cancer. Quercetin, on the other hand, had no influence on
this process. While NK cells are being activated against lung cancer, it is possible
that quercetin will activate other intracellular processes. It is reported that apigenin,
luteolin, and quercetin may be useful in the treatment of cancer using natural killer
cells (NK cells). Further research into these three flavonoids, as well as their effects
on immunomodulation in vivo, is warranted and encouraged.
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Combining antioxidant flavonoids with chemotherapy and radiotherapy treatment
in lung cancer has been shown to significantly increase anticancer activity in nearly
all cases. Normal cells are protected from the side effects of chemotherapy while at
the same time, flavonoids modulate the suppression of important multiple signaling
pathways that are activated in cancer cells. This has both advantages and disadvan-
tages. It has been noticed that there is a favorable effect in some instances. However,
in certain instances, this can be attributed to a decrease in the efficiency of cytotoxic
therapy. It is critical to have a thorough understanding of the interactions between
the various functional groups found in flavonoid’s structures, as well as their impact
on the molecular mechanism, in order to make further advancements and modifica-
tions to the basic structure. With this knowledge, researchers will be able to develop
better therapeutic strategies for the prevention and treatment of solid tumors, such as
lung cancer. It would be more reasonable to use the various combinations of
therapeutic agents and flavonoids in order to achieve a successful therapy while
also reducing the dose of chemotherapeutics.

6.5 Conclusions

Flavonoids have garnered a great deal of attention in recent years, owing to the wide
diversity of biological functions that they have, particularly their ability to inhibit the
growth of cancerous cells. The flavonoids covered in this chapter are important
because of their role and mechanism of action in the treatment of many targets linked
with lung cancer. However, there are numerous restrictions to their usage in clinical
trials, which explains why there is a dearth of data from such studies. A combination
of these drugs, as opposed to a single agent, would be more beneficial for use in
future clinical studies. Using alternative combinations of therapeutic agents and
flavonoids, while also reducing the number of chemotherapeutics, would be more
realistic for successful therapy. This would result in reduced toxicities while simul-
taneously delivering the greatest possible effectiveness through the activation of
several different signaling pathways. In-depth knowledge of the various functional
groups present in flavonoids and their impact on the biological mechanism, in
addition to additional knowledge or structural modification of these flavonoids,
may aid in the development of improved therapeutic strategies for the prevention
and treatment of solid tumors such as lung cancer and other carcinomas.
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Chapter 7
Targeted Therapies Used in the Treatment
of Non–Small-Cell Lung Cancer:
An Overview
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Abstract Non-small cell lung cancer (NSCLC) is one of the highest killer disease in
the world among all cancers. It is found that the survival rate after the treatment for
NSCLC is lesser compared to other types of prevailing cancer. As patients are
diagnosed in their late stage of NSCLC, chemotherapeutic drugs and targeted
drugs have been used in recent therapies. This cancer cannot be cured but the
lifespan of a patient suffering from NSCLC can be improved upto a certain level.
Increased understanding of disease biology and mechanism of tumour progression
with advanced early detection is found helpful in achieving significant advance-
ments in the treatment of NSCLC. This review highlights the advance and current
treatment regimen of drugs used for the treatment of NSCLC. Authors have
discussed in detail the numerous drugs targeting various receptors with their mech-
anism of action and adverse effects. The use of these targeted therapies has managed
to provide clinical benefits to selected patients. But complete cure and survival rates
for NSCLC remain elusive, especially in metastatic disease. Hence, there is a con-
tinuous search for targeted drugs and combination therapies to enhance the clinical
benefits and outcomes in NSCLC. So the research is progressing towards increasing
the potential of existing drugs by studying drug resistance mechanisms for the
enhancement of cure rate in patients with NSCLC to live a comfortable life.
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• Advancement in knowledge and understanding of various molecular processes
involved in NSCLC has led to identifying specific targets.

• Those targeted therapies found to target BRAF, ALK, and EGFR gene mutations
were found to be of utmost benefit.

• A combination of chemo and target specific drugs exhibited a synergistic effect.
• Recent advancements in targeted therapy with an understanding of molecular

biomarkers would be the best therapeutic option for NSCLC.

7.1 Introduction

The World Health Organization (WHO) report shows that lung cancer is a major
disease that causes one of the highest rates of mortality. The death rate of lung cancer
is more than any other type of cancer, such as breast, colorectal, and pancreatic
cancers (Dela Cruz et al. 2008). The American Cancer Society’s 2022 data showed
that in the United States alone, there are 236,740 cases of lung cancer and out of
these 130,180 mortalities occur every year (68,820 in men and 61,360 in women).
The data predicted that men are more prone to lung cancer than females. Generally,
lung cancer is observed mostly in older people (American Cancer Society 2017).
There are fewer chances of survival of a patient suffering from lung cancer compared
to any other type of cancer concerning the survival rate. Respiratory epithelium
normal cells present in the lung are the ones that undergo the process of preneoplasia
of cells to malignant cells which finally results in change in genes, epigenetics,
DNA, and progression of the unyielded proliferation of cells and damage to the local
tissues that depict metastases finally.

Around the world, around 84% of cases of lung cancer are found to be non–small-
cell lung cancer (NSCLC). The multiplication rate is slower in case of NSCLC than
in small-cell lung cancer (SCLC). The signs of NSCLC are not identified during the
initial stages but are observed in advanced stage, till proper treatment is provided, the
patient is not benefited from treatment. The symptoms in an advanced stage include a
change in constant croup, the narrowness of breathing, expectorate sputum with
signs of blood, pain when grasping, anorexia, weakness, and weight loss. The cause
of NSCLC is mostly seen due to smoking. Approximately in 13% of cases, lung
cancer spreads around the body during an early phase of disease progression (WHO
2018).

7.1.1 Classification of Lung Cancer

Lung cancer is classified based on its histopathology type. They are broadly classi-
fied into three types of lung cancer. They are NSCLC, SCLC, and other types of lung
cancer are adenosquamous carcinoma and sarcomatoid carcinoma. The NSCLC is



further categorized into three types such as adenocarcinoma, squamous cell carci-
noma, and large-cell carcinoma which are shown in (Fig. 7.1). The most common
mutations for adenocarcinoma are serine threonine protein kinase 1 (AKT1), B-Raf
proto-oncogene (BRAF), anaplastic lymphoma receptor tyrosine kinase (ALK),
discoidin domain receptor tyrosine kinase 2 (DDR2), epidermal growth factor
receptor (EGFR), human epidermal growth factor receptor 2 (HER2), KRAS
proto-oncogene (KRAS), mitogen-activated protein kinase MEK1 (MEK1), MET
protooncogene, neuroblastoma RAS viral oncogene homolog (NRAS), and RET
proto-oncogene and ROS proto-oncogene 1. In the squamous cell carcinoma, muta-
tions are shown as AKT1, DDR2, fibroblast growth factor receptor 1(FGFR1),
MEK1, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA), EGFR, and phosphatase and tensin homolog (PTEN) (Ruiz-Ceja and
Chirino 2017).
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Fig. 7.1 Classification of lung cancer types

Adenocarcinoma is observed in 40% of the cases and mostly arises from small
airway epithelial type II alveolar cells, which secrete mucus and other substances.
They are mostly found in smokers and nonsmokers in men and women regardless of
their age. It occurs in the periphery of the lung. Squamous cell carcinoma is observed
in 25–30% of cases and they originate from airway epithelial cells in the bronchial



tubes in the center of the lungs. They are mostly associated with smokers. Large-cell
carcinoma is observed in 10–15% and they are initiated from the central part of the
lung, lymph nodes, and chest wall and they are largely correlated with smoking
(Tsao et al. 2016).
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7.1.2 Risk Factors in Lung Cancer

The major risk factors responsible for the cause of lung cancer are mostly smoking
cigarettes. Almost 80% of the cases are found in populations who smoke. Chances of
lung cancer are observed in the population of smokers as compared to nonsmokers
who are prone to lung cancer. Other than a smoker, nonsmokers are also prone to
cancer due to ionizing radiation, risk of occupation where radioactive agents are
used, exposure to polluted air indoors and outdoors, and diseases associated with
NSCLC (Molina et al. 2008). Radon gas also causes lung cancer and deep-fried
food, cured meat, cured pork, and chili nutritional supplement like β-carotenoids
shows an increased risk of lung cancer (https://www.epa.gov/sites/production/
files/2016-02/documents/2012_a_citizens_guide_to_radon.pdf; Krewski et al.
2005). Diseases such as pulmonary tuberculosis, chronic bronchitis, and emphysema
are associated with NSCLC. A higher risk of cancer is observed among people
consuming alcohol at least 30 g/day (Brenner et al. 2011; Darby et al. 2005). The
background of a family suffering from any ailment is a liability factor associated
with lung cancer. The connection of genes and chromosomes leads to the risk of lung
cancer.

The other theory that is put forward for the cause of lung cancer is the human
papillomavirus (HPV) which belongs to the papillomaviridae which belongs to the
large family of epitheliotropic DNA viruses. It has been seen that the viral life cycle
is dependent on the HOV gene expression and controlled by epithelial cell differ-
entiation. It has been observed that the virus infection is seen due to the infection of
the undifferentiated cells in the basal layers of the stratified squamous epithelium
which is due to the scratching of the epithelial cells. It is also observed that the HPV
has a very high degree of affinity to the squamous epithelium which is connected to
the bronchus and lung and that is how it is postulated that HPV has a link with the
lung neoplasms. A whole lot of research work on the meta-analysis data is in
progress to find a correlation on this data (Ghittoni et al. 2015).

7.1.3 Diagnosis of NSCLC and Its Various Stages

The NSCLC is accurately diagnosed by observing the histopathology of the tissue
slides. There are three major methods of diagnosis, where first is the imaging test like
chest X-ray and computed tomography (CT) scan for examination of internal lung
parts and detection of abnormal mass or nodule, second, sputum cytology for testing

https://www.epa.gov/sites/production/files/2016-02/documents/2012_a_citizens_guide_to_radon.pdf
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of mucus samples from lungs, and third, biopsy for observing cells by histopathol-
ogy. Biopsy such as CT-guided lung biopsy, bronchoscopy, endobronchial ultra-
sound, mediastinoscopy, or anthracoscopy gives a complete insight into the lung
tissue and stage of the lung cancer and its spread (Goebel et al. 2019).
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Fig. 7.2 Stages of lung cancer

Different types of staging levels are observed which indicates the spread of lung
cancer in the body parts. This helps in identifying the treatment modes needed for the
patient. To identify the stage at which stage the patient is suffering from cancer,
several tests are performed. The tests such as radiological/nuclear medicine X-rays,
CT scans, magnetic resonance imaging (MRI), bone scans, and abnormal blood
chemistry tests are performed. Lung cancer detected in an initial stage can be
successfully treated by the surgery but in the late stage, the condition of the cancer
patients gets worse and treatment becomes difficult (Fig. 7.2).

Different therapies are used according to the different stages of lung cancer as
depicted in the table below (Ruiz-Ceja and Chirino 2017; Zappa and Mousa 2016;
Tanoue 2008) (Table 7.1).

7.2 Treatment for Non–Small-Cell Lung Cancer

The method for treating and curing NSCLC confides mainly on the types and stages
of lung cancer, the location of the cancerous cell, the spread of cancerous cell in the
lung or different body parts and directly affects the patient’s health.

The figure depicts the options for the therapy of curing lung cancer are classified
as follows (Fig. 7.3) (Ruiz-Ceja and Chirino 2017).

7.2.1 Surgery

In the initial stage of lung cancer, surgery is performed to remove the tissues affected
with cancer from the lung. This treatment procedure works only if lung cancer is in
the initial stage. It is a complicated process to be performed and is carried out by
well-trained surgeons. Before surgery, the pulmonary function test is carried out so



that physicians can preserve the nutritious tissue after surgery, as well as other
biological tests are performed to confirm the functioning of other organs. In the
treatment of NSCLC, different methods are adopted such as pneumonectomy,
lobectomy, segmentectomy or wedge resection, sleeve resection, and video-assisted
thoracic surgery (VATS). Among them, VATS surgery is less painful than any other
type of surgery. The recovery rate is similar to the other types of operation.
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Table 7.1 Therapies to treat different stages of lung cancer

Stage Size of tumor Treatment

Occult stage

Occult
stage

Cancer cells are found in sputum It depends on the patient’s health and
sometimes the tumor is removed by
surgery.

Stage 0

Stage 0 Abnormal cells in the lining of airways Surgery

Stage I

Stage
IA

Tumor <3 cm not spread to lymph node Surgery, radiation therapy
Platinum-based adjuvant chemo drugs

Stage
IB

Tumor>3 cm but <5 cm. Spread is up to
the main bronchus

Stage II

Stage
IIA

Tumor>3 cm but<5 cm, the spread is up to
lymph node

Surgery, Radiation therapy
Chemo drugs
Postoperative adjuvant chemotherapy
with six courses of cisplatin

Stage
IIB

Tumor >5 cm but <7 cm, spreads of cells
in airways

Stage III

Stage
IIIA

Tumor >7 cm, spreads up to chest wall &
diaphragm

Surgery, radiation therapy, Chemo drugs
& targeted drugs

Stage
IIIB

Any size of the tumor can be seen & spreads
in form of nodules in the lobes of the lung

Targeted drugs (Gefitinib, Erlotinib,
Gemcitabine)

Stage IV

Stage
IV

Spreads in another part of the lungs & cells
found in the fluid of the heart &/or lung

Targeted drugs (Gefitinib, Gemcitabine,
Docetaxel, Vinorelbine)

Due to the surgery, the chances of several adverse effects may result from a
response to the chemicals used such as anesthesia, too much loss of blood, coagu-
lation in a lung, injury, and pneumonia. Suffocation may occur at the different stages
of surgery (https://www.cancer.org/cancer/non-small-cell-lung-cancer/treating/sur
gery.html).

7.2.2 Radiotherapy

It is a therapy that is used along with other treatment options to cure lung cancer and
is also used in the initial phase of lung cancer only. It utilizes high-power of radiation
which affects the DNA inside the tumor cells, thus killing the tumor cells. This

https://www.cancer.org/cancer/non-small-cell-lung-cancer/treating/surgery.html
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treatment can be used to stop or to remove the tumors at particular locales present in
the lung. Intimates suffering from NSCLC restricted to the upper part of the body
and for surgical incision would gain an advantage by X-ray therapy. Radiation
therapy additionally is a piece of palliative care that enhances the strength in the
life of NSCLC intimate and doesn’t respond to chemotherapy. A procedure termed
stereotactic body radiation treatment (SBRT) is utilized in the beginning of NSCLC
having a miniature nodule in the lung with no metastases in nearby lymph nodes.
This strategy utilizes a higher technology system to exactly find the tumor and
guarantee the exact situation of the recording device. This empowers the conveyance
of robust and highly focused X-ray therapy. It was discovered that SBRT gives
2-year growth survival, brings down expenses and more important patient comfort.
Radiotherapy is also classified into two types mainly such as external-beam X-ray
therapy and internal X-ray therapy (Qiao et al. 2003).

7 Targeted Therapies Used in the Treatment of Non–Small-Cell Lung Cancer:. . . 117

Fig. 7.3 Classification of different therapies used for treating NSCLC

In the external beam X-ray therapy, the technique used for the treatment of
NSCLC and the cancer cells are hit by the painless radiation technique and less
time consuming. The x-rays focused on the affected part of the lungs are cited and
fixed to impart the predetermined dose of rays on the cancer cells. With the
advancement of technology, the newer treatment techniques that are adopted are
the three-dimensional conformal radiation therapy (3D-CRT), intensity-modulated
radiation therapy (IMRT), stereotactic body radiation therapy (SBRT), and



stereotactic radiosurgery (SRS). Among them, IMRT is a more developed and
advanced 3D technique, which is known as volumetric-modulated arc therapy
(VMAT).
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In an internal X-ray therapy, the technique used is the radiation to target the
cancer cells in the airways to reduce the clinical symptoms. Bronchoscopy is
performed through surgery also. Radiations are used and they travel to a minimal
area and do not harm the nearby tissues (Fournel et al. 2005).

The adverse effects of X-ray therapy are fatigue, nausea and vomiting, anorexia,
weight loss, treated part of skin showing reddening, blister, and peeling, and hair fall
due to radiation which is observed till the therapy is continued. Radiation also affects
the esophageal track exposed to rays and results in sore throat, improper swallowing
problems, when the radiation reaches the cerebrum symptoms like amnesia, head
pain, decrease in sexual desire, less ability to think are observed (Sause 1999).

7.2.3 Chemotherapeutic Drugs

Chemotherapy is also used in the later stages of the tumor of the lung and also in the
treatment of curing NSCLC. Generally, a patient suffering from lung cancer is
already in stage 4, and chemotherapeutic treatment is usually started at this stage.
This treatment process aims to cure the patients of cancer and enhance their
endurance and decrease adverse effects. The American Society of Clinical Oncology
report states that the drugs are used in curing NSCLC. The usual drugs used are
cisplatin, carboplatin, paclitaxel, albumin-bound paclitaxel, docetaxel, gemcitabine,
vinorelbine, irinotecan, etoposide, vinblastine, and pemetrexed. Here is a regimen
that is followed in tandem with the first line of treatment of drugs for stage
4 treatment of NSCLC. The combined drugs are used to treat the patients. Many
combinations of drugs are used such as gemcitabine plus vinorelbine or paclitaxel
and with cisplatin or carboplatin. Generally, chemo drugs are given within a
specified period (usually 1–3 days) and given in a specific cycle of treatment.
Normally four to six chemo cycles are given to a patient with a chemo combination
in advanced stages of cancer. When first-line treatment is ineffective to the progres-
sion of the cancer stage, then second-line treatment is given to the patient. The
patient is also given maintenance therapy along with chemo drugs. Single chemo
drugs are also utilized in second-line treatment using docetaxel or pemetrexed, or
therapy of targeted area or drug immunotherapy. Few adverse reactions include fall
of hair, injuries in the oral cavity, anorexia, nausea and vomiting, diarrhea, and
stoppage of chemotherapy increased the chances of disease leading to easy loss of
blood, and weakness. After the treatment is completed, many adverse reactions are
observed. The above reactions are reduced over a regular period. A few medications
have a particular adverse reaction. For instance, cisplatin, vinorelbine, docetaxel, or
paclitaxel can cause nerve damage. This shows that the side effects are mostly
observed in the hands and feet, and also can lead to a situation like an agony,
shivering, loss of sensations, which affect the ability to cool or warm and such
effects are seen in these aspects (Cortés et al. 2015; Schiller et al. 2002).
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7.2.3.1 First-Line Treatment for NSCLC

7.2.3.1.1 Cisplatin (1978)

Cis-diamminedichloroplatinum (Cisplatin). Though, it shows nephrotoxicity, oto-
toxicity, and neurotoxicity with fewer symptoms which leads to the development of
another analogue with fewer side effects. Cyclobutane-1,1-dicarboxylato platinum
(II) (Carboplatin) came into the picture by the FDA in 1989. These platinum drugs
utilize natural cation transporter 2 (OCT-2) as a take-up component and forms
adduct with DNA activating oxidative stress, DNA, and apoptosis, which unfortu-
nately have similar impacts in tissues that communicates OCT transporters (David
and Johnson 2000). The overexpression of these transporters is associated with
various tumors such as breast, gastric, and hepatic, among others; it has not been
revealed in lung carcinoma. Substantial mtDNA (mitochondrial) transformations,
for example, mitochondrially encoded NADH (MTND4), which encodes the subunit
of NADH ubiquinone oxidoreductase, were observed in a patient with ovarian
carcinoma and treated with cisplatin which suggested that resistance to cisplatin
therapy observed was due to MTND4 mutation. There are alterations observed in
miRNA, i.e., MiR-192 which is identified as a crucial modulator against cisplatin
therapy. However, these alterations have not been described in NSCLC but they
might be involved in resistance against cisplatin treatment (David and Johnson 2000;
Einhorn 2008).

7.2.3.1.2 Paclitaxel (2012)

Chemical name: (2R, 3S)-N-benzoyl-3-phenylisoserine (Paclitaxel). It acts as a
microtubule blocker that binds to β-tubulin and induces the development of stable
groups of microtubules thereby de-polymerization is prevented. It meddles with the
working of cell microtubules and prompts mitotic capture and cell mortality. The
tumor cell protection is associated with overexpression of the efflux transporter



P-glycoprotein, which is encoded by the MDR1 gene. Resistance to the paclitaxel is
due to beta-tubulin gene. According to the American Cancer Society, when there is a
failure of combination chemotherapy or relapse observed after 6 months of adjuvant
chemo-drug treatment, then this drug is utilized as first-line therapy in patients
suffering from squamous carcinoma (Ramalingam and Belani 2004; Socinski
1999; Rosell et al. 2019).
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7.2.3.1.3 Methotrexate (2014)

Chemical name: N-[4-[[(2,4-diamino-6-pteridinyl) methyl] methylamino] ben-zoyl]-
L glutamic acid (Methotrexate). It acts as a dihydrofolate reductase (DHFR) inhib-
itor, which causes a reduction in the synthesis of purine and pyrimidine and hinders
the multiplication of cells in the late G1 stage. Rhee et al.; explained five different
resistance mechanisms involved in methotrexate treatment such as an increase in
DHFR, reduced accumulation because of hindered transport, diminished retention
due to no polyglutamate development, binding of mutated DHFR with methotrexate
than the normal one and an expanded level of γ-glutamyl hydrolase that hydrolyses
methotrexate polyglutamates (Rhee et al. 1993). Especially in the treatment of
squamous cells and small cell cancer, it is used alone or in a mixture with anticancer
drugs (Bonomi 1986).

7.2.3.1.4 Vinorelbine (1994)
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Chemical name: 3′,4′-didehydro-40-deoxy-C′-norvincaleukoblastine [R-(R*,R*)-
2,3-dihydroxybutanedioate (1:2)] (vinorelbine). It is an alkaloid that disturbs
the development of microtubule assemblies during mitosis. It causes mitotic
arrest and cell death by binding with the β-tubulin subunit. It likewise upsets
the digestion of amino corrosive, cyclic AMP, glutathione, nucleic acids, and
lipid biosynthesis. The expression of MDR1, P-gp, MRP-1, RAF1, RLIP76
genes, and the activation of AKT/ERK proteins have been involved in sensitivity
of cancer cells towards this drug (Piccirillo et al. 2010). The drug is used for
the resistance reversal of A549/DDP cells of human lung cancer. The drug is used
alone or with cisplatin for the treatment of NSCLC in the third stage and as a single
therapy for earlier treated patients (Faller and Pandit 2011; Julien et al. 2000;
Venorelbone n.d.).

7.2.3.1.5 Gemcitabine (1996)

Chemical name: 2′-deoxy-2′,2′-difluorocytidine monohydrochloride (β-isomer;
Gemcitabine) It is mainly involved in the procedure required for DNA synthesis.
It is administered intravenously in presence of enzyme deoxycytidine kinase and
gets converted to active metabolite difluoro deoxycytidine diphosphate (dFdCDP)
and difluoro deoxycytidine triphosphate (dFdCTP). The dFdCTP competes with
deoxycytidine triphosphate and is introduced into DNA. During DNA replication,
the DNA polymerase chain is blocked and results in the termination of the process
causing cell death. The dFdCDP blocks ribonucleotide reductase (RNR) that
reduces the deoxynucleotide pool available for the synthesis of DNA. The intra-
cellular concentration of dCTP is reduced which will lead to the incorporation of
dFdCTP into DNA (Toschi et al. 2005). Reduction of dCDA activity, and activa-
tion of NF-kB following overexpression of Bfl-1 leads to resistance of cancer cells
to Gemcitabine. It is used in combination with cisplatin as a first-line treatment for
patients with stage IIIA, IIIB, or IV (Hayashi et al. 2011) (Sandler and Ettinger
1999).
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7.2.3.2 Second-Line Treatment for NSCLC

7.2.3.2.1 Docetaxel (1999)

Chemical name: (2R,3S)-N-carboxy-3-phenylisoserine, N-tert-butyl ester, 13- ester
with 5β-20-epoxy-1,2α,4,7β,10β,13α-hexahydroxytax-11- en-9-one 4-acetate
2-benzoate, trihydrate (Docetaxel). It is an antineoplastic drug that belongs to the
taxane family and hinders microtubule depolymerization which causes transition
arrest of the metaphase to anaphase and results in apoptosis (Gubens and Wakelee
2010). Resistance is observed to drugs due to variations in docetaxel metabolism,
and deregulation of the cell cycle and apoptosis pathways. Various mutations and
alterations in microtubule gene expression have been reported. It is utilized as
second-line therapy for phase IIIA, IIIB, or IV after the disappointment of platinum
therapy and can be used as a part or in combination with cisplatin (Neal et al. 2015).

7.2.4 Targeted Therapy Used for Curing of NSCLC

In the later stages of NSCLC, targeted therapy is used. The functioning of the drugs
which are used in chemotherapy is different from that of targeted drugs. Targeting
drugs function more efficiently when chemotherapy treatment does not work or
shows lesser adverse effects (Simon and Somaiah 2014). These are targeted to that
area of the lung cells where mutations of cells occur. Due to mutations in cells, the
growth of cancer cells occurs and to stop the growth of the mutation cells, drugs are
targeted to that specific location to inhibit that cell’s functioning. Drugs used for
targeted therapy are as below (Kumar et al. 2015; https://www.cancer.gov/about-
cancer/treatment/types/targeted-therapies/targeted-therapies-fact-sheet). They are
also used during chemotherapy treatment and in combinations. Several of them are
used in combination to give a better output of results with low adverse effects (Chan
and Hughes 2015) (Table 7.2).

https://www.cancer.gov/about-cancer/treatment/types/targeted-therapies/targeted-therapies-fact-sheet
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(continued)
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Table 7.2 Classification of targeted drugs used for the treatment of NSCLC and their action on
different targets

Receptor Drugs used Status

VEGF blockers Bevacizumab 2006

Ramucirumab 2014

MMP blockers Batimastat Phase III

Marimastat Phase III

Prinomastat Phase III

Tanomastat Phase III

ONO-4817 Phase I

Vascular targeting agents Z D6126 Phase I

EGFR inhibitors Erlotinib 2004

Afatinib 2013

Gefitinib 2003

Inhibitors target cells with T790M mutation Osimertinib 2015

Inhibitors used for squamous cells Necitumumab 2015

Others Rociletinib Phase II

EGF816 Phase III

ASP8273 Phase III

HM61713 Phase II

ALK receptor inhibitors Crizotinib 2011

Ceritinib 2014

Alectinib 2015

Brigatinib 2017

Lorlatinib 2018

BRAF receptor inhibitors Dabrafenib 2013

Trametinib 2017

Vemurafenib 2011

Selumetinib Phase II

MET receptor inhibitors Cabozantinib 2011

HER-2 receptor Trastuzumab Emtansine 1998

Afatinib 2013

Dacomitinib 2018

ROS-1 receptor inhibitors Cabozantinib 2011

Ceritinib 2014

Lorlatinib 2018

Entrectinib 2019

RET receptor inhibitors Cabozantinib 2011

Alectinib 2015

Vandetanib Phase III

Lenvatinib Phase II

Ponatinib Phase II

NTRK1 receptor inhibitors Entrectinib 2019

Cabozantinib 2011

PIK3CA receptor inhibitors LY3023414 Phase II
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Table 7.2 (continued)

Receptor Drugs used Status

PQR309 Phase II

MAP2K1 pathway inhibitors Selumetinib Phase II

Trametinib 2017

Ccobimetinib Phase II

7.2.4.1 Drugs Targeting Angiogenesis

The growth of tumor in NSCLC is dependent on the angiogenesis process which
provides oxygen and nourishment. The expansion of the tumor cells can be stopped
by blocking it at the primary site and metastatic site. Angiogenesis is classified into
two types: sprouting angiogenesis and nonsprouting angiogenesis. In the first one,



branching of the blood capillaries from the predate blood vessel in the lung, whereas
in the latter one, the occurrence of size enlargement, division, and fusion of antic-
ipated vessels form during the expansion of cells on the surface of the vessel.
Bridging is observed in the vessels by this type of angiogenesis. Both types of
angiogenesis are observed to occur concurrently (Barzi and Pennell 2010).
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The vascular endothelial growth factor (VEGF)/vascular permeability factor
(VPF) is the angiogenic molecule that controls both angiogenesis and vascular
permeability which leads to the development of a tumor and pleural effusion in
NSCLC (Yano et al. 2003). The VEGF family comprises VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and VEGF-E, which were proposed to be the most intense
growth factor for endothelial cells that play a prominent role in the process of
angiogenesis. The VEGF comprises no less than four isoforms (VEGF121,
VEGF165, VEGF189, and VEGF 206) which are controlled by splicing at the
mRNA level where VEGF165 is the most abundant isoform. The VEGF ties a
high affinity to two tyrosine kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2
(Flk-1/KDR). In NSCLC, VEGF-C articulation is accounted to connect with
lymph-hub metastasis and lymphatic attack. Thus, it provides information regarding
the VEGF family and its receptors which is an essential target area for the blockade
of lymphangiogenesis and angiogenesis in NSCLC (Piperdi et al. 2015; Jain et al.
2011) (Fig. 7.4).

Fig. 7.4 Mechanism of action for drugs targeting angiogenesis and EGFR pathway
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• Antitumor Vasculature Therapy
Targeting the vascular region in the lungs was introduced almost three decades

ago and now the same therapy is introduced because of the development of new
anticancer vasculature drugs. Benefits gained by this therapy against the chemo
drugs include physical availability and stability of genes of targeted molecules
(Korpanty et al. 2011; Bar and Goss 2012). It focuses not only on angiogenesis
(neovascularization) which forms little tumors in the lungs (antiangiogenic
agents) but also on the vessel linked with a tumor that is larger (vascular targeting
agents) and even focuses on the tubulin present in the endothelial cells. It utilizes
longer duration molecules to destroy the vessels containing cancerous cells, anti-
cancer drugs and EGFR blockers (Yano et al. 2003; Pallis and Syrigos 2013).

7.2.4.1.1 Antiangiogenic Agents

Two types of agents are used for blocking the tumor blood vessels. They are VEGF
blockers and Matrix metalloproteinase (MMP) blockers (Korpanty et al. 2011).

VEGF Blockers

The drugs that block the VEGF receptors: are bevacizumab and ramucirumab.

Bevacizumab (2006)

It is a humanized endothelial monoclonal antibody against VEGF. The drug attaches
with the VEGF inhibitors (Flt-1 and KDR) to stop the process of endothelial cell
multiplication and angiogenesis. Its mechanism of resistance is not comprehended
but, estrogen induced marked resistance to bevacizumab that is by enhancing
myeloid recruitment and pericyclic coverage. With this drug, different types of
cancer studies have been carried out such as colorectal cancer treatment, lung cancer,
and breast cancer which showed a positive result in both increased period of
improvement and survival time when the drug was supplemented in the combined
form (Sandler 2007). The drug is combined with carboplatin plus weekly paclitaxel
which is used as a first-line therapy regimen for patients with advanced NSCLC
(Yamasaki et al. 2017). Sometimes the combination of erlotinib and bevacizumab is
also administered. This drug indulges in increased incidence or severity of typical
chemotherapy, toxicity such as hypertension, thrombosis, albuminuria, and



hemorrhage are more repeatedly found in a patient treated with these drugs
(Di Costanzo et al. 2008; Zeng et al. 2020).
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Ramucirumab (2014)

This is a human recombinant IgG1 monoclonal antibody and used as a third-
generation antiangiogenic agent in a phase III trial of advanced NSCLC patients.
The drug binds to VEGFR-2 and stops the binding of VEGF ligand to VEGFR-2,
which controls the movement of cell and cell expansion. Resistance to this drug is
not reported. Platinum-based chemo drugs are used in combination with the drug
initially, next, docetaxel is used in combination therapy with the drug at a later stage
IV for treatment of NSCLC (Camidge et al. 2014). It was initially used for curing
gastric cancer. It is used even for treating NSCLC, colorectal, and breast cancer. The
side effects of the drug are leukopenia, asthenia, increase in blood pressure, epi-
staxis, loose stool, stomatitis, etc. (Das and Wakelee 2014).

MMP Blockers

MMP plays a crucial role in angiogenesis, metastasis, and tumor invasion. These are
extracellular protease that causes tissue degradation in various disease conditions.
MMP blockers used for curing cancer of NSCLC are categorized according to
different types of generation, which are such as first-generation drug: Batimastat;
second-generation drugs: Marimastat, MM1270, and Prinomastat; and third-
generation drugs: BAY12-95666 (Tanomastat) and ONO-4817 (Winer et al. 2018;
Merchant et al. 2017).

Batimastat
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This drug is a first-generation, broad-spectrum, and potent matrix metalloproteinase
inhibitor (MMPI), which is under clinical investigation. It is the first to enter the
clinical cancer trials but its formation resulted in poor bioavailability. The drug is not
given through the oral route. It was introduced after the desire of the effusions and
fundamentally diminished the quantity of pleural goal required. Adverse effects seen
were mellow and dyspnea scores of patients fundamentally enhanced following
1 month of treatment with the drug (Bin et al. 2013; Merchant et al. 2009).

Marimastat

Marimastat (BB-2516), a second-generation drug, is in the advanced phase of a
clinical trial. The principle behind this medicine is its lethality in a trademark
disorder comprising of musculoskeletal agony and solidness, regularly beginning
in the joints of the hands, and spreading to arms and shoulders. These musculoskel-
etal adverse reactions are dosage related. The drug was in phase III of a clinical trial
for the treatment of patients with third stage NSCLC (Goffin et al. 2005; Marimastat
2020).

Prinomastat

It is a broad spectrum and second-generation drug used for the treatment of NSCLC
and administered through the oral route. Phase I clinical trials of the drug have been



completed in the patient suffering from a late stage of cancer and the individuals
suffering from prostate malignancies and phase III clinical trials were carried out in
patients suffering from cancer of NSCLC. But the drug is not effective for the
treatment of advanced stage of cancer. In human lung disease xenograft, it reduces
the mass of primary tumor and mediastinal lymph nodes and reduces the general
metastasis 2 weeks after the implantation. Another trial was performed with the two
drugs, cisplatin and gemcitabine, during the stage IV or ongoing NSCLC (Bissett
et al. 2005).
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BAY12-95666 (Tanomastat)

It is a third-generation drug that inhibits MMP-2, MMP-3, and MMP-9. It causes
blockade of extracellular matrix deterioration and even inhibits angiogenesis, cancer
cell expansion, influx, and metamorphosis. It was in phase III human clinical trial but
gave a negative result for SCLC and pancreatic cancer (Lavanya et al. 2014).

ONO-4817

It is a synthetic hydroxamic acid-based nonpeptide molecule that is given through
the oral route. As it acts as a selective inhibitor and blocks MMP-8, MMP-9,
MMP-12, MMP-2, and MMP-13, but it doesn’t inhibit MMP-1 and MMP-7. The
studies prove that ONO-4817 is more effective than tanomastat at MMP-2 and
MMP-9 sites. The drug shows less effect of inhibition on MMP-1 suppression
(Yamamoto et al. 2003).
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7.2.4.1.2 Vascular Targeting Agent

The agent that is used for vascular treatment is Z D6126.

The drug has tubulin-binding activity and has the potential to go into vascular
tissue. It blocks the microtubule polymerization as it is a prodrug containing
phosphate, i.e., N-acetylcolchinol. When the drug reaches the site of action, it
destructs the cytoskeleton of cancerous endothelial cells. This causes the blockage
of the cancer blood vessels, stopping the blood loss from the site and mortality of
cancerous cells due to a lack of supply of oxygen and nutrition in a small rodent
xenograft model (Raben et al. 2004; Davis et al. 2002).

7.2.4.2 Drugs Targeting EGFR

EGFR is a transmembrane glycoprotein having two major domains, one extracellular
EGF binding domain and other intracellular tyrosine kinase domain. It regulates
signaling pathways that control the proliferation of cells. Targeting EGFR is used as
the most selected therapy for curing cancer of NSCLC. The activation channels of
the cell progression and development occur by the receptor known as cell surface
tyrosine receptor (Johnston et al. 2006; Zukin 2012). The EGFR is a cell surface
tyrosine kinase protein located on the seventh chromosome and belongs to the family
of ErbB a 170 k dalton. The family includes HER1 (EGFR), HER2, HER3, and
HER4. During malignancy, a metamorphosis of cell surface receptors delivers
unlimited cell division through consistent enactment (Ogunleye et al. 2009). The
receptor gets activated by the binding ligand to the extracellular part. Without
binding at the receptor site no dimerization possible, there is no activity at the
enzymatic site of the extracellular part (Pirker et al. 2010). The EGFR plays a part
in the other body parts such as the head and neck, cervix, lungs, etc. The
overexpression of genes observed in NSCLC is in the range of 40–89% and is
usually found in the squamous cancer cell and 41% is found in adenocarcinoma
types of cells. The drugs gefitinib and erlotinib are preferred in the later stage of
cancer of NSCLC (Shien et al. 2015).
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There are parts in which the EGFR antagonistic action is observed. (1) anti-EGFR
monoclonal antibody, (2) EGFR TKIS inhibitors, (3) inhibitors target cells with
T790M mutation, and (4) inhibitors used for squamous cells.

7.2.4.2.1 Anti-EGFR Monoclonal Antibodies

Cetuximab

It is the first-line treatment drug used for advanced curing of cancer of NSCLC,
which is in phase III clinical trials. It is a murine monoclonal immunoglobulin G1
antibody that stops the working of the receptor, the activity of the receptor is altered,
moderates the cell-mediated antibody-dependent cytotoxicity and receptor
downregulation. Before giving treatment with the drug, an antiallergic drug is
given to the patient. The treatment is continued till the disease is in progress. The
adverse reactions are skin rash and loose motion. The drug is supplemented in
combination with other chemo treatments in clinical trial II and III studies.
Cetuximab inhibits T790M-mediated resistance in EGFR. When a drug is given
alone for treatment, it is observed that 4.5% in recurrent EGFR- expressing NSCLC
cancer, but it attains 25–35% when the drug is given in combination with the
platinum drugs (Sgambato et al. 2014; Govindan 2004). Also, these clinical studies
indicted better therapeutic benefits from the EGFR-directed monoclonal antibodies
in the patients with NSCLC including squamous cell lung cancer (https://www.fda.
gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm; Martin et al.
2016).

7.2.4.2.2 EGFR Tyrosine Kinase Inhibitors (TKIs)

These inhibitors inhibit the growth of tumor cells, tumor cell adhesion-invasion, and
receptor phosphorylation. The examples of this group members are—gefitinib,
erlotinib, afatinib, and dacomitinib.

Gefitinib (2003)

Chemical name: N-(3-chloro-4-fluorophenyl)-7-methoxy-6-[3–4-morpholin)
propoxy]. It is a selective EGFR-TKI that blocks EGFR activation with mutations

https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm279174.htm


in EGFR such as L858R and exon 19 deletions. It is a monotherapy for curing
patients with a late stage of NSCLC followed by platinum-based and docetaxel
treatment. The drug was approved as a first-line treatment for curing the NSCLC
having tumor EGFR exon 19 deletions of exon 21 substitution (Pao et al. 2005). The
drug blocks the EGFR activation when competing at ATP binding site and inhibits
receptor phosphorylation, tumor cell adhesion, and cancer cell growth. T790M
mutation is one of the commonly obtained resistance to gefitinib (Ma et al. 2011).
It is the main substrate of CYP2D6 and CYP3A4, which can cause many drug
interactions. CYP2C19 and CYP2D6 are weak blockers and cause harm to drug
metabolism (http://0-online.lexi.com.library.touro.edu/action/home).
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Erlotinib (2004)

Chemical name: N-(3-ethynylphenyl)-6,7 bis(2-methoxyethoxy)-4-quinazolin-
amine. The drug was endorsed by US FDA as a second-line agent in curing
NSCLC. It blocks the ATP-binding site by binding with the intracellular TK domain
of EGFR. This drug is used as first-line treatment for patients in the third and fourth
stages of NSCLC where mutations exon 19 deletions or exon 21 substitutions are
seen. Many randomized trials have contemplated the adequacy of the drug versus the
blend of carboplatin or cisplatin with gemcitabine. Resistance toward drugs related
to T790 mutation, methylation of death-associated protein kinase (DAPK), andMET
activation (Wu et al. 2015). The National Comprehensive Cancer Network (NCCN)
now prescribes that patients with cancer cells found to have EGFR changes after the
beginning of chemo treatment might be changed to the drug alone (www.NCCN.org/
professionals/physician_gls/pdf/nscl.pdf n.d.). The most widely recognized unfavor-
able effect stated with its utilization is skin eruption. Extreme unfavorable effects of
interstitial lung infection, gastrointestinal aperture, and hepatotoxicity were
uncommon.

http://0-online.lexi.com.library.touro.edu/action/home
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Afatinib (2013)

Chemical name: 2-butenamide, N-[4-[(3-chloro-4-fluorophenyl)amino] 7- [[(3S)-
tetrahydro-3-furanyl]oxy]-6-quinazolinyl]-4-(dimethylamino)-,(2E)-,(2Z)-2
butenedioate (1:2). It is an irreversible EGFR TKI, for curing individuals having
metastatic NSCLC, which have EGFR exon 19 deletions or L858R substitutions
(Ho et al. 2019). It showed a controllable, predicted, and bearable profile. Though
several in-vitro studies indicated that activation of EGFR-dependent downstream
pathways could develop drug resistance, it is used as therapy for overcoming
resistance to first-generation EGFR-TKI. This drug is also utilized as first-line
treatment for stage IV NSCLC patients with EGFR mutant (Neal et al. 2015).
Loose motion, rash, skin break out, nail impacts, and stomatitis were among the
most as often as possible revealed unfriendly occasions in its group. Extreme skin
inflammation and skin eruption are normal and may show as rankling, exfoliative
sores (https://gilotrifhcp.com/sites/default/files/pdfs/PC-GF-0426-PROF_MVA_7_
(Digital_Version)_091916_Digital_Proof.pdf).

Dacomitinib (2018)

Chemical name: (E)-N-(4-((3-chloro-4-fluorophenyl)amino)-7-methoxyquinazolin-
6-yl)-4-(piperidin-1-yl)but-2-enamide. It is a small molecule, second-generation
critical ATP competitive, highly selective, and potent EGFR-TKI. It also inhibits
the signaling from members of the HER receptor family. Dacomitinib controls
osimertinib L718Q mutation to the patients that are resistance to osimertinib. FDA

https://gilotrifhcp.com/sites/default/files/pdfs/PC-GF-0426-PROF_MVA_7_(Digital_Version)_091916_Digital_Proof.pdf
https://gilotrifhcp.com/sites/default/files/pdfs/PC-GF-0426-PROF_MVA_7_(Digital_Version)_091916_Digital_Proof.pdf


approved the drug as first-line therapy for patients having metastatic EGFR-mutated
NSCLC (Lau et al. 2019; Shen et al. 2021).
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7.2.4.2.3 Inhibitors Target Cells with T790M Mutation

Osimertinib (2015)

Chemical name: N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-4-methoxy-5-
(methyl(4-(1-methyl-1H-indol-3-yl)pyrimidin-2-yl)amino)phenyl)acrylamide. It is
a third-era EGFR TKI, which inhibits proliferation and DNA synthesis of cancer
cells. This drug binds with EGFR having mutations such as L858R, T790 M, and
exon 19 deletions (Cross et al. 2014). It demonstrates powerful clinical viability in
patients with T790 M-changed lung disease. For patients with illness against first-
line EGFR TKIs, the drug might be an alternative. The most widely recognized
system against EGFR TKIs is the existence of T790M mutation, which happens in
over half of NSCLC tumors that are re biopsied. Resistance in osimertinib is
heterogeneous that follows EGFR-dependent and EGFR-independent mechanisms.
Basic symptoms were ill-advised, looseness of the bowels, sickness, and diminished
craving (Gil-Bazo and Rolfo 2016).

It is a noteworthy substrate of CYP3A4 and has the potential for some medical
associations. The treatment should be observed in such a manner to cure side effects
related to interactions and drug malignancies (Pirker et al. 2017; osimertinib resis-
tance.pdf n.d.).

7.2.4.2.4 Inhibitors Used for Squamous Cells

Necitumumab (2015)

Second-era human IG1 EGFRmonoclonal counter acting agent (Necitumumab). It is
also known as IMC-11F8, recombinant IgG1 anti-EGFR immune response mab. It
prevents activation of the EGFR receptor and downstream signaling by inhibiting
the activity of EGFR. And the activation of EGFR and MAP kinases is prevented by
blocking the domain III binding site of EGFR (Thakur and Wozniak 2017; Greillier
et al. 2015). No procured resistance data has been accounted for yet. It is preferred to



give a mixture of gemcitabine and cisplatin chemotherapy as the first-line agent for
patients with advanced squamous NSCLC (Thatcher et al. 2015; Li et al. 2008).
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As compared to cetuximab, it showed few hypersensitivity responses because of
its fully humanized nature. It showed a high affinity for EGFR in A431 epidermoid
cell lines in human tumor xenografts. It also showed inhibitory activity against the
MAPK pathway as well as EGFR phosphorylation by binding with EGFR in various
cancer cell lines. It also demonstrated that the ligand-binding site was blocked
through the attachment of the drug to the domain III of EGFR. Due to which it
stops dimerization and ultimately inhibits downstream signaling of the EGFR
receptor (Thakur and Wozniak 2017; Pillai and Ramalingam 2014).

7.2.4.2.5 Others

Rociletinib

Chemical name: N-(3-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-
(trifluoromethyl)pyrimidin-4-yl)amino)phenyl)acrylamide. It is an advanced EGFR
inhibitor which is administered orally and is an irreversible mutant selective blocker
of generally changed types of surface cell receptor (exon 19 deletions, L858R, and
T790M). Drug before clinical examination exhibited that it has irrelevant action
towards wild-sort EGFR. Shrinkage of tumor cells shrinks observed in xenograft and
transgenic models of NSCLC with EGFR. During the clinical trial stage, I/II study,
the drug was administered to the patient who had to develop resistance against the
first and second eras of EGFR inhibitors (Tran and Klempner 2016). During the II
stage of clinical trials, the objective response rate (ORR) was 59% in a patient with
positive NSCLC and ORR was 29% in a patient with negative NSCLC disease.
Thus, it showed that the drug showed activity in a patient with NSCLC. Phase II trial
is going on and the drug is compared with the first-generation drug erlotinib for the
activity. In the phase III trial, the drug vs chemo drug was studied (Sequist et al.
2015; Yang et al. 2017).
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EGF816 (Nazartinib)

Chemical name: N-(1-((R)-1-((E)-4-(dimethylamino)but-2-enoyl)azepan-3-yl)-2,3-
dihydro-1H-benzo[d]imidazol-2-yl)-2-methylisonicotinamide. It is a third-
generation EGFR blocker which has strong blocking ability towards EGFR mutants
such as L858R, del19 and T790M. In mouse xenograft models, EGF816 is superior
to earlier generation EGFR blockers. The drug profile of targeting proposes that it
addresses the option and superior treatment choice against changes observed in
T790M. Loose bowels, inflammation in the stomach, rash, and itching sensation
are the most well-known side effects. It is in phase III of a clinical trial with erlotinib
or gefitinib in patients with locally advanced or metastatic NSCLC with EGFR
activating mutations (L858R or ex19 del). Nazartinib overcomes the acquired
resistance of T790M (Jia et al. 2016; Kasibhatla et al. 2014).

ASP8273

This is another drug entity that is an irreversible TKI blocker that especially inhibits
EGFR with activating mutations. During the in vitro enzymatic study and cell-based
tests, a drug was assessed across EGFR mutants (L858R, exon 19 del, L858R/
T790M, and del19/T790M) and WT EGFR. It was identified that it covalently
attaches to a mutant EGFR (L858R/T790M) in the kinase domain of EGFR
(Sakagami et al. 2014; Konagai et al. 2015). The drug demonstrated activity against
EGFR-mutated cell lines which are resistant to other EGFR TKIs such as AZD9291



and CO-1686. The most widely recognized side effects are GI poisonous quality and
blood disorder (Goto et al. 2015; Yu et al. 2015). The phase III clinical study of drug
vs erlotinib or gefitinib was carried out in patients and in advanced stage of IIIB/IV
of NSCLC which recommended discontinuation of study due to toxicity and limited
predicted efficacy drug vs other EGFR inhibitor (ClinicalTrials.gov 2020a).
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HM61713 (Olmutinib)

Chemical name: N-(3-((2-((4-(4-methylpiperazin-1-yl)phenyl)amino)thieno[3,2-d]
pyrimidin-4-yl)oxy)phenyl)acrylamide. It is an irreversible, third-generation kinase
inhibitor and covalently binds to a cysteine residue close to the kinase domain of
mutant EGFR. Drug increases clinical benefits over other earlier generation EGFR
TKI due to inhibitory activity activated mutations (e.g., 19 Del and L858R) and
overcoming of T790 M mutation resistance, with good selectivity over wild type
EGFR. Currently, it is in the clinical phase of testing for NSCLC in various countries
but it was approved in South Korea for the management of patients having advanced
or metastatic EGFR T790 mutation positive NSCLC which was previously treated
with EGFR-TKI (Kim 2016). The shelf life of the drug is more than 24 h for the
hindrance of EFGR. It causes hindrance in cell lines H1975 (L858R and T790M)
and HCC827 (ex 19 Del). In vivo investigations of the drug on xenograft models
with unions of H1975 and HCC827 showed dynamic action toward cancer, that
doesn’t show adverse symptoms. The ongoing clinical trial study stage I/II investi-
gation of the drug in an intimate suffering NSLC in their later stage doesn’t give a
positive result in past EGFR TKIs. It shows favorable treatment for an intimate with
T790M positive NSCLC (Lee et al. 2014; Park et al. 2020).

7.2.4.3 Drugs Targeting ALK Receptor

About 5% of NSCLC have a rearrangement in the gene called ALK. These changes
were observed in nonsmokers who are younger and who have the adenocarcinoma
subtype of NSCLC. Changes in the ALK gene produces an abnormal ALK protein
causing uncontrolled cell growth and proliferation. The echinoderm microtubule-
associated protein like 4 (EML-4) gene was found to be fused with ALK, which
resulted in mutant fusion gene EML-4-ALK that initiates tumorigenesis in patients
with NSCLC (Chidambaram and Adjei 2015).
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The ALK changes are noncovering with other oncogenic transformations related
to NSCLC, for example, EGFR or RAS. Other transformations of ALK that do not
include EML-4 have been identified with KIF5B-ALK and TFG-ALK. Regarding
therapy, an intimate having EML4-ALK combinations or modifications on ALK
cells don’t gain benefit from EGFR-particular tyrosine kinase inhibitor treatment
(Wu et al. 2016; Sullivan and Planchard 2016). The drugs which are used for the
treatment by inhibiting ALK protein are crizotinib, ceritinib, alectinib, and
brigatinib.

7.2.4.3.1 Crizotinib (2011)

Chemical name: (R)-3-[1-(2,6-Dichloro-3-fluorophenyl) ethoxy]-5-[1-(piperi- din-4-
yl)-1H-pyrazol-4-yl]pyridin-2-amine. It is an oral, tyrosine kinase inhibitor targeting
ALK, MET, and ROS1 tyrosine kinases. The ALK is a receptor tyrosine kinase
typically expressed in discrete regions of the nervous system. Resistance can be seen
when changes in the TK domain diminishes the activity of this. The mutations can
initiate another signaling pathway, in this way taking out the signal section through
the stage initially repressed by the drug. According to ACS, the drug is utilized as a
first-line treatment of ALK-rearranges at stage IV of NSCLC. There are reports of
many side effects and not mentioned conductively during trials. These include
erythema multiforme, intense interstitial lung disease, renal polycytosis, contact
esophagitis, diminish GFR, and hypersensitivity responses (Kuribayashi and Tabata
2016).

7.2.4.3.2 Ceritinib (2014)
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Chemical name: 5-Chloro-N-4- [2-[(1 methylethyl) sulfonyl] phenyl] –N-2- [5-
methyl- 2-(1-methylethoxy)- 4-(4 piperidinyl) phenyl] -2,4- pyrimidinediamine. It
is a second-generation ALK inhibitor that was allowed for quick endorsement by
FDA for a patient having ALK mutation-positive metastatic NSCLC. It is an
ATP-competitive TKI of ALK which inhibits the insulin receptor and insulin-like
growth factor-1 (IGF-1) receptor. This drug is more potent than crizotinib against
ALK but not towards MET. It is used as a second-line treatment for the patient who
is crizotinib intolerant and for ALK-rearranged at stage IV of NSCLC. This drug can
overcome crizotinib-resistant mutations (Rothschild 2014). The most widely recog-
nized dosage related unfavorable impacts were loose bowels, spewing, sickness,
drying out, lifted alanine aminotransferase, and hypophosphatemia. It is a notewor-
thy substrate and solid inhibitor of CYP3A4 with a high potential for drug relations;
it is likewise a direct inhibitor of CYP2C9 (Shaw et al. 2014).

7.2.4.3.3 Alectinib (2015)

Chemical name: 9-ethyl-6, 6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5H-benzo[b]carbazole-3-carbonitrile. This is a second-
generation and selective inhibitor of ALK and RET. It can cause apoptosis by
inhibiting ALK-induced tumor regression. It is also effective against EML4-ALK
tumors which is the fusion of EML4 and ALK in NSCLC. Resistance against
alectinib is not reported yet but treatment with heat shock protein 90 (Hsp 90)
inhibitors. It is used as first- or second-line treatment for curing a patient having
ALK-positive or metastatic NSCLC and where crizotinib has failed. Few cases of
neutropenia and cerebral pain were observed with this drug. Others are raised in
creatinine phosphokinase, dyspnea, and stomach torment. It is a minor substrate of
CYP3A4, with negligible to-direct potential for associations (Shaw et al. 2016a). It is
under clinical trial II with cobimetinib for the treatment of patients with
ALK-rearranged advanced NSCLC (ClinicalTrials.gov 2020b).
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7.2.4.3.4 Brigatinib (2017)

Chemical name: (2-((2-((2-methoxy-4-(4-(piperazine-1-yl)piperidine-1yl)phenyl)
amino) pyrimidin-4-yl)amino)phenyl)dimethylphosphine oxide. It is a second-
generation ALK inhibitor. The drug inhibits the two types of receptors ALK receptor
and EGFR receptor. It is a TKI having in vitro action toward numerous kinases
including ALK, ROS1, and IGF-1. It also inhibits ALK phosphorylation and
activation of the downstream signaling pathway. The FDA titled this drug an orphan
drug. The drug was better than osimertinib, the EGFR inhibitor if they are combined
with anti-EFGR antibodies like cetuximab or panitumumab. It is more potent than
crizotinib and ceritinib. It is used as a second-line treatment for patients with ELK4-
ALK-rearranged NSCLC. Resistance to the brigatinib is due to the G1202R muta-
tions. Side effects reported with the drug are an increase in blood pressure, cardiac
arrhythmia, visual side effects, and other vital unfriendly responses such as pneu-
monitis, pancreatitis, and rhabdomyolysis (McCall and Lu 2017; brigatinib resis-
tance.pdf n.d.).

7.2.4.3.5 Lorlatinib (2018)

Chemical name: (R)-1-amino-13-fluoro-6,9,15-trimethyl-10-oxo-8,9,10,15-
tetrahydro-6H-benzo[c]pyrazolo[3,4-h]pyrido[4,3-j][1,6]oxaazacycloundecine-5-
carbonitrile. It is a third generation inhibitor receptor tyrosine kinase, ALK and C-ros
oncogene-1 (ROS 1). It is a unique drug and successful in all known safe mutants. In
investigations during the preclinical phase, it showed activity in a crizotinib-restrain
tumor in vitro and xenograft models. To beat ALK changes and ALK blocker
protection, lorlatinib joined as a PI3K pathway blocker, like others gedatolisib/PF-
05212384 (PI3K/mTOR), pictilisib/GDC0941 (pan PI3K), and taselisib/GDC0032
(beta-sparing PI3K). It is a TKI specially designed to overcome TKI resistant



mutations and penetrate the blood–brain barrier. It is used as a second- or third-line
treatment for patients with ALK-positive metastatic NSCLC (Shaw et al. 2016b;
Wangari-Talbot and Hopper-Borge 2012).
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7.2.4.4 Drugs Targeting BRAF Receptor

BRAF is a proto-oncogene, which plays a crucial role in both normal and cancer
cells. This gene leads to the production of BRAF protein, a controlled signal
transduction serine/threonine protein kinase that is involved in cell multiplication
and survival. In all NSCLC 1–4% BRAF, physical changes have been found, most
regularly in individuals suffering from adenocarcinomas. These transformations
have been linked with past/present smokers. Mutated BRAF causes activation of
the MAPK pathway that stimulates cell survival and proliferation. In a few cases, it is
reported that BRAF mutation is one of the resistant to EGFR-TKI. G469A and
D594G BRAF are also there but BREFV600E mutation is the most commonly
observed. An extraordinary greater part of BRAF transformations observed the
nonoverlapping with other changes in oncogenic of NSCLC (EGFR changes,
ALK adjustments, and so forth. In addition to EGFR, ALK and ROS1, BRAF was
found to be the therapeutic target for the treatment of advanced NSCLC (Sánchez-
Torres et al. 2013; Baik et al. 2017).

The drugs which act as an inhibitor of BRAF cells are such as dabrafenib,
trametinib, vemurafenib, and selumetinib which are described as follows.

7.2.4.4.1 Dabrafenib (2013)

Chemical name: N-(3-(5-(2-aminopyrimidin-4-yl)-2-(tert-butyl)thiazol-4-yl)-2-
fluorophenyl -2,6-difluorobenzenesulfonamide. The drug acts as a blocker of the
enzyme-linked to BRAF which participate in controlling the growth of the cells. It is
used for curing the tumor linked to the version of the gene BRAF which is mutated.
The clinical activity shows the safety effects of the drug during stages I and II of
clinical trials with the BRAF-mutated metastatic cancer. Initially, a drug was
approved alone by FDA, but the clinical trial data do not show any significant effect
and developed a resistance to the drug. The combination of the drug with trametinib
(MEK inhibitor) which overcomes the resistance developed by the drug alone and



showed a good outcome. Hence, this combination is indicated for the treatment of
patients with metastatic NSCLC with patients suffering from NSCLC having muta-
tion of BRAF V600E mutations (Khunger et al. 2018). The drug does not show a
promising effect for EGFR mutation positive or ALK TKI for ALK-rearranged
NSCLC. But the combination treatment is the best because it gave a great result
and the disease has not increased and the life-threatening squamous cell tumor has
decreased when compared with the drug alone (Kawamura and Murakami 2016).
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7.2.4.4.2 Trametinib (2017)

Chemical name: N-(3-(3-cyclopropyl-5-((2-fluoro-4-iodophenyl)amino)-6-methyl-
2,4,7-trioxo-3,4,6,7-tetrahydropyrido[4,3-d]pyrimidin-1(2H)-yl)phenyl)acetamide.
It is MEK inhibitor which showed antineoplastic activity by targeting MEK-1 and
MEK-2 protein kinase. The drug showed better results for the treatment of cancer
with BRAF V600E mutation in stage III clinical trials studies. In the xenograft
cancer model, blocking of ERK phosphorylation and suppression of Ki67 was
observed with the drug. Due to this, the spreading of cancer cells is reduced and
leads to the arrest of the cell cycle ultimately causing cell death. The drug is
administered alone through oral as well as intravenous routes. The drug is given in
the combination with other BRAF agents such as dabrafenib for the treatment of
metastatic NSCLC with BRAF positive mutation (Khunger et al. 2018; Lugowska
et al. 2015).

7.2.4.4.3 Vemurafenib (2011)
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Chemical name: N-(3-(5-(4-chlorophenyl)-1H-pyrrolo[2,3-b]pyridine-3-carbonyl)-
2,4-difluorophenyl)propane-1-sulfonamide. It exhibited activity against BRAF
kinase with V600E mutations. It exerts action by binding with the ATP domain of
mutant BRAF. The drug showed a mechanism causing programmed cell mortality in
the cancerous cell line. This drug alone is effective alone for BRAF V600

mutated NSCLC but not for BRAF V600 nonmutated NSCLC. When a combination
treatment of dabrafenib and trametinib is not feasible for BRAF V600 mutated, then
vemurafenib monotherapy is used. Resistance develops when the cell surface protein
increases, stromal cell secretion of hepatocyte growth factor (Rolfo and Caparica
2016).

7.2.4.4.4 Selumetinib (AZD6244)

Chemical name: 2-(((1-(5-((4-bromo-2-chlorophenyl)amino)-4-fluoro-1-methyl-1H-
benzo[d] imidazol-6-yl)vinyl)amino)oxy)ethanol. The drug activity on MAPK/ERK
pathway is decreased which is inhibited through the MAP kinase enzyme. It inhibits
another type of enzyme MEK1 and MEK2 enzyme. During the clinical phase II
study, the drug plus docetaxel showed good efficacy than docetaxel alone in
previously treated patients with advanced KRAS-mutant NSCLC. But in the case
of clinical phase III of the same combination, the study failed because no significant
effect was observed in KRAS mutant NSCLC (Bernabé et al. 2016; Casaluce et al.
2017).

7.2.4.5 Drugs Targeting MET Receptor

MET is considered the second largest family of membrane receptors. It is considered
a potential target in various types of cancer including NSCLC. MET is a proto-
oncogene located on chromosome 7, encodes a receptor tyrosine kinase which
shows multiple mechanisms for activation of cells including autocrine and paracrine
stimulatory mechanism, protein expression, somatic mutation or gene amplification
(Rehman and Dy 2019). The MET/HGF signaling pathway plays a crucial role in
cell survival, cell proliferation, migration, and tumor invasion. Targeting MET has
been shown to re-sensitize tumors resistant to EGFR TKIs in preclinical models. The



investigation is going on MET inhibitors in combination with other tyrosine kinase
inhibitors. For example, MET inhibitors such as savolitinib, cabozantinib, and
capmatinib are in phase II clinical studies of NSCLC. Tivantinib plus erlotinib in
phase II and foretinib plus erlotinib in clinical phase I of NSCLC. Crizotinib is
approved as an ALK inhibitor and it also inhibits MET, ALK, and ROS1. Tepotinib
is under phase II of clinical study with MET-altered NSCLC (Janku et al. 2010;
Wang et al. 2019).
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7.2.4.5.1 Cabozantinib

Chemical name: N-(4-((6,7-dimethoxyquinolin-4-yl)oxy)phenyl)-N-(p-tolyl)cyclo-
propane-1,1-dicarboxamide. The drug is a multiple inhibitor of TKI which involves
MET, RET, and VEGF receptors. It is titled an orphan drug and endorsed for curing
thyroid cancer, and treatment of renal cancer after treatment with antiangiogenic
therapy. This drug is in market from 2011 used in NSCLC patients with MET exon
14 skipping mutation and MET amplification pretreated or not MET inhibitors. The
drug is combined with gefitinib which doesn’t show any beneficial effect on
sensitive NSCLC cell lines. The addition of a drug to erlotinib showed a better
anticancer effect than a drug administered to block the EGFR site (Wakelee et al.
2017; Drilon et al. 2016).

7.2.4.6 Drug Targeting HER2

HER2 is a member of the ERBB family of tyrosine kinase receptors. Activation of
HER2 occurred through homodimerization or heterodimerization with other recep-
tors of the ERBB family. HER2 gene was found to be important in various types of
cancers. In NSCLC, approximately 4% has been found to cause HER2 mutations. A
combination of different drugs has been tried to treat NSCLC. Drugs such
trastuzumab, pertuzumab, lapatinib, Afatinib, dacomitinib, and trastuzumab
emtansine (T-DM1) (Garrido-Castro and Felip 2013).

Trastuzumab: It is humanized monoclonal antibody which blocks the HER2
receptor. It is approved for advanced breast cancer where overexpression of HER2 is
observed. In 20% of NSCLC, overexpression of HER2 is reported. Initially, the drug



was in combination with docetaxel in the case of advanced NSCLC, where platinum
therapy got failed, but limited clinical activity was observed (Lara et al. 2004).
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Pertuzumab: It is a monoclonal antibody that obstructs the dimerization of
HER2. This drug was in phase II of a clinical trial with erlotinib in relapsed
NSCLC but clinical applicability was limited (Hughes et al. 2014).

Lapatinib: It is a reversible and dual kinase inhibitor due to activity against both
kinases (EGFR and HER2). It reduces downstream extracellular signaling and AKT
signaling also. It was in the second phase of clinical testing as first- or second-line
treatment in patients with metastatic or advanced NSCLC. But it did not show
beneficial clinical activity (Ross et al. 2010).

Trastuzumab emtansine: It is also known as T-DM1 is a conjugate of mono-
clonal antibody trastuzumab with highly potent chemo drug DM1. The drug blocks
the HER2 receptor. It is the first targeted therapy for the management of breast
cancer. The drug is even used for curing cancer of the stomach and NSCLC. The
drug shows a good survival rate when compared with other drugs like lapatinib and
capecitabine in an individual at the HER2 receptor site. The drug was alone in phase
II of clinical studies with HER2 positive in advanced or metastatic NSCLC. Various
case reports and ongoing studies have reported that the drug is capable of targeting
HER2 mutations or amplification (Peters and Zimmermann 2014; Peddi and Hurvitz
2013).

Afatinib: This drug is the first-line treatment option for patients with advanced
NSCLC with EGFR mutations. It was in clinical trial II for previously treated
patients having advanced NSCLC with HER2 mutations. But the drug did not
cope with the desired potential for disease control (Ding et al. 2016).

Dacomitinib: It is a small molecule that is extremely critically ATP competitive,
highly selective and potent EGFR-TKI. It irreversibly blocks receptors of TKI such
as HER-1, HER-4, and HER-2 receptors of TKIs. The phase I and II studies of the
drug suggested that it has activity against HER2-mutated NSCLC (Mok et al. 2014).

7.2.4.7 Drugs Targeting ROS-1 Receptor

ROS-1 is a receptor tyrosine kinase of the insulin receptor family. The rearrangement
of the chromosome is the primary mechanism observed in lung cancer and other
cancers also, even in non-squamous lung cancer. Its fusion shows downstream
signaling by activating the cellular pathway which is involved in cell growth and
proliferation. Fifty percent sequence homology is observed between ROS-1 and
ALK receptors. Genomic alterations are observed in NSCLC patients and studies
show ROS-1 translocation in approximately 1–2% of patients with NSCLC.

Crizotinib showed clinical benefits for patients suffering from advanced NSCLC
with ROS-1 rearrangement. It is the first targeted monotherapy for ROS-1 positive
tumors (Bebb et al. 2019; Joshi et al. 2019). Other drugs which act on this receptor
are cabazontinib, ceritinib, lorlatinib, and entrectinib.
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7.2.4.7.1 Entrectinib (2019)

Chemical name: N-(5-(3,5-difluorobenzyl)-1H-indazol-3-yl)-4-(4-methylpiperazin-
1-yl)-2-((tetrahydro-2H-pyran-4-yl)amino)benzamide. It is strong inhibitor of tropo-
myosin receptor kinase (TRK) family, i.e., TRKA, TRKB, TRKC, and also blocks
ROS-1 and ALK. The drug showed in-vitro and in-vivo antitumor activity against
TRK, ROS-1, and ALK xenograft models for different types of cancer. FDA
approved drug for the treatment of patients having metastatic NSCLC with ROS-1
positive tumors. This drug also displayed good clinical responses in patients with
advanced or metastatic NSCLC whose tumors are NTRK-fusion positive. The most
serious adverse reactions to the drug are hepatotoxicity, hyperuricemia, congestive
heart failure, skeletal fractures, and CNS effects (Bubendorf et al. 2016; Facchinetti
and Friboulet 2019).

7.2.4.8 Drugs Targeting RET Receptor

The RET is a proto-oncogene, considered a therapeutic target in NSCLC. RET
receptor tyrosine kinase is 170 kDa which is composed of the intracellular, extra-
cellular kinase domain and a transmembrane region. The pathway gets activated to
result in auto-phosphorylation on intracellular tyrosine residue that begins Ras/Map
kinase, PI3K/AKT, and phospholipase C pathway that signals cell proliferation,
migration, and differentiation. The studies showed that RET helps in the develop-
ment of an enteric nervous system, kidney morphogenesis and spermatogenesis. In
NSCLC, it is coupled with eight different types of genres such as KIF5B, CCDC6,
NCOA, TRIMM33, COX1, KIAA1468, KIAA1217, and FRMD4A. KIF5B is
normally fused with RET in NSCLC. A patient with RET-positive cancer is
observed with molecular and genetic changes and is detected by clinico-pathologic
characteristics. RET is observed in 1–2% of lung adenocarcinoma and one who does
not smoke. The RET inhibitors which are in their clinical phase studies are
cabozantinib, alectinib, vandetanib, and lenvatinib (Chao et al. 2019).
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7.2.4.8.1 Vandetanib

Chemical name: N-(4-bromo-2-fluorophenyl)-6-methoxy-7-((1-methylpiperidin-4-
yl) methoxyquinazolin-4-amine. The drug is selective towards tyrosine kinases
especially EGFR, VEGFR-2 and RET. It is evaluated for clinical safety and efficacy
and is administered through an oral route in a patient with advanced RET rearranged
NSCLC. The third phase of the clinical trial showed that the drug is moderately
active in pretreated patients with advanced NSCLC having RET rearrangements.
The drug demonstrated clinical antitumor activity and controllable safety in treating
NSCLC patients (Yoh et al. 2017).

7.2.4.8.2 Lenvatinib

Chemical name: 4-(3-chloro-4-(3-cyclopropylureido)phenoxy)-7-
methoxyquinoline-6-carboxamide. It is multitargeted as it inhibits VEGFR, FGFR,
RET, and other tyrosine receptors. In the second phase of the clinical trial, the drug
showed activity in patients suffering from RET-fusion positive lung adenocarci-
noma. But ORR was observed to be very less. The side effects that the drug showed
during a clinical trial in the treatment of NSCLC are hypertension, nausea, vomiting,
reduced hunger, looseness of the bowels, and albuminuria (Hida et al. 2019).
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7.2.4.8.3 Ponatinib

Chemical name: 4-methyl-N-(4-((4-methylpiperazin-1-yl)methyl)-3-
(trifluoromethyl)phenyl-3-((1,2,3,8a-tetrahydroimidazo[1,2-b]pyridazin-3-yl)ethy-
nyl)benzamide. It is a multi-TKI. Phase II clinical testing of the drug has been
effective in patients with advanced RET-rearranged NSCLC (Tan et al. 2019).

7.2.4.9 Drugs Targeting NTRK1 Receptor

Neurotrophin receptor kinase 1 (NTRK1) is a member of the tyrosine kinase
receptor. The genes are located on chromosome 1q21-22 and encode high-affinity
nerve growth factor receptors. About 3.3% of cases of lung adenocarcinoma are
found. On the NTRK1 receptor, the two fusions have been described:
MPRIP-NTRK1 and CO74-NTRK1. The fusion study in the clinical trial shows
that TRKA auto-phosphorylation leads to the oncogene process (Morgensztern et al.
2015). NTRK1 fusion is rare in lung adenocarcinoma but not observed in squamous
cell carcinoma. NTRK1 rearrangement is identified by fluorescence in situ hybrid-
ization technique. The technique does not identify particular NTRK1 fusion. The
drugs used for the treatment of NTRK1 fusion in NSCLC are larotretinib,
entrectinib, and cabozantinib (Pao and Girard 2011; Vaishnavi et al. 2013).

7.2.4.10 Drugs Targeting PIK3CA

Phosphatidylinositol-3-kinase plays a crucial role in cell proliferation and metabo-
lism. PI3K/mTOR/AKT is regularly activated pathway in NSCLC. The PIK3CA
mutation is the main oncogenic driver for tumor formation in NSCLC. This type of
mutation is observed in 1–3% of an individual having NSCLC. The alterations of
genes are observed in exon 9 and exon 20. The alteration of genes is more commonly
found in the squamous cell than in adenocarcinoma. PIK3CA mutation occurs



simultaneously with EGFR mutation. The drugs that act as a PIK3CA blocker are
LY3023414 and PQR309.
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7.2.4.10.1 LY3023414

It is a dual inhibitor as it blocks both PI3K and mTOR. The phase II clinical study of
the drug in combination with necitumumab (monoclonal antibody) demonstrated
that the combination of both was found to be nontoxic and acceptable in patients
with squamous NSCLC.

7.2.4.10.2 PQR309 (Bimiralisib)

Chemical name: 4,4′-(6-(6-methyl-4-(trifluoromethyl)pyridin-3-yl)-1,3,5-triazine-
2,4-diyl) dimorpholine. It is a dual inhibitor (PI3K/mTOR). It is in phase II of
clinical testing in patents with squamous NSCLC (Scheffler et al. 2015).

7.2.4.11 Drugs Targeting MEK-1 Receptor

It is also known as MAPK2-1. It follows the MAPK/ERK pathway, which is
involved in the regulation of various cellular processes. It is a serine-threonine
kinase that shows a mutation in 1% of NSCLC. The drugs used for the treatment
of MAP2K1 mutation are selumetinib, trametinib, and cobimetinib. Several clinical
studies of these MEK inhibitors are in process.

Various clinical data suggested that the MEK inhibitors should be developed in
combination with chemotherapy rather than as a single agent (Casaluce et al. 2017;
Stinchcombe and Johnson 2014).
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7.2.4.11.1 Cobimetinib

Chemical name: (S)-(3,4-difluoro-2-((2-fluoro-4-iodophenyl)amino)phenyl)
(3-hydroxy-3-(piperidin-2-yl)azetidin-1-yl)methanone. It is a highly selective mol-
ecule which blocks MEK-1. It was approved in combination with vemurafenib
(BRAF inhibitor) for the treatment of patients with metastatic melanoma with
BRAF V600 mutations. Currently, it is under clinical trial II with atezolizumab for
the treatment of patients with metastatic NSCLC (Rothschild 2015; Arcila et al.
2016).

7.3 Conclusion

The therapeutic area of NSCLC treatment has tremendously changed after
the discovery of EGFR mutation and the development of EGFR TKI. Even though
the discovery of EGFR TKI for treating NSCLC, other therapies are still growing in
the field of genomic aberrations as potential biomarkers. The genotype derived
treatment showed a 3-year survival rate. Even though, treatment in a highly selected
patient during the last decades demonstrated the advancement in molecular under-
standing and novel treatment has essentially enhanced the result for the subgroup of
NSCLC patients.

NSCLC is a disease that cannot be cured. Currently able to recognize the
mechanism of amidoquinolines at the molecular level is an advantage, usage of
high-throughput advances including upcoming generation sequences in clinical and
disclosure of targeted therapeutics have enhanced the prediction and personal
satisfaction for patients in the group with advanced NSCLC.

Currently, the rules prescribe investigation of the accompanying seven genes for
the treatment of lung adenocarcinoma: KRAS, EGFR, ALK, ROS-1, BRAF, RET,
and HER-2. Other genes like NTRK1, MAP2K1, and PIK3CA also play an impor-
tant role in the treatment of NSCLC. EGFR and ALK therapies are easily available
and are used for the treatment of advanced NSCLC nowadays. The drugs which
target the specific receptor are combined with other chemo drugs and improve the
safety and efficacy of the drug which shows a synergistic effect for the treatment of
NSCLC. But due to the development of resistance, the combination of chemotherapy



and targeted therapy became a challenge in curing NSCLC. But the futuristic
approach of a combination of either targeted therapy or immunotherapy with better
knowledge of biomarkers could lead to the best option for curing NSCLC. Thus, to
improve the tolerability of these approaches, investigation are going on.
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Chapter 8
Drug Repurposing in Cancer

N. R. Shruthi, M. Samatha Jain, Harsha Ganesan, Antara Banerjee,
Hong Zhang, Xiao-Feng Sun, and Surajit Pathak

Abstract The discovery of drug compounds has a long history in drug repurposing,
notably by fortuitous findings. It has taken a new path in the creation of novel
therapeutics based on existent or authorized drugs in recent years. Importantly, our
knowledge of cancer biology and the related cancer hallmarks is growing. This,
together with repurposing studies that use modern bioinformatics and comprehen-
sive screening of the complete pharmacopeia, should lead to the discovery of novel
medicines and targets. Furthermore, the usage of non-oncology pharmaceuticals,
which make up most of our treatments, has the potential to speed up drug
repurposing even further. We looked at both phenotypic-based and target-based
methods of medication repurposing as well as described and assessed old
non-oncology medications as prospective candidates for drug repurposing based
on a broad knowledge of these principles and associated investigations of drug
repurposing over the previous decade. Some of these medications successfully
regulate at least one characteristic of cancer, whereas the others have a broad
anticancer activity by regulating several targets through different signaling path-
ways, which is often brought on by various simultaneous signaling pathways.
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Furthermore, the emergence of computerized databases of disease gene targets,
functional readouts, and clinical data encompassing inter-individual genetic variants
and toxicities has allowed an alternative “big data” approach to grow at an unheard-
of rate during the past decade. Here, we review the sources that are now on hand and
speculate on significant upside possibilities.
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Keywords Drug repurposing · Colorectal cancer · Target-based · Signaling
pathways · Bioinformatics

8.1 Introduction

Drug repurposing (DR) has captivated interest in research and the pharmaceutical
industry due to its potential to discover novel applications for currently used
medications and to develop new drugs, as well as its efficiency as a method of
lessening the duration and financial savings compared to conventional de novo drug
development methods. Various terms for drug repurposing include drug
repositioning, drug reprofiling, drug redirecting, drug retasking, and therapeutic
switching (Jarada et al. 2020). This entails identifying new therapeutic indications
for existing prescription drugs or approved pro-drugs that have failed, been
researched, are already marketed, or are FDA approved. It entails finding novel
therapeutic applications for existing medications, including those that have been
authorized, discontinued, abandoned, or are still in development (Badria 2020).
Currently, the drug repositioning process has gained traction, with repurposed
pharmaceuticals accounting for around one-third of new drug approvals, generating
over 25% of the pharmaceutical industry’s yearly revenue (Cha et al. 2018).
According to current estimates, the market for repurposed pharmaceuticals was
worth $24.4 billion in 2015, with a forecast increase to $31.3 billion by 2020 (Badria
2020).

DR is based on two fundamental scientific foundations: (a) the finding, via the
elucidation of the human genome, that some illnesses have biological targets that are
sometimes shared and (b) the idea of pleiotropic drugs. Any structural alteration of
the drug is thus excluded from the idea of drug repositioning. Instead, repositioning
uses either the biological qualities for which the drug has previously been authorized
perhaps in a new dosage, a new route of administration, or a modified formulation, or
the drug’s side features that are responsible for its adverse effects in a new indication
(Jourdan et al. 2020).

On-target and off-target DR are the two basic DR methods. A drug molecule’s
established pharmacological action in on-target DR is applied to a novel therapeutic
application. In this strategy, the biological target of the therapeutic molecule is the
same, but the condition is different (Ferreira and Andricopulo 2016). The pharma-
cological mechanism in the off-target profile, on the other hand, is unknown (Badria
2020). The experiment-based method and the in silico-based approach are two
different and complementary techniques for drug repositioning. The experiment-
based technique is also known as activity-based repositioning, and it refers to the use



of experimental assays to screen original drugs for new pharmacological indications.
In silico repositioning, on the other hand, uses bioinformatics/cheminformatics and
computational biology tools to perform virtual screenings of public databases of
large drug/chemical libraries (Talevi 2018). In recent years, researchers and scien-
tists have used a hybrid method to explore novel therapeutic indications for current
drugs by combining in silico and experimental approaches. Preclinical biological
experiments (in vivo and in vitro testing) and clinical studies are used to confirm the
results of computer algorithms in the mixed approach (Badria 2020).
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Fig. 8.1 A comprehensive overview of drug repurposing

Due to the urgent need for innovative therapeutics, uncommon or terminal
oncological symptoms provide less constraint on safety in the context of cancer.
Furthermore, cancer is a multistage disease with treatment options available through-
out the onset, fast heterogeneous growth, metastasis, and/or recurrence stages. These
characteristics imply that cancer-focused drug repurposing might benefit both
patients and pharmaceutical companies, with the sections that follow offer an
overview of present prospects and possible hurdles in this field (Hernandez et al.
2017). This article gives a quick summary of repurposing, focusing on the most
current scientific foundations of various repurposed drugs used in cancer therapy
(Fig. 8.1).

8.1.1 Advantages

There are a variety of benefits to repositioning drugs. According to a recent analysis
based on a survey of 30 pharmaceutical and biotechnology firms, the average cost of
reintroducing a repurposed drug is $8.4 million, whereas the average cost of
re-launching a new formulation of an existing drug in its original indication is
$41.3 million. Because extensive information on their pharmacology, formulation,



possible toxicity, safety, and adverse drug response concerns is available, they have
a greater success rate than the original medications, reducing attrition. As
repurposing is based on prior research and development efforts, new drug candidates
might be put into clinical trials swiftly, speeding up the FDA’s review process and
the approval of drugs (Agrawal 2015).
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Clinical research and education programs offer in-depth knowledge of certain
illness states, removing “activation barriers,” and enabling projects to go fast into the
preliminary stages. Clinical findings, on the other hand, can quickly lead to cellular
and molecular pathway correlations and investigations. Drug repurposing initiatives
can be quickly applied to diseases that lack viable treatments in this manner. Cell
division, autophagy, apoptosis, and metabolism are examples of targets that can be
manipulated therapeutically for a variety of clinically relevant purposes. Also,
effective communication between fundamental scientists, physicians, and pharma-
ceutical scientists is required to gain a thorough understanding of pathway interde-
pendencies and shunts, as well as the clinical repercussions of modulated treatment
perturbations for such targets (Oprea et al. 2011).

In terms of chances of success, a repurposed drug has the benefit of being
connected with a large body of information about human pharmacokinetics, bio-
availability, and toxicity, which helps to reduce risk. Furthermore, the knowledge
available about the repurposed drug is significantly more through and perhaps less
risky than it was when the New Chemical Entity was first being developed
(Pantziarka et al. 2015).

Finally, research on a repurposed drug directed at a new indication has the
potential to inform the creation of novel New Chemical Entity, giving the notion
of repurposing additional benefits (Islam et al. 2022).

8.1.2 Challenges

8.1.2.1 Dosing and Safety

Concerns about dose and delivery capacity frequently hamper the clinical utility of
finding novel drug–target interactions. The new drugs are only licensed after a
through examination reveals obvious therapeutic benefits within well-defined safety
limitations (the potential to administer the medicine to specific targets in the illness
foci). Dosing and delivery also consider safety concerns, as the targets must be
exposed to the drugs (or its active metabolites) for a short period. Novel drug–target
interactions are frequently reported in peer-reviewed or patent literature, especially
for older drugs that haven’t had their full effects defined before being approved.
These data frequently reveal potency at the micromolar level. The burden of
evidence and therapeutic relevance, on the other hand, is on the discovery teams,
which must demonstrate that such effects may be observed in the clinic at dosages



within the allowed ranges. So far, it has been difficult to discover new drug–target
interactions within the confines of the approved therapeutic window. Phase I clinical
trials would have to be conducted by the discovery teams if the anticipated potency is
outside range, thereby blending the lines between de novo and repurposed drug
development (Oprea et al. 2011).
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8.1.2.2 Data Availability

Even though the open-source concept is gaining traction in the drug research
community (Talevi and Bellera 2020), public access to some types of useful data
(e.g., clinical trials) is still restricted. Even if accessibility was not an issue, certain
data (e.g., imaging data) are less conducive to data mining, integration, and modi-
fication, and are occasionally provided in an unstandardized format (Pushpakom
et al. 2019). Integrating many types of data has proven to be computationally
challenging, as it improves the analytical power (Ritchie et al. 2015).

Compound availability with generic active pharmaceutical components can
sometimes be problematic, especially if the compound is no longer available on
the international market. In such situations, finding a dependable source could be
difficult.

8.1.2.3 Intellectual Property

Repositioners confront significant hurdles due to the lack of intellectual property
protection. Some legal issues might make it more difficult to patent a new medical
use and/or enforce patent rights, lowering the incentives for drug repurposing.
Obtaining a patent for a second or subsequent medicinal use is hampered by certain
national legislations (Talevi and Bellera 2020). This is since the drug in question has
been patented as a new chemical entity, and future medicines comprising the same
entity can only be provided by a novel application patent (Jourdan et al. 2020).

Many possible repurposing applications have already been documented in the
specialized literature or are being used in clinical practice as off-label, unregistered
applications (Pushpakom et al. 2019). Even though such applications have yet to be
validated in controlled clinical studies, the knowledge is available in the public
domain, affecting novelty and, as a result, patentability. One specific obstacle is a
dearth of specialists in the legal aspects of drug repurposing, which is a relatively
new topic for academics. Another limitation is the dissemination of novel drug-
target-disease connections via PubChem or other internet databases, or by articles
extending from peer-reviewed literature to blogs and other online publications. Such
disclosures successfully thwart intellectual property protection efforts, leading to a
reduction in the number of patent applications filed (Oprea et al. 2011).
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8.2 Drug Repurposing in Cancer Therapy

In cancer therapy, repurposing existing drugs is a cost-effective and time-saving
approach to drug discovery. The rapid identification of new therapeutic targets
enabled by screening clinical drug collections will lead to the development of
novel and more affordable treatment options.

8.2.1 Cytostatic Agents for Cancer Therapy

8.2.1.1 Aspirin

Aspirin an anti-inflammatory drug, commonly used to prevent and treat cardiovas-
cular diseases, also contains other pharmacological properties including antiplatelet
activity at low doses and anti-inflammatory action at high doses. Apart from these
effects, the constant search to discover new mechanisms of action hasn’t ceased
(Thorat and Cuzick 2013). Kune et al. (1988) presented the first study relating
aspirin use in colorectal cancer (CRC) reduction in 1988, finding a statistically
significant reduction in cases taking aspirin-containing medicine in both men and
women (Kune et al. 1988). The early reduction in cancer deaths in trials of daily
aspirin versus control could be due to aspirin’s ability to prevent distant metastasis.
Similarly, the findings of Rothwell et al. (2012) suggest that aspirin could be
beneficial in the treatment of certain cancers and provides proof of distant metastasis
prevention (Rothwell et al. 2012). The use of aspirin on a regular and long-term basis
has been linked to a significant reduction in the incidence of colorectal cancer,
according to several studies. This is thought to be due to the inhibition of adenomas,
which are the precursor lesions inhibited by aspirin in randomized trials (Tougeron
et al. 2014).

8.2.1.2 Metformin

Metformin’s origins date back to a plant extract whose primary ingredient was
guanidine, which was used to treat diabetes symptoms throughout the Middle
Ages. Metformin is an antihyperglycemic drug and insulin sensitizer that reduces
fasting plasma insulin levels and improves insulin resistance. Its other benefits
include reduction of cellular reactive oxygen species, down-regulation of
proinflammatory cytokines, inhibiting of lipogenesis, and alleviating hyperlipid-
emia. Dysregulation of these processes is linked to an increased risk of cancer.
Because of its low toxicity (the most common adverse event being lactic acidosis),
metformin is becoming more popular as a cytostatic cancer treatment. Metformin’s
action could be explained by two mechanisms. It inhibits complex I of the mito-
chondrial respiratory chain, preventing oxidative phosphorylation resulting in an



increase in adenosine monophosphate (AMP) or the AMP/ATP ratio (Zhang et al.
2007; Pernicova and Korbonits 2014). Secondly, metformin inhibits ATP produc-
tion by activating AMP-activated protein kinase (AMPK), providing a plausible and
widely accepted model for gluconeogenic gene expression and glucose output
suppression (Meng et al. 2017). Metformin, a commonly used antidiabetic medica-
tion, extends overall survival in diabetic CRC patients, though the effect on
CRC-specific survival is still questionable (Tougeron et al. 2014).
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8.2.1.3 Statins

Statins, or hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors,
are a commonly used medication for lowering serum total and low-density lipopro-
tein (LDL) cholesterol by inhibiting the conversion of HMG-CoA to mevalonic acid.
Statins appear to have pleiotropic effects, including control of cell proliferation,
death, and inflammation, in addition to their powerful pharmacologic suppression of
cholesterol production. Statins can influence a wide range of disease processes,
including cancer, via modulating these pathways. Statins appear to prevent CRC
based on epidemiological research, but the molecular mechanism is yet to be
understood. Statins have anabolic effects on bone by boosting the production of
bone morphogenetic protein (BMP) 2 mRNA and protein by osteoblast-like cells by
activating the BMP2 promoter. BMP expression is induced by statins in bone cells.
(Mundy et al. 1999). The findings of Rutledge et al. (2019) implied that taking
lipophilic statins has an anticarcinogenic impact and a lower risk of developing late-
stage CRC, which could have implications for CRC prevention and management in
the future (Rutledge et al. 2019).

8.3 Target Prediction in Cancer

The drug-centric approach allows for the formulation of innovative rational
repositioning hypotheses based on the precise characterization of drug–target inter-
actions. Due to their great efficiency and low costs, the development of numerous
computer approaches has provided important strategies for the systematic prediction
of possible drug–target interactions (DTIs) throughout the last decade. DTIs have
become a significant aspect in drug discovery or repositioning, with the purpose of
uncovering potential new treatments or novel targets for existing drugs. In contrast to
expensive and delayed in vivo or biochemical experimental procedures for finding
new DTIs, silico or computational approaches can quickly uncover promising DTI
candidates for in vivo validation, decreasing the hassle and costs of drug develop-
ment or repositioning (Luo et al. 2017). Target-based drug repurposing commences
with high-throughput and/or high-content screening of drug compounds, following
in silico screening of drug compounds through drug libraries, including ligand-based



screening or docking, based on proteins or biomarkers of interest (Yamanishi et al.
2010).
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Traditional methodologies based on the three-dimensional (3D) structures of
targets, such as molecular docking, have been widely used in DTI prediction.
These approaches analyzed DTIs using scoring functions, which can offer quantita-
tive docking scores that are related to binding affinities. Machine learning is a
general method for DTI prediction that has been rapidly evolving in recent years.
Deep learning approaches have lately been used in DTI prediction in addition to
classic machine learning techniques, and molecular descriptors and protein sequence
descriptors are used more often (Liu et al. 2010; Waszkowycz et al. 2011; Hwang
et al. 2017).

8.3.1 Structure-Based Target Prediction

Since the inception of in silico molecular modeling, structure-based virtual screening
technologies have aided the drug development process. Furthermore, numerous
structure-based non-docking techniques have been widely used in drug repositioning
to overcome docking’s inefficiency and inaccuracy. Finding an appropriate drug
target, identifying a prospective drug, and putting up experimental tests to test the
efficacy of the proposed therapy is a time-consuming and expensive procedure in
traditional drug development. Molecular docking, on the other hand, which mimics a
drug’s binding affinity in the 3D structure of a drug target, can be used as a higher
resolution simulation method (Li and Jones 2012). The ligand-based approaches and
molecular docking-based approaches are the two basic tactics used in traditional
computational methods. As a result, in rational drug repositioning, computational
tools for drug–target interaction prediction have gotten a lot of attention (Yan et al.
2019).

Below are the list of tools that can be used to predict new drug–target interactions
based on structural data of protein targets with or without bound compounds for
structure-based drug repositioning. This is not an extensive or complete list for
docking, binding site prediction, pharmacophore-based screening, and interaction
similarity.

8.3.1.1 Docking

AutoDock—The conformational space of the ligand is compared to a set of grids
characterizing the target protein. It does not require the selection of atom kinds
because the grids are calculated internally. It is possible to visualize the atomic
affinity grids (Forli et al. 2016).

Karuppasamy et al. (2017) developed a multi-modal computational drug
repositioning approach to identify anti-proliferative drugs. Flexible molecular
docking was used with antiviral medications that met all of the thresholds with



native mutant beta-tubulin to analyze the free binding energy of the antiviral drug.
The commonly preferred AutoDock was used to thoroughly evaluate ligand confor-
mations and estimate the medicinal molecule’s binding affinity (Karuppasamy et al.
2017).
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FlexX—A virtual screening tool that explores the conformational space of
ligands. In the study of Chittepu et al. (2019) protein–ligand interactions were
predicted using FlexX molecular docking simulations to estimate possible
draggability towards the dipeptidyl peptidase-4 mechanism of action, the FlexX
algorithm was utilized to infer protein–ligand interaction residues and binding
energy (Chittepu et al. 2019). In a study conducted by Lokhande et al. (2020) for
a small-molecule checkmate to cancer therapy in which they came to a conclusion
that according to FlexX’s molecular docking experiment, the derivatives Qur8,
Kem204, and Res183 of quercetin, resveratrol, and kaempferol, respectively, are
more potent against PPAR-γ than other compounds (Lokhande et al. 2020).

8.3.1.2 Binding Site Prediction

Sitemap—SiteMap uses a novel search to identify the characteristics of binding sites
and evaluates each one by calculating properties such as volume, size, amino acid
exposure, contact, enclosure, hydrophilicity, hydrophobicity, and the acceptor/donor
ratio (Halgren 2007). Recently, researchers have discovered a unique binding site for
the E542K amino acid residue, which is extensively mutated in cancers of various
sorts. This exploratory site is extended in two directions by SiteMap predicted
binding sites, one of which includes the activator loop and the other another usually
altered residue, E545K (Miller et al. 2017).

FindSite—Combinatorial regimens are required for the effective treatment of
colorectal malignancies. A study conducted by Mitchel et al. (2021) used the
computational structure-based drug discovery tool FINDSITEcomb to find a PDK1
inhibitor and conduct combinatorial trials with 5-FU for effective colorectal cancer
treatment. Stearic acid was predicted to have few off-target effects, making it a
promising colorectal cancer chemotherapeutic candidate (Mitchel et al. 2021).

8.3.1.3 Pharmacophore-Based Screening

LigandScout—Ligand topology interpretation and identification of integral amino
acids as pharmacophore templates using explored and unexplored protein–ligand
complexes (Wolber and Langer 2005). Patil et al. (2021) conducted a study on
non-cancer to anticancer: potassium channel inhibitors based on the human ether-a-
go-go gene as possible treatments where LigandScout 4.4 was used to investigate the
binding poses of the ligands and the manner of interactions of the protein–ligand
complex (Patil et al. 2021). To suggest substances that potentially have more
effective fascin1 inhibitory characteristics than migrastatin, in silico screening was
used. Migrastatin’s core structure was subjected to pharmacophore modeling using



LigandScout in order to create a ligand-based pharmacophore model (Alburquerque-
González et al. 2020).
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8.3.1.4 Interaction Similarity

PLIP—PLIP generates a report profile that includes all discovered non-covalent
interactions that define the ligand’s binding affinity at the atomic level and are
represented in 3D (Salentin et al. 2015). Through an in silico screening of all
presently available structural data using PLIP, Salentin et al. (2017) discovered the
FDA-approved malaria medicine amodiaquine as a possible repositioning candidate
for cancer. The results of this study demonstrate the viability of PLIP interaction
patterns as computational repositioning tools. They can be used to distinguish
structurally unrelated candidates, such as FDA-approved medications with well-
known safety and pharmacology profiles, by providing search query relevant data
from a given drug and its target (Salentin et al. 2017).

SIFt—3D protein–ligand binding interactions are analyzed and represented. By
translating 3D structural binding information onto a binary string, SIFt generates an
interaction fingerprint (Deng et al. 2004). Given that BMP4 is a causative factor of
CRC and the significance of protein-based modeling in elucidating rare disease-
causing variations, Lubbe et al. (2011) used two in silico techniques, PolyPhen and
SIFT, to estimate the putative influence of non-synonymous coding alterations in
BMP4 on expressed protein function (Lubbe et al. 2011).

TIFP—TIFP allows you to compare interaction pattern resemblance to a ligand
or binding site pairwise similarities. Protein–ligand coordinates are encoded into a
fingerprint of 210 molecular interaction motifs (Desaphy et al. 2013). Any two
protein–ligand complexes can be compared using the TIFP fingerprint to examine
associations based on interaction pattern similarities and ligand or binding site
pairwise similarities. Additionally, the researchers have combined the TIFP finger-
print with the recently released tools Ishape and Grim to align protein-ligand
complexes in a biased manner toward interactions, post-process docking scores in
accordance with recognized interaction patterns for a particular target, and conduct a
virtual search for biometric scaffolds with comparable interaction patterns (Briels
et al. 2020).

8.3.2 Cheminformatics-Based Target Prediction

Cheminformatics is a relatively new branch of information technology concerned
with the gathering, storage, analysis, and manipulation of chemical data. Small
molecule formulae, structures, properties, spectra, and activities are usually included
in the chemical data of interest (biological or industrial). Unlike molecular docking
approaches, the ligand-based cheminformatics approach does not require informa-
tion on the target protein. Rather, features derived from a drug’s chemical structure



graph, or any other appropriate description are linked to known target binding data
(i.e., binding affinity) or phenotypic alterations (i.e., high-throughput cancer cell
viability assays) (Issa et al. 2021). Using cheminformatics methodologies, medica-
tions with chemical structures like cancer drugs or genes connected with pharma-
ceuticals with similar chemical structures can be found.
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KNIME-CDK includes functions for converting molecules to and from standard
formats, as well as signature, fingerprint, and molecular property generation. It is
built on the Chemistry Development Toolkit and makes use of the Chemical Markup
Language to maintain consistency (Beisken et al. 2013). The Connectivity Map
(CMap) project, as well as its expanded Library of Integrated Network-Based
Cellular Signatures (LINCS), is widely regarded as a crucial concept in a number
of well-known medication repurposing studies. The CMap’s expanded effort results
in large-scale gene expression profiles from human cancer cells that can be targeted
by multiple treatment molecules in diverse conditions (Vidović et al. 2014;
Subramanian et al. 2017).

Vásquez-Bochm et al. (2019) used a consensus gene profile that characterizes
breast cancer stem cells to query CMap to repurpose medicines that target breast
cancer stem cells. The structural similarity of the potential medications was inves-
tigated using the KNIME program in the CDK module, which generated fingerprints
using circular and MACCS approaches and compared them using the Tanimoto
coefficient (Vásquez-Bochm et al. 2019).

The Web Ontology Language (OWL), which is commonly used in bio-ontologies
like Gene Ontology, is a sophisticated language for developing complicated domain
ontologies (Tudose et al. 2013). Cheminformatics, a collection of computational
technologies that may be utilized to tackle a variety of chemical challenges, can be
used to find and assess new pharmacogenomics (PGx) connections.

8.4 Effect of DR in Different Pathways

For various cancer kinds, molecular pathways’ operation and interaction are quite
important. Previous research has shown that the dysregulation of numerous signaling
pathways, such as Wnt, PI3K/Akt, AMPK, NF-B, and MAPK, is a major factor in
the advancement of CRC, and other significant possible molecular processes and
emphasize their impact on CRC are illustrated in Fig. 8.2. Furthermore, the way
these channels interact is intricate and precise. Additionally, a growing body of
evidence indicates that either cancer itself might cause genetic disturbance or
epigenetic dysregulation, or that it can stimulate the formation of CRC. Recent
advances in understanding these crucial potential molecular processes and highlight-
ing how they relate to CRC will soon provide an appealing treatment approach for
the disease.
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Fig. 8.2 Existing pathways in colorectal cancer: The three predominant pathways are chromo-
somal instability (alludes to an alarming pace of gains or losses of complete or significant sections
of chromosomes that causes karyotypic diversity from cell to cell. It is seen in 65–70% of sporadic
colorectal tumors), CpG island methylator phenotype (a subtype of colorectal tumors that
develops via an epigenetic instability route and is distinguished by extensive hypermethylation of
promoters CpG island sites, which results in the inactivation of numerous tumor suppressor genes or
additional tumor-related genes), and microsatellite instability pathway (molecular signature of the
underactive mismatch repair (MMR) mechanism, which accounts for about 15% of colorectal
malignancies), while the two occasional pathways are microRNA and the inflammatory pathway

8.4.1 Wnt Pathway

The Wnt signaling pathway is important for cell growth and stem-cell differentia-
tion. Multiple diseases have been linked to Wnt mutations, including breast and
prostate cancer, glioma, and diabetes. Almost all CRCs begin with an activating
mutation in the Wnt/β -catenin pathway (Miller et al. 1999). A Wnt protein often
binds to the Frizzled family of receptors’ domain. Through direct interactions, these
transmembrane G-protein coupled receptors transmit a signal to the disheveled
phosphoproteins in the cytoplasm. Wnt/β-catenin pathway reactivity is often
induced by a mutation in the adenomatous polyposis coli (APC) gene. This causes
a shortened APC protein that is incapable to complete its mechanism as a component
of the β-catenin destruction complex, culminating in diminished β-catenin degrada-
tion and unusually high levels of cytoplasmic β-catenin. This stabilized β- catenin
translocates to the nucleus and attaches to members of the T-cell factor (Tcf)/
lymphoid enhancer factor transcription factor group, triggering transcription of
Wnt targets gene expression such as Myc and cyclin D (Mann et al. 1999).
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8.4.2 mTOR Signaling Pathway—The Role of AMPK
Activation in Aspirin-Mediated mTOR Inhibition

Din et al. (2012) evaluated the impact of aspirin on adenosine monophosphate-
activated protein kinase (AMPK) and the mechanistic target of rapamycin (mTOR)
signaling in CRC cells. These findings, in addition to the siRNA results, proved that
aspirin may suppress mTOR through both AMPK-dependent and independent
pathways. The effects of aspirin on the mTORC1 target proteins and its substrate
ribosomal protein were studied in three CRC cell lines: SW480, RKO, and HCT116.
Phosphorylation of ACC provided a more accurate picture of AMPK enzyme
activity. Increased AMPK phosphorylation was accompanied by enhanced ACC
phosphorylation. Using quantitative kinase assays that mirrored the phosphorylation
state of AMPK and ACC, Din et al. (2012) confirmed that aspirin enhances AMPK
activity. This study’s findings on AMPK and ACC phosphorylation, along with
AMP kinase activity, demonstrate unequivocally that aspirin regulates AMPK in
CRC cells (Din et al. 2012).

8.4.3 Inhibition of Ras/ERK and Ras/mTOR Pathways

The expression of Ras protein and the activity of its downstream effectors were
investigated by Tsubaki et al. (2017) to determine the molecules implicated in statin-
induced apoptosis. Statins reduced the levels of phosphorylated ERK and mTOR
and repressed Ras membrane localization in HSC-3 and HEp-2 cells. Ras lowered
the phosphorylation of mTOR and ERK1/2 and raised the expression of Bim
because of suppressing geranylgeranyl pyrophosphate (GGPP) production. In addi-
tion, a combination of PD0325901 (a MEK inhibitor) and rapamycin (an mTOR
inhibitor) was found to trigger cell death, inhibit ERK1/2 and mTOR, and increase
Bim expression in cells (Tsubaki et al. 2017).

8.4.4 ERK/Akt Pathway

Statins trigger apoptotic cell death in various types of growing tumor cells in a
cholesterol-independent way. Mevalonate is transformed to farnesyl pyrophosphate
(FPP) or GGPP, which can be prenylated and attached to intracellular proteins,
ensuring their relocalization in cell membranes (Wu et al. 2004). According to Qi
et al. (2013) treatment with statin accelerated DNA fragmentation and the induction
of proapoptotic proteins such as PARP, caspase 3, and Bax. N-acetylcysteine, an
antioxidant, and metabolic precursors of the HMG-CoA reductase pathway, such as
FPP, mevalonate, and GGPP, reduced statin-induced cytotoxicity, DNA fragmenta-
tion, as well as substantial changes in ERK, caspase-3, Akt, and p38 activation



(Qi et al. 2013). Statins inhibit GGPP production in the mevalonate pathway, then
inhibit signal transduction in the Ras/ERK and Ras/Akt pathways (Tsubaki et al.
2016).
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8.4.5 AMPK-NF-κB Signaling

The protein complex nuclear factor κ-light-chain-enhancer of activated B cells
(NF-κB) works as a signal-induced transcription factor. Mutations in genes that
encode NF-κB or govern NF-κB activity, such as the IκB genes, activate NF-κB in
tumor cells. In recent decades, the NF-κB, a transcription factor involved in the
regulation of immunological responses and inflammation, has been recognized as
playing a key role in cancer formation and progression. Metformin treatment
activates AMPK-NF-κB signaling in cancer cells, which participates in regulating
M1 and M2 inducing cytokine expression by increasing AMPK and p65 phosphor-
ylation (Li et al. 2017).

Kim et al. (2011) revealed metformin as an anticancer agent. In his findings,
metformin decreased the activation of NF-κB and MDR1 promoter activity signif-
icantly and also reduced adriamycin-activated NF-κB and MDR1 promoter activity
in a dose-dependent manner. Researchers investigated if metformin inhibits MDR1
and NF-κB via suppressing IκB- α phosphorylation, and it was found to suppress
MDR1 protein and mRNA expression that was increased by TNF- α. TNF- α
induced NF-κB activation which was reduced by metformin. Therefore, metformin
decreased MDR1 by lowering NF-κB activation, according to these findings (Kim
et al. 2011).

8.5 Large Data Analysis and Precise Personal Therapy

8.5.1 Genome-Wide Association Studies (GWAS)

The most reliable statistical tool for examining a person’s genetic predisposition to
multifaceted diseases is GWAS. A substantial amount of data analysis has shown
that genetic targets frequently propose potent pharmacological targets, with many
convincing instances coming from GWAS. By using a hypothesis-free methodol-
ogy, GWAS enables simultaneously examining millions of single nucleotide poly-
morphisms (SNPs) throughout the genome, allowing for a comprehensive
examination of the influence of specific genetic variants on a given characteristic.
GWAS has been used extensively in studies on several forms of malignant tumors
since its inception. With the use of GWAS, researchers have discovered numerous
tumor-vulnerable locations and areas and have made significant progress (Plenge
et al. 2013; Nelson et al. 2015).
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According to GWAS, SMAD7, which is situated on chromosome 18, contains
significant genetic variations that have now been linked to colorectal cancer. An SNP
in SMAD7’s intron 3 called rs4939827 and an adjacent intronic SNP called
rs12953717 were both found to have a substantially considerable correlation with
colorectal neoplasia. A strong relationship was also discovered by Broderick et al.
(2007) for the intronic SNP rs4464148 (Broderick et al. 2007; Tenesa et al. 2008). In
SLC22A3, Cui et al. (2011) discovered a unique susceptibility locus that raises the
possibility of proximal colon cancer in an Asian population (Japanese and Korean).
The new locus on 6q26-q27 was substantially related to distal colon cancer
(rs7758229 in SLC22A3, p = 7.9210–9, OR of 1.28). The link involving CRC
and SNPs on 8q24 (rs6983267 and rs7837328, p = 1.51108 and 7.44108, ORs of
1.18 and 1.17, respectively) was also observed. Additionally, synergistic impacts of
three genetic factors (rs6983267, rs7758229, and rs4939827 in SMAD7) and one
extrinsic component (alcohol use) seem to roughly double the risk of CRC were also
revealed (Cui et al. 2011).

Tenesa et al. (2008) genotyped 555,510 SNPs in 1012 earlier-stage Scottish CRC
patients and 1012 controls for genome-wide associate research to find loci linked to
CRC susceptibility (phase 1). In phase 2, 2057 Scottish malignancies were
genotyped and 2111 controls for the 15,008 top-ranked SNPs. A previously
unreported link at rs3802842 on 11q23 that demonstrated population-specific risk
differences was uncovered. Additionally, the validation and fine mapping of corre-
lations were at 8q24 and 18q21 (rs7014346; OR = 1.19; P = 8.6 × 10-26,
rs4939827; OR = 1.2; P = 7.8 × 10-28, respectively). In both rs4939827
(P 0.009) and rs3802842 (P 0.008), the risk of rectal cancer was higher than the
risk of colon cancer (Tenesa et al. 2008). These findings expand overall knowledge
of the extensive genetic variation that plays a role in the etiology of CRC.

8.5.2 Electronic Health Records (EHRs)

A growing body of research has shown how useful EHR data is for locating
promising therapeutic drug side effects and drug–drug interactions. As a result of
their constant and longitudinal monitoring of clinically important outcomes and
pharmaceutical exposures, EHRs may be especially helpful when examining treat-
ment effects. The “real-world” circumstances of patient medication use, and treat-
ment trends are represented by EHR data, making it a valuable tool for identifying
the clinical ramifications of drug–genome interactions (Shickel et al. 2017).
According to a study conducted by Rodríguez-Miguel et al. (2019) low-dose aspirin
may have an antiplatelet impact by inhibiting cyclooxygenase-1, which may help
explain why it lowers the risk of CRC and measure how low-dose aspirin and
clopidogrel affected a Mediterranean population’s prevalence of CRC, where EHR
was reviewed manually by 2 independent researchers blinded to drug prescriptions
in a supplementary method (Rodríguez-Miguel et al. 2019). Using information from
the Department of Veterans Affairs EHR, a case-control research was conducted on



US Veterans with prevalent diabetes who had colonoscopies between 1999 and
2014. In contrast to controls, cases were identified by the presence of CRC during
colonoscopy. Metformin was linked to an 8% absolute decrease in CRC chances
(Demb et al. 2019).
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8.5.3 PheWAS

Precision medicine is now seen from a unique angle thanks to the unification of
EHRs for diverse illness classes from diverse racial groups and genomic data. In
light of this, the phenome-wide association study (PheWAS), which incorporates
data from both GWAS and EHRs from sizable cohort studies, has surfaced as yet
another cutting-edge paradigm. The PheWAS widened the scope of the genotype-
phenotype association and allowed researchers to discover novel applications for
previously used medications. Zhang et al. (2022) sought to ascertain regardless of
whether such a risk of other traits is likewise influenced by a genetic predisposition
to CRC. They analyzed 334,385 unrelated White British people from the UK
Biobank cohort (excluding CRC patients) using the PheWAS and tree-structured
phenotypic model. From CRC genome-wide correlation studies, a polygenic risk
score was created as a gauge of CRC risk (Zhang et al. 2022). The study that used
DrugBank and PheWAS to analyze potential medication repurposing candidates for
treating both prevalent and unusual disorders serves as an example of it. In this,
52,966 drug-disease combinations were identified, with around one-third of these
pairings being substantiated by current publications, clinical trials, and drug–disease
relationships, while the rest matches may be candidates for forthcoming drug
repurposing studies (Denny et al. 2013; Law et al. 2014).

8.6 Conclusion

Repurposing tactics on a functional, semi-mechanistic foundation, such as the one
provided by pathway-based analysis, is an emerging and effective area of study and
intervention. This is not surprising given that the main objective of pharmacological
therapies is to modulate functional features and processes on both a physiological
and functional level. As the importance of highly precise and personalized medicine
grows, mechanism-based repurposing initiatives are anticipated to be broadened to
identify new indications for individual patients. Also, pathway-based studies offer a
good approximation of these functional processes, leading us to speculate that
conclusions drawn from them may be more useful in developing successful antican-
cer therapies. The approaches designed for big data merge information from many
perspectives, make it easier to screen drug candidates, and allow for the predicting of
drug toxicity, greatly expediting the discovery of new drugs and enhancing their



efficacy. Precision medicine strives to develop prevention and treatment plans that
take individual heterogeneity into consideration. Its reliance on big data will grow as
personalized therapy gradually gains prominence. The generation of complicated
datasets and substantially higher quantities for precision medicine is imminent.
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Chapter 9
Targeting the Ubiquitin Machinery
for Cancer Therapeutics

Janvi Patel and Ekta Tripathi

Abstract The ubiquitin–proteasome system (UPS) is an important player in various
biological processes maintaining cellular homeostasis. The regulation of all essential
components of UPS (Ubiquitinating enzymes-E1, E2, E3, deubiquitinases, and
proteasome machinery) is complex and multifaceted, and their dysregulation has
been implicated in several diseases including cancer. Increasing number of studies
has established UPS as a cancer therapeutic target. In this chapter, we discuss the role
of each component of the ubiquitin pathway in maintaining physiological function
and their deregulation in cancer. In addition, we also discuss the enzymes that could
serve as promising drug targets for anticancer therapy.

Keywords Ubiquitination · Deubiquitination · Proteasome · Cancer therapy

9.1 Introduction

Protein metabolism, including protein synthesis and degradation, is crucial for the
maintenance of cellular homeostasis and viability. In eukaryotic cells, proteins are
degraded through three different mechanisms: lysosomes degrade endocytosed pro-
teins, mitochondrial proteases degrade majority of mitochondrial proteins, and
ubiquitin–proteasome system (UPS) degrades short-lived intracellular proteins in
an ATP-dependent manner (Mitch and Goldberg 1996). It was first discovered from
biochemical studies that ubiquitin modification provides proteolytic signals for the
degradation of misfolded proteins (Etlinger and Goldberg 1977). The UPS system is
a major pathway for maintaining protein homeostasis thereby regulating several
biological functions (Pickart 2004). Dysregulation of UPS has been observed in
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many diseases, including cancer, making it a promising target for anticancer therapy.
The discovery of ubiquitin-mediated protein degradation fetched scientists Aaron
Ciechanover, Avram Hershko, and Irwin Rose, the Nobel Prize in Chemistry
in 2004.
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9.1.1 Ubiquitin–Proteasome System

The ubiquitin–proteasome system consists of 2 components—an array of enzymes
that tag the protein to be destructed with a small molecule ubiquitin (Ub) and a giant
cytosolic protease: Proteasome that degrades these Ub-tagged proteins/substrates.
Ubiquitin-mediated degradation of protein occurs in two consecutive steps: (1) cova-
lent addition of multiple ubiquitin molecules to the cellular proteins and (2) recog-
nition and degradation of conjugated proteins by the 26S proteasome complex
(Ciechanover et al. 2000; Coux et al. 1996). The ubiquitination of protein begins
with the ordered action of three enzymes (Fig. 9.1). First, the ubiquitin is activated
by the E1-activating enzyme in an ATP-dependent manner. The activated ubiquitin
is then transferred from E1 to the E2-conjugating enzyme, forming an intermediate
complex E2-ubiquitin. Finally, the specific E3 ligase binds to the E2–Ub complex
and allows the transfer of ubiquitin onto the targeted protein (Nalepa et al. 2006).
UPS is involved in the regulation of various cellular processes such as DNA damage
repair, cell cycle, apoptosis, modulation of the inflammatory response, transcription,
development, and differentiation, and therefore defects in this pathway result in a
number of diseases, including development of different types of tumors (Hoeller
et al. 2006).

Fig. 9.1 The ubiquitin proteasome system: In the UPS system, first the ubiquitin is activated by E1
and then transferred to E2 which is then conjugated to the substrate with specific E3 ligase. Further
polyubiquitination of the substrate leads to proteasomal degradation of the substrate via 26S
proteasome and this activity is reversed in the presence of DUBs
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9.1.1.1 Ubiquitin

Ubiquitin, a highly conserved polypeptide consisting of 76 amino acid residues, was
discovered in 1975. In the human genome, there are four genes that code for
ubiquitin—UBB, UBC, UBA52, and RPS27A. Each ubiquitin molecule has seven
lysine residues (K6, K11, K27, K29, K33, K48, and K63), all of which can be
ubiquitinated to form ubiquitin chains (Fig. 9.2). The C-terminus of one ubiquitin
can be covalently linked to second ubiquitin via εamino-terminal of lysyl residues
forming ubiquitin chains. Several studies have observed that K-11 and K-48
polyubiquitin linkages are the markers for protein degradation in a proteasome-
dependent manner, while K-63 is a nonproteolytic modification that regulates signal
transduction and other functions (Akutsu et al. 2016). K27 linkages are shown to be
important for modulating the immune response. Hence, different polyubiquitination
modifications decide the distinct fates of the substrate proteins.

Fig. 9.2 Ubiquitin linkages and their functions: This figure shows various polyubiquitination
modifications via different E3 ligase enzymes. Polyubiquitination of K6 is involved in DNA
damage repair, K11 is involved in cell cycle regulation, K27 plays important role in DNA damage
response. K29 is associated with Ub fusion degradation. K33 is involved with TCR signaling. K48
gives a canonical signal for proteasomal degradation. K63 is involved in NF-κB signaling and M1
plays a key role in angiogenesis and selective autophagy
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9.1.1.2 Proteasome Machinery

The 26S proteasome is a giant (2.5 MDa) complex that catalyzes the degradation of
polyubiquitinated proteins into small peptides. It consists of two subcomplexes: a
cylindrical proteolytic core complex (20S proteasome) and one or two regulatory
complexes (19S complex). The 19S RP binds to the 20S proteasome to form an
active enzyme complex with the sedimentation coefficient of 26S, hence referred to
as the 26S proteasome (Groll et al. 2000). The proteasome possesses three types of
catalytic activities: caspase-like, trypsin-like, and chymotrypsin-like, which allow
them to cleave peptide bonds at the C-terminus of acidic, basic, and hydrophobic
amino-acid residues, respectively. 19S RP recognizes the ubiquitinated protein, and
after binding, there is a change in conformation of 19S that allows the protein to
enter the 20S chamber where the ubiquitin chain is cleaved. After the removal of the
ubiquitin chain, ATPase subunits of 19S enable the substrate to enter the proteolytic
chamber, where the polypeptide is further degraded into short peptides in an
ATP-dependent manner (Kleiger and Mayor 2014).

9.1.2 Classification of Ubiquitination and Deubiquitination
Enzymes

The ubiquitin proteasome system is highly dynamic and consists of both
ubiquitination and deubiquitination machinery to favor controlled regulation of
cellular homeostasis. The protein substrate can be modified by
(1) Monoubiquitination: a protein attached with a single ubiquitin molecule,
(2) multiubiquitination: a protein attached with multiple ubiquitins,
(3) polyubiquitination: a protein is attached with a polyubiquitin chain.
Polyubiquitination that occurs on the amino-terminal of the lysine residue emerged
as a novel mode of modification (Ciechanover and Ben-Saadon 2004). Formation of
K48-linked polyubiquitin chain is so far the best-studied ubiquitination which tags
the target protein for 26S proteasome degradation (Rahighi and Dikic 2012). In
recent studies, K-6 linkages have been identified in ubiquitinating mitochondrial
outer membrane proteins upon depolarization of the organelle (Ordureau et al.
2014). It has also been observed that RNF168 promotes K-27-linked
polyubiquitylation of Histone 2A upon DNA damage (Gatti et al. 2015). Also,
K-33 linkages have been described so far in the endocytic and secretory pathways
(Yuan et al. 2014). Furthermore, these ubiquitination modifications are reversible
and can be removed by deubiquitinating enzymes (DUBs) (Fig. 9.1) (Finley 2009).
Hence, the fine balance between protein ubiquitination and deubiquitination is
tightly controlled to regulate protein turnover and function.
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9.1.2.1 E1-Activating Enzyme

Ubiquitination is a multistep enzymatic cascade in which ubiquitin is covalently
bound to target proteins. In the first step, ubiquitin-activating enzyme UBA1
(E1) uses ATP and binds to an ubiquitin molecule. In the second step, the activated
ubiquitin is transferred to the active site of the E2 enzyme and finally, the E3
ubiquitin ligase cause ubiquitination of the target proteins. These polyubiquitinated
proteins are then recognized and degraded by the 26S proteasome complex
depending on the Ub linkages (Hershko 2005). Previous studies suggest that the
E1 enzyme plays a vital role in yeast as a deletion in the E1 enzyme was found to be
lethal (McGrath et al. 1991). Moreover, a hypomorphic allele of E1 was identified,
which caused impairment of ubiquitin conjugation to the substrate proteins
(Swanson and Hochstrasser 2000). In-vivo studies on protein ubiquitination inhibi-
tion demonstrated that malignant cell lines increased the activity of the
ubiquitination pathway. Blocking this pathway with chemical inhibitors of the E1
enzyme delayed tumor growth in a mouse model of leukemia and induced ER stress-
causing cell death and unfolded protein response (Xu et al. 2010).

9.1.2.2 E2-Conjugating Enzyme

The E2 ubiquitin-conjugating enzymes (UBC), also called ubiquitin carrier
enzymes, are characterized by the presence of a highly conserved ubiquitin-
conjugating domain (UCD), which provides a binding platform for E1s, E3s, and
activated Ub/UBL (ubiquitin-like) protein. E2 enzymes play main role in the selec-
tion of the lysine to construct ubiquitin chains and thus control the cellular fate of the
substrate. In humans, 40 active E2 enzymes have been identified so far, out of which
some possess N and C-terminal extensions mediating E2-specific processes (Wijk
and Timmers 2010). Several studies suggest that mutation or alterations in E2 are
associated with several disease conditions, including cancer and immunological
disorders.

9.1.2.3 E3 Ubiquitin Ligase

E3 ubiquitin ligase plays an essential role in substrate recognition and specificity in
ubiquitin conjugation (Reinstein and Ciechanover 2006). E3 enzymes are divided
into four classes based on their structural features: HECT (homologous to E6-AP
carboxy terminus), RING (really interesting new gene) fingers, U-box type, and
RBR (RING between RING) (Glickman and Ciechanover 2002). HECT E3 forms a
thioester intermediate with ubiquitin, which is conjugated to the substrate directly
from the Ub-charged E3 (Kee and Huibregtse 2007), while the RING-finger E3
allows the transfer of ubiquitin to the target substrate directly from the Ub-charged
E2. RING E3 ligases can be of two types: monomeric RING fingers such as Mdm2,



COP1, and TRAF6 and multisubunit E3s such as APC/C and CRLs (cullin-RING
ligases). The U-box E3 ligases contain a conserved U box domain of about 70 amino
acid residues at C terminus that are necessary for enzymatic activity. RBR come
under a unique family of RING-HECT hybrid E3 ligases, which consists of a
conserved catalytic region, including a RING1, a central in between-RINGs (IBR)
and a RING2 domain.
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9.1.2.4 Deubiquitination Enzymes (DUBs)

Ubiquitination of proteins is a highly dynamic and reversible process that can be
reversed by a class of isopeptidases called deubiquitinating enzymes (DUBs). They
catalyze the cleavage of the isopeptide bond between the C-terminal glycine of Ub
and the amino group of lysine of the target protein. To date, 100 DUBs have been
identified, and based on their structures and sequence, they are categorized into
seven families: USPs (ubiquitin-specific proteases), OTUs (ovarian tumor prote-
ases), UCHs (ubiquitin C-terminal hydrolases), MJDs (Machado-Josephin domain
proteases), JAMMs (JAB1/MPN/MOV34 metalloproteases), MINDYs (motif
interacting with ubiquitin (MIU)-containing novel DUB family), and ZUFSP family.
All DUBs are cysteine proteases except JAMMs, which are zinc metalloproteases.
DUBS have three distinct mechanisms of action: (1) Generation/release of free
ubiquitin (de novo ubiquitin synthesis) (Meray and Lansbury 2007). (2) Cleavage
of polyubiquitinated chains. Ubiquitin chains of different lengths and patterns can
modify the localization of the degradation of the ubiquitinated protein. Therefore,
specific cleavage of ubiquitin chains can have differential effects on the fate of the
substrate protein (Millard and Wood 2006). (3) Complete removal of ubiquitin from
ubiquitinated proteins stabilizes the protein and prevents it from UPS degradation
(Komander et al. 2009; Bonifacino and Weissman 1998). The free ubiquitin is then
recycled to maintain the ubiquitin homeostasis. DUBs regulate apoptosis, cell cycle,
gene expression, DNA repair, and cytokine signaling.

9.1.3 Role of Ubiquitination in Tumorigenesis

Apart from phosphorylation, the second most common post-translational modifica-
tion is ubiquitination. Thus, disruptions in ubiquitination are shown to be associated
with disease development and progression, especially cancer (Morrow et al. 2015).
One fundamental characteristic of cancer is the deregulation of the cell cycle
checkpoints, which is highly regulated by the constant proteolysis of cyclins and
CDKs that are executed by the UPS. Various other biological processes that are
altered in tumorigenesis, including tumor metabolism, tumor microenvironment
(TME), cancer stem cell (CSC) stemness, etc. are also regulated by the
ubiquitination system (Fig. 9.3).
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Fig. 9.3 Roles of UPS in cancer: Ubiquitination is the post-translational modification that regulates
key proteins of many cellular processes such as innate immunity, cell cycle regulation,
DNA-damage repair, tumor metabolism, tumor microenvironment, cancer stem cells’ stemness

9.1.3.1 Tumor Metabolism

Metabolic reprogramming is an intricately regulated process that occurs in cancer
cells to satisfy the nutrient and energy requirements for cell growth and survival.
Recent studies show that ubiquitination is involved in the regulation of mTOR-
signaling pathway (Deng et al. 2015), AMPK pathway (Han et al. 2018), PTEN-
AKT-signaling pathway (Wang et al. 2007), and it also regulates key transcriptional
regulators of cell metabolism (Denko 2008). E3 ligase TRAF6 is upregulated in
cancer cells and mediates K-63-linked polyubiquitination of mTOR by interacting
with p62, promoting its activation, and subsequently exerting an oncogenic effect in
cancer (Linares et al. 2013). Hence, an mTOR inhibitor like everolimus is used in
breast cancer patients (Mimoto et al. 2017). During mitochondrial stress, E3 ligase
PARKIN targets mTOR for ubiquitination, thereby enhancing cell survival (Park
et al. 2014). DUB USP9X negatively modulates the mTOR function (Agrawal et al.
2014). Adenylate-activated protein kinase (AMPK), which is the core regulator of
intracellular metabolic homeostasis, is also shown to be associated with tumorigen-
esis (Steinberg and Carling 2019). When ATP levels in the cells decrease, AMP
levels increase which leads to activation of AMPK. AMPK enhances glucose uptake
and utilization by regulating essential proteins required in fatty acid-oxidation to
produce more energy (Green et al. 2014). Activation of AMPK is regulated by K-48-
and K-63-linked polyubiquitination via E3 ligase MAGE-A3/6-TRIM28 (Pineda
et al. 2015). Ubiquitination also plays an important role in the regulation of the
calcium/Calmodulin-dependent protein kinase 2 (CaMKK2)-AMPK-signaling



pathway. E3 ligase Fbxl12 targets CaMKK2 for degradation by ubiquitination
(Mallampalli et al. 2013). PTEN, a tumor suppressor, inhibits the PI3K-signaling
pathway and is associated with tumorigenesis. PTEN is polyubiquitinated by
Nedd1–4 E3 ligase at K13 and K289, leading to the degradation of PTEN (Wang
et al. 2007). While this polyubiquitin chain is removed by USP13 and OTUD3 that
inhibits degradation of PTEN, leading to inhibition of the activity of AKT-signaling
pathway and tumor growth (Yuan et al. 2015). The transcription factors such as
hypoxia-inducible factor-1α (HIF-1α), Myc, and p53 are also regulated by
ubiquitination and deubiquitination.
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9.1.3.2 Tumor Microenvironment Modulation

The tumor microenvironment (TME) constitutes both cellular components such as
various stromal cells and noncellular components, including extracellular matrix and
secreted factors. The stromal cells, including cancer-associated fibroblasts (CAFs)
and infiltrating immune cells, provide a permissive environment for tumor progres-
sion. CAFs have been reported to be involved in cancer progression by secreting
pro-inflammatory factors like TGF-β, HGF, and CXCL12 (Kalluri 2016). The UPS
regulates the activity of these immune cells such as tumor-associated macrophages,
myeloid suppressive cells, T cells, B cells, Dendritic cells, and natural killer cells
(NK) cells and contributes to providing suppressive or permissive environments for
tumor growth.

9.1.3.3 Cancer Stem Cells (CSCs) Stemness Maintenance

Stemness is the key ability of stem cells for self-renewal and differentiation into the
germline. Cancer stem cells play a crucial role in tumor recurrence, resistance, and
progression. The stemness-specific genes including Oct4, Sox2, and Nanog and
stemness maintenance pathways, including the Hippo and Wnt-signaling pathway,
are regulated by ubiquitination. The Cullin3-dependent E3 ligase, SPOP, cause
Nanog degradation (Jeong et al. 2006), whereas USP21 maintains the self-renewal
ability of embryonic stem cells by stabilizing Nanog (Liu et al. 2016). Two different
E3 ligase WWP2 and ITCH mediates Oct4 degradation by polyubiquitination (Liao
et al. 2013). Moreover, the Wnt-signaling pathway is critical in regulating CSCs
(Clevers 2006). In the absence of Wnt, β-catenin is recognized by the destructive
complex and promotes its ubiquitination and degradation. In contrast, the presence
of Wnt inhibits phosphorylation and ubiquitination of β-catenin and hence maintains
CSCs stemness (Ling et al. 2009).
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9.1.4 Deregulation of the Ubiquitin System and Cancer

The UPS is an essential player in maintaining protein homeostasis; thereby its
deregulation affects various cellular processes that are linked to multiple diseases,
including cancer. Indeed, all the necessary components of UPS, including
proteasome, E3 ligases, and DUBs or their targets, are found to be expressed
abnormally or mutated in different cancers (Fig. 9.4).

Fig. 9.4 Regulation of various pathways by ubiquitinating enzymes in cancer: Ub–E2 complex
ubiquitinates proteins necessary for NF-κB, TGF-β signaling, and Mitosis. Ubiquitination by the
HECT E3 enzyme regulates the BMP pathway, PTEN/AKT pathway. RING E3 enzyme
ubiquitinates key proteins involved in mTOR signaling, AKT, NF-κB, and TGF signaling



Type Substrates Cancer association
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9.1.4.1 Dysregulation of E3 Ligases

Several studies have reported overexpression or mutation of E3 ligases in various
cancers (Table 9.1). The E3 ligase MDM2 ubiquitinates and degrades p53, a major
tumor suppressor gene regulating diverse biological processes, including cell cycle,
DNA damage repair, and apoptosis. It has been shown that 10% of tumors have
overexpression of MDM2, consistent with the fact that inhibition of p53 is linked to
developing tumors (Toledo and Wahl 2006).

The multisubunit E3 ligase SCF (SKP-cullin-F box protein) are essential players
in multiple cellular processes. SCFSkp2 mediates the proteasomal degradation of p27,

Table 9.1 Aberrations of the E3 ubiquitin ligases in human cancers

E3
ligase

Gene
expression

Mdm2/
MdmX

RING DHFR, FOXO4,P73,
IGF1R, pRB, p53

Glioblastoma, colorectal can-
cer, breast cancer

Overexpression

FBXW7 RING c-Myc, c-Jun, cyclin E,
mTOR, Notch-1, Mcl-1

Colorectal adenocarcinoma,
melanoma, T-cell acute lym-
phoblastic leukemia, non–
small-cell lung cancer, gastric
cancer

Downregulation

SKP2 RING P27, P21, P57, cyclin A,
cyclin E, cyclin D1

Hepatocellular carcinoma,
lung cancer, oral squamous
cell carcinoma

Overexpression

βTrCPs RING Mcl-1, BimEL, PDCD4,
pro-caspase-3, Snail,
STAT1

Breast and prostate cancer,
colorectal cancer, pancreatic
cancer, melanoma

Tissue
dependent

APC/C-
Cdc20

RING NEK2A, cyclin A,
securin, cyclin B1

Advanced non–small-cell
lung cancer patients, colorec-
tal cancer, skin cancer

Overexpression

APC/C-
Cdh1

RING Cdc20, Aurora A and B,
Tpx2, PLK1, JNK,
HEC1, Cdc25A, Skp2

Colorectal and breast cancer,
mammary gland adenocarci-
nomas and fibroadenomas

Downregulation

NEDD4 HECT HER3, PTEN, Ras,
Grb10, βTrCP, IGF-R,
EGFR, TRAF3, Mdm2,
p63, Notch

Breast cancer, prostate cancer,
colorectal cancer

Tissue
dependent

HERC2 HECT XPA, BRCA1, USP20,
RNF8, NEURL4,
USP33, FBXL5,
NCOA4

Non–small-cell lung cancer,
breast cancer

Overexpression

E6AP HECT BLK, MCM7, MECP2,
p53

Cervical cancer, non–small-
cell lung cancer, prostate
cancer

Tissue
dependent

Parkin RBR Miro1, Mfn1, Mfn2,
Tomm20, cyclin D,
cyclin E

Glioma, colorectal cancer,
ovarian cancer, breast cancer,
lung cancer, neuroblastoma

Downregulation

Adapted from Wang et al. (2017)



which is an inhibitor of cell cycle regulatory protein CDK (cyclin-dependent
kinases). In various cancers, overexpression of Skp2 is correlated with reduced
p27 expression and tumor formation (Gstaiger et al. 2001). Interestingly, another
E3 ligase SCFFbw7 ubiquitinates and degrades many oncoproteins like cyclin E,
c-Myc, Notch, and c-Jun. In various human cancers including breast, colorectal, and
gastric cancers, downregulation or mutations of Fbw7 and its target genes that
abolish their binding are observed (Minella et al. 2005). Furthermore, its deficiency
is correlated with increased metastasis and poor prognosis and survival. Anaphase-
promoting complex (APC), another E3 ligase required for the cell cycle, works by
forming two complexes, APCCdc20 and APCCdh1. Studies have shown that Cdc20
acts as an oncoprotein by targeting multiple substrates, including Cyclin B1,
Cyclin A, securing, p21, and Mcl-1. In support of this, Cdc20 overexpression has
been reported in various human cancers (Wang et al. 2013).
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The neuronally expressed developmentally downregulated 4 (NEDD4), a HECT-
type E3 ligase, is upregulated in a variety of cancers where it plays an oncogenic role
(Ye 2012). One of the subunits of the hypoxia-inducible factor (NEDD4) family,
HIF-α, is regulated by ubiquitination-mediated degradation by cullin E3 ligase VHL
(von Hippel–Lindau protein). HIF regulates the expression of various genes in
response to low oxygen levels and is also required for cancer progression. Defi-
ciency or mutations in VHL enzyme increases HIF-α levels by preventing its
ubiquitination and degradation contributing to pathological changes (Kapitsinou
and Haase 2008).

The breast cancer susceptibility gene BRCA1 is an E3 ligase for the
ubiquitination of multiple varied substrates and also for its own ubiquitination.
The tumor suppressor function of BRCA1 requires the E3 activity, and mutations
that alter the ligase activity are found in cancer cells (Ruffner et al. 2001).

9.1.4.2 Dysregulation of Deubiquitinating Enzymes

The DUBs perform numerous roles in DNA damage repair, cell cycle, protein
stabilization, localization, and cell signaling. DUBs play a dual role in cancer by
either acting as tumor suppressors or oncogenes (Table 9.2).

USP2a has been shown to have oncogenic properties by promoting cell prolifer-
ation by deubiquitinating and stabilizing multiple targets like MDM2, fatty acid
synthase (FASN), and cyclin D1 (Graner et al. 2004; Wang et al. 2014).
Overexpression of USP2a can induce migration, invasion, and resistance to chemo-
therapeutic drugs and is also correlated with poor prognosis. Similarly, USP7 is
associated with tumor progression by targeting MDM2, PTEN, and DNMT1, and its
overexpression is directly correlated with the development of multiple cancers
(Tavana and Gu 2017; Bhattacharya et al. 2018).

On the contrary, CYLD acts as a tumor suppressor in several cancers such as
melanoma, colon cancer, HCC, and breast cancer. Downregulation of CYLD pro-
motes the accumulation of β-catenin and proto-oncogene Bcl-3, which is associated
with cell proliferation. In addition, CYLD removes K63-polyubiquitin chains from



the intermediate proteins of NF-κB cascade like TRAF-2, TRAF-6, and NEMO,
thereby negatively regulating NF-κB signaling. Downregulation of CYLD is asso-
ciated with increased cell survival and tumor progression by sustained NF-κB
signaling (Tauriello et al. 2010). Similarly, A20 negatively regulates the NF-κB
pathway and inhibits cell growth, and promotes apoptosis. Mutations or deletions in
A20 are associated with cancer progression in lymphomas. Interestingly, A20 is also
overexpressed in some tumors, where it promotes resistance to chemotherapy and
radiation. Strikingly, along with DUB activity, A20 can also display E3 ligase
activity, making it unique. Lee et al. reported that A20 could ubiquitinate and
stabilize Snail1, which promotes metastasis in breast cancers (Lee et al. 2017).
The expression level of A20 inversely correlates with metastasis-free patient
survival.
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Table 9.2 Deregulation of deubiquitinating enzymes in human cancers

DUBs Pathway involved Cancer type

USP5 Wnt/b-catenin Promotes colorectal
cancer

USP11, USP21 ERK/MAPK Promotes colorectal
cancer

Ubiquitin carboxyl-terminal hydro-
lase 37

TGF-b signaling Promotes esophageal
cancer

USP1 Stabilize inhibitors of DNA
binding

Promotes osteosarcoma

USP39 p21 Inhibits osteosarcoma

USP22 PI3K/AKT Promotes osteosarcoma

USP37 c-Myc Promotes lung cancer

USP22 ERK/AKT Promotes lung cancer

CYLD NF-κB Inhibits liver cancer

UCHL1 Apoptotic resistance Promotes liver cancer

USP22 Stabilize BMI1 Promotes leukemia

Adapted from Sharma et al. (2021)

The 3 DUBs: USP14, UCH37 (or UCHL5), and RPN11 (or POH1) associated
with the 19S RP of the proteasome have a key role in maintaining ubiquitin
homeostasis. USP14 and UCH37 are associated with various cancers by regulating
various target proteins, such as the androgen receptor, vimentin, Dishevelled, cyclin
D1, c-Myc, TGF-β receptors, etc (Zhu et al. 2017; Jung et al. 2013; Liu et al. 2020).
In addition, overexpression of UCH37 is associated with a low survival rate and high
recurrence in cancer patients. Similarly, RPN11 overexpression promotes cancer
progression by E2F transcription factor stabilization, whereas its downregulation
induces apoptosis in cancer cells (Liu et al. 2020).
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9.1.5 Targeting the Ubiquitin–Proteasome System

The delicate balance between tumor suppressor proteins and oncoproteins is
disrupted in cancer cells partly due to deregulated UPS leading to either degradation
of tumor suppressors or increased stabilization of oncoproteins contributing to
tumorigenesis. Therefore, all the essential components of the ubiquitin pathway,
including E1, E2, E3 ligases, DUBs, and proteasome, could serve as promising drug
targets for therapeutic strategies against cancer (Fig. 9.5).

9.1.5.1 Targeting the E1/E2 Enzyme

E1 enzyme activates ubiquitin molecules required for proteasome-mediated degra-
dation, which makes it an effective target. There are various compounds reported to
inhibit the E1 enzyme. The first compound discovered was Panepophenanthrin
which inhibited the binding of E1 to ubiquitin; however, this molecule did not
show inhibition of cell growth (Sekizawa et al. 2002). Later, a cell-permeable
compound, PYR-41, was discovered, which prevented the degradation of p53 and
effectively restricted cancer cell growth. Thereafter, several additional E1 inhibitors
were reported that blocked the E1–E2 association. However, further studies are
required to check their effectiveness in inhibiting cancer cell proliferation (Chen
et al. 2011a). The compound CC0651, an inhibitor of the E2 enzyme Cdc34,
suppressed cell growth in various cancer cell lines. The additional inhibitors,
Leucettamol A and Manadosterols A/B, inhibit the interaction between the
heterodimeric UBC13–UEV1A complex (Tsukamoto et al. 2008).

Fig. 9.5 Targeting ubiquitin proteasome system: The different components of UPS-E1/E2/E3,
DUBs, and proteasome are altered in various cancers and are potential targets for anticancer
therapy. Inhibitors of each component (marked in red) have been identified and are being tested
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9.1.5.2 Targeting the E3 Enzyme

Since E3 ligases can function either as oncoproteins (Skp2 and MDM2) or tumor
suppressors (Fbw7), their inhibition or activation can stabilize or degrade specific
tumor suppressors and oncogenes, respectively. Henceforth, these E3 ligases are
attractive targets for anticancer therapies as they act more specifically without
altering the function of other proteins.

Fbw7 degrades multiple important oncoproteins, and its loss or mutation is
observed in various cancers. Therefore, restoring the function of Fbw7 could be
used to treat cancers. The natural compound Oridonin is shown to upregulate Fbw7,
which degrades c-Myc, cyclin E, and mTOR, and subsequently blocks the cell cycle
and induces apoptosis in cancer cells (Huang et al. 2012). On the contrary, most of
the targets of Skp2 are tumor suppressors such as E-cadherin, p21, p27, p57, and
FOXO1. The compound CpdA prevents p27 degradation by the Skp2 complex.
Additional Skp2 inhibitors, including natural compounds such as curcumin, quer-
cetin, lycopene, and Vitamin D3 or those discovered through a high-throughput
screening like SMIP0004 and Compound 25 (SZL-P1–41), have been shown to
suppress tumor growth (Chen et al. 2008; Rico-Bautista et al. 2010). However,
further studies are required to validate their antitumor effects.

Interestingly, β-TRCP has both oncogenic and antitumor activity depending on
the cell type or context-dependent manner. In support of this, both deficiency and
overexpression of β-TRCP have been associated with cancers. Erioflorin, a small
molecule, inhibits the β-TRCP and PDCD4 (a tumor suppressor) interaction
repressing NF-κB activity (Schmid et al. 2008). The Mdm2-mediated p53
ubiquitination can be inhibited either by blocking interaction or inhibiting the
ubiquitin ligase activity. A variety of small molecules and peptides, such as
MI-63, Nutlins, RITA, and SyI-155, that block p53–Mdm2 binding, have been
established. In addition, a family of small molecules, HLI98s, inhibits Hdm2’s E3
ligase activity (Yang et al. 2005). TAME (tosyl-L-arginine methyl ester), a small
molecule inhibitor of APC, blocks its activation by Cdc20 or Cdh1. Apcin (APC
inhibitor) is a small molecule Cdc20 inhibitor that prevents ubiquitination of cyclin
B in an APC-dependent manner (Sackton et al. 2014).

The proteolysis-targeting chimeras (PROTACs) are better as compared to small
molecule inhibitors. PROTACs consist of two ligands connected by a linker, one
binding to the protein of interest and the other to the specific E3 ligase. This allows
them to bring the ligase enzyme close to the target protein and target it for degra-
dation by UPS. The first PROTAC was designed to target the protein methionine
aminopeptidase-2 by recruiting the β-TRCP. Using PROTAC, more than 50 proteins
have been targeted so far, some of which are in clinical trials for cancer therapy
(Yang et al. 2021).
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9.1.5.3 Targeting DUBs

Like E3 ligases, DUBs are substrate-specific, which makes them an excellent
therapeutic target for cancers. A range of DUB inhibitors from broad-spectrum to
specific ones has been developed and considered prospective anticancer agents.
Compounds G5 and F6, PR-619, WP1130, and NSC632839 are broad-spectrum
inhibitors that induce apoptosis in various cancer cell lines. Pimozide and
Mitozantrone, a specific inhibitor of USP1 and USP11, have been shown to inhibit
the survival of glioblastoma stem-like cells and pancreatic cancer cells, respectively
(Chen et al. 2011b; Burkhart et al. 2013).

Many small-molecule inhibitors of USP7 like p5091, p220077, p50429, FT671,
XL188, and FT827 have been developed, which stabilize or increase the expression
of p53 and subsequently inhibit tumor growth (Chauhan et al. 2012; Turnbull et al.
2017). The inhibitor IU1 was identified by chemical library screening to bind to
proteasome-associated DUB USP14 and abolish its enzymatic activity (Wang et al.
2018). b-AP15 selectively inhibits the deubiquitinating activity of USP14 and
UCHL5 associated with 19S RP of proteasome without altering the proteasome
activity. This molecule can induce apoptosis in many solid tumors and multiple
myeloma cells (Tian et al. 2014).

CSCs are a subset of cancer cells responsible for tumor formation, heterogeneity,
metastasis, drug resistance, and tumor relapse. Accumulating evidence has reported
the role of DUBs in maintaining CSC activity and stemness by regulating several
signaling pathways leading to the survival of CSCs. In cancer treatment, targeting
CSCs directly is considered a better approach than treating the tumor as a whole.
Therefore, DUBs are more promising as they target multiple steps in cancer pro-
gression (Lei et al. 2017).

9.1.5.4 Targeting Proteasome Activity

The first compounds shown to inhibit proteasome activity were peptidyl aldehydes.
Thereafter, several compounds have been identified that inhibit the proteasome
activity, most of which bind to the 19S RP of the proteasome. Bortezomib (BTZ),
a proteasome inhibitor, was the first drug approved by Food and Drug Administra-
tion (FDA) in 2003 to treat multiple myeloma (MM). However, it was found to be
toxic to normal cells (Kubiczkova et al. 2014). Carfilzomib, another proteasome
inhibitor, is more selective and stable, resulting in fewer side effects. Both
bortezomib and carfilzomib inhibit the chymotrypsin-like activity of the 20S
proteasome. However, CFZ cannot be administered orally. Other inhibitors such
as ixazomib, delanzomib, oprozomib, and marizomib developed subsequently and
are suitable for oral administration and have been tested for clinical trials (Ruschak
et al. 2011). In the field of clinical therapeutics, multidrug resistance remains one of
the major obstacles in cancer treatment. Numerous studies demonstrated that



inhibition of proteasome potentiates the efficiency of chemotherapeutic drugs by
inducing apoptosis and inhibiting drug efflux transporters (Narayanan et al. 2020).
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9.2 Conclusions and Future Perspectives

The research on UPS has been going on for around 50 years, since its first discovery
in 1975. The ubiquitination–deubiquitination is an essential post-translational mod-
ification that regulates the “quality” and “quantity” of various proteins to maintain
cellular homeostasis. The regulation of UPS components, including ubiquitinating
enzymes E1/E2/E3, DUBs, and proteasome, is highly complex and multifaceted, and
therefore, any dysfunction of these components can lead to various diseases, cancer
being one of them. As the UPS activity is shown to be altered in a wide range of
human cancers, this system has become apparent for molecular targeting in advanc-
ing anticancer therapeutics (Table 9.3). However, only a few UPS inhibitors are in
clinical practice, and many challenges, including side effects, limited efficacy, and
resistance, exist. Some of the FDA-approved proteasome inhibitors, such as
bortezomib, carfilzomib, oprozomib, and ixazomib are in the clinic; however, their

Table 9.3 Selected compounds targeting the UPS components in clinical trials

Inhibitors Target Biological function

MLN4924 E1 enzyme Blocks the neddylation of all CRLs, leading to apoptosis
in cancer cells

NSC697923 Ubc13-
Uev1A (E2)

Blocks the formation of the E2-Ub thioester conjugate
and inhibits NF-κB signaling

DS-3032 E3 ligase
Mdm2

MDM2-p53 Interaction. Leads to p53 activation

Compound #25 E3 ligase
SKP2

Suppresses SKP2 ligase activity

AT-406 XIAP,
cIAP1/2

An antagonist of IAPs, Activates apoptosis

Bortezomib Proteasome Inhibits the chymotrypsin-like activity of the proteasome
and leads to the accumulation of polyubiquitinated
proteins

Ixazomib Proteasome Binds to catalytic subunits and inhibits proteasome
activity

Pimozide DUB-USP1 Reversible, noncompetitive inhibition of USP1

Mitoxantrone DUB-USP11 Not clear

b-AP15 DUB-
USP14,
UCHL5

Inhibition of 19S RP deubiquitinating activity

Orthophenanthroline
(OPA)

DUB-RPN11 Inhibits RPN11 activity but does not affect proteasome
activity

Adapted from Park et al. (2020)



use is limited because of side-effects. Similarly, E2- and E3-specific inhibitors have
been identified that work well in vitro but not in animal models and clinical trials.
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One reason could be the deregulation of other cell-signaling pathways during
tumorigenesis, making targeted therapies inefficient. Thus, multitarget combination
treatment can be considered as a future direction. Further, an in-depth understanding
of UPS functions is required to elucidate their roles in cancer initiation and progres-
sion and to develop novel drugs for the treatment and prevention of human cancers.
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Chapter 10
Repurposing of Serotonin Pathway
Influencing Drugs for Potential Cancer
Therapy and Antimicrobial Functions

Madhurya Ray and Vipin Kumar

Abstract The conventional methods for the discovery and development of new
drugs are a time-consuming and complex process that expands over several stages
and decades. The repurposing of existing drugs for newer roles offers time and cost-
saving benefits. Serotonin receptors are the means by which serotonin performs a
variety of functions in the human body and several pharmacological classes of drugs,
such as antidepressants, sedatives, antipsychotics, and migraine medications, can
target the serotonin system. Many of these psychotropic drugs show antimicrobial
functions. Studies have connected serotonin to the proliferation of cancer cells, and
the serotonin pathway has been recognized as a potential target for cancer treatment.
This chapter provides an overview of the literature on the relationship between
serotonin (5-HT) and the immune system, and, sheds light on the anticancer and
antimicrobial properties of some serotonin-pathway influencing drugs which can add
to the understanding of the repurposing of these classes of drugs.

Keywords Serotonin pathway · SSRIs · Drug repurposing · Serotonin receptors ·
Anticancer · Antimicrobial

10.1 Introduction

Alternative applications of approved drugs could result in breakthrough treatment of
a number of diseases and disorders. Drug repurposing is a useful approach toward
finding suitable drugs for rare diseases and diseases with limited treatment options
(Roessler et al. 2021). Successful examples of repurposed drugs include the use of
erythromycin for gastric disorders and aspirin for coronary artery disease (Martinez
2022). Knowledge about repurposing/repositioning of drugs can be garnered by
biological, chemical, and computational methods followed by clinical trials. The
high cost of several drugs used for cancer also limits the options for treatment of
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many patients. Preclinical and clinical studies take long durations of time before they
are accepted by regulatory authorities. It is estimated that the development and
synthesis of a new drug for therapeutic purposes can take up to 18 years, while the
assignment of repurposed drugs can significantly reduce this length of time (Malik
et al. 2022). The development of new drug also comes with the risk of failure in
clinical trials, low tolerability, and extreme side effects. Thus, the repurposing of
drugs provides the advantages of cost and time-saving.
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Diseases can impact the body system at different points and via different path-
ways. When specific chemicals or pathways are inhibited, alternative networks may
be activated. These chemical agents or pathways could be treated as biomarkers
(Stenvang et al. 2013). Alternative medical uses of existing drugs can be found by
different approaches which could be broadly classified as drug-focused, disease-
focused, and treatment-focused.

The use of bioinformatics is a very efficient and commonly used method for
target-based drug repurposing. Molecular docking is an important step in the process
of drug discovery against targets. Potential drugs which can act as antagonist or
agonist are identified based on their structure. High throughput virtual screening is a
method based on the use of chemical databases for identifying chemical molecules
against biological targets (Ramaswamy et al. 2021). The structure of the ligand or
target along with information about the bioactivity of the drug is required for
pharmacophore modeling. Other factors which help in predicting the ideal drugs
include Food and Drug Administration (FDA) approval labels, clinical trial infor-
mation, information about drug toxicity, and knowledge about side effects and
pathways (Anwar et al. 2021). A study by Zhou et al. 2020 investigated drug target
networks and discovered 16 repurposable drugs against human corona virus.

Serotonin is well known as a mood-stabilizer. It acts as a neurotransmitter in the
central nervous system (CNS). Additionally, serotonin synthesis has also been
observed in intestinal enterochromaffin cells and, platelets. Serotonin plays diverse
roles in the human body which are mediated through serotonin receptors. While
serotonin is relevant in psychological disorders, recent investigations have linked
this neurotransmitter with much broader functional roles toward several diseases and
disorders. Serotonin has been linked to cancer cell proliferation in several studies
and the serotonin pathway has been identified as a potential therapeutic target for
cancer therapy (Balakrishna et al. 2021). Serotonin is influenced by a broad range of
psychotrophic drugs, some of which have been found to display antimicrobial
properties as well (Munoz-Bellido et al. 2000).

Cancer is a complex disease and requires intensive research on its pathophysiol-
ogy and treatment. It is characterized by uncontrolled cell growth in the body which
can impact several tissues (Huang et al. 2018). Different kinds of cancers are widely
observed on a global scale and are noted for their high mortality rates. The most
common types of cancers include breast cancer, skin cancer, lung cancer, prostate
cancer, colorectal cancer, and bladder cancer. Along with the development and
discovery of new drug moieties, the repurposing of approved drugs can also target
the disease. Apart from cancer, drug repurposing of the same agent can also be used
for treatment of other diseases, such as microbial infections. The antimalarial drug



chloroquine has been shown to cause cytotoxicity against MCF-7 cell line with gold-
conjugated chloroquine nanoparticles, while the drug is also known to have antiviral
properties (Joshi et al. 2012; Shaik et al. 2022).
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Antibiotic resistance has been a widely occurring situation in the twenty-first
century. Several pathogenic strains of microorganisms have grown resistant to
current antibiotics, while the development of newer antibiotics has been sluggish.
Particularly, the development of drugs against Gram-negative bacteria is of concern.
Antibiotic resistance could also have devastating financial impacts. Reports by the
World Bank suggest that antibiotic resistance could impact up to 3.8% points of the
world GDP by 2050 (The World Bank 2017). A particularly concerning case against
antibiotic resistance is that of Mycobacterium tuberculosis which causes the disease
tuberculosis. This causative agent has acquired resistance against several of the
leading first and second line of drugs. Tuberculosis has now been categorized as
multidrug-resistant, extremely drug-resistant, and totally drug-resistant leading to
concerns about the future treatment of this disease (Sahu et al. 2019). Biofilm
production by some microbial species limits the efficacy of several drugs against
them. For example, the Mu50 biofilms of Staphylococcus aureus acts as a barrier for
many antibiotics (Cui et al. 2006). An antipsychotic thioridazine was identified as a
potent drug against S. aureusMu50. Changes to the synthetic pathways of dopamine
and serotonin have shown links to viral infections like COVID-19 (Pashaei 2021).
The angiotensin converting enzyme II or ACE-2 receptor is the target for the S
protein of the virus via which it can penetrate into human systems (Chung et al.
2020). The present chapter focuses on repurposing of drugs influencing serotonergic
receptors and the serotonergic pathway for treatment of cancer and microbial
diseases.

10.2 Role of Serotonin and Serotonin Receptors
in the Immunomodulation

Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine neurotransmitter pro-
duced by the tryptophan (TRP) metabolism. Serotonin also plays a prime role in the
human immune system. Serotonin pathway is involved with the synthesis and
transport of 5-HT. Tryptophan (trp) is the precursor of serotonin. In the serotonergic
pathway, it is hydroxylated to 5-hydroxytryptophan followed by decarboxylation to
5-HT (Fig. 10.1). Serotonin activities influence several bodily functions like mem-
ory, emotions, sleep, and appetite. Thus, serotonin system can be targeted by many
different classes of drugs including antidepressants, anxiolytics, antipsychotics, and
antimigraine drugs (Golden et al. 2021). The stimulation of nerve impulses results in
the release of the 5-HT neurotransmitter into the synapse where it binds reversibly to
the postsynaptic receptor. Serotonin can also bind to the presynaptic neuron
autoreceptors to control its production and release.
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Fig. 10.1 Biosynthetic pathway of serotonin (5-HT) and its functional roles

Various drugs used primarily for the treatment of psychiatric disorders have been
found to influence the neurotransmitter directly or indirectly. These drugs, used for
treating psychiatric disorders like major depressive disorder, anxiety, and schizo-
phrenia, operate on serotonin receptors, either directly or indirectly. The effects of
drugs on mechanisms of the body depend on gene–drug interactions. The 5-HT1A,
5-HT2A, 5-HT2C, 5-HT1B, 5-HT4, 5-HT6, and 5-HT7 are some of the important
receptors playing a key role in the serotonin pathway (McGowan and Reynolds
2020). The 5-HT1A receptors are presynaptic autoreceptors located in the raphe
nuclei. They have shown moderate efficacy for antidepressants. It is the site of
action for several anxiolytic drugs and antipsychotic drugs (Díaz-Mataix et al.
2005). These drugs inhibit the reuptake of serotonin and increase extraneuronal
5-HT. The 5-HT2A receptors stimulate the phospholipase-c and are primarily post-
synaptic. Some antipsychotic drugs function by inhibiting the 5-HT2A receptors
(Sharp and Barnes 2020). The 5-HT2C receptor is also primarily postsynaptic
excitatory and regulates several aspects of the serotonin. They are found in the
choroid plexus, basal ganglia, and limbic regions of the brain from where they can
interact with antipsychotics and antidepressants. They also have a role in hypothal-
amus and can regulate endocrine activities like food intake. The 5-HT1B receptors
are found in the brain of human beings and are expressed in the striatum, cortex,
lateral geniculate nucleus, and raphe nuclei (Yevtushenko and Reynolds 2010). They
can be found in the terminal axons of serotonergic receptors. The 5-HT4 are found in
high densities in the basal ganglia, the hippocampal formation, and regions of
neocortex. They are involved in activities like learning and memory. The 5-HT6

are found in striatum, cortex, nucleus accumbens, and cerebellum. The 5-HT7

receptors are expressed in high densities in layers of the cortex and some subcortical
structures, and they is commonly associated with mood regulation (Dayer 2014).
The 5-HT7 receptor is of special importance in neuro-oncology studies because of its
expression in glioma cells (malignant).

Based on their structural and functional properties, antidepressants can be clas-
sified as selective serotonin reuptake inhibitors (SSRIs), tricyclic antidepressants
(TCAs), monoamine oxidase inhibitors (MAOIs), serotonin antagonist and reuptake



inhibitors (SARIs), tetracyclic antidepressants (TeCA), norepinephrine and dopa-
mine inhibitors (NDRIs), and some miscellaneous classes of drugs (Song et al.
2022). Several studies have identified anticancer properties of antidepressants.
Anticancer activities of these drugs are implemented by mechanisms like apoptosis,
metastasis, regulation of cell proliferation, and oxidative stress (Fig. 10.2).
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Fig. 10.2 Possible mechanisms for anticancer and antimicrobial activity

An adverse side effect of drugs which interfere with synaptic serotonin is the
serotonin syndrome. Serotonin toxicity might also be caused by drugs which do not
have direct serotonergic activity. Serotonin syndrome is characterized by the pres-
ence of high levels of 5-HT in the synaptic cleft (Kruijt et al. 2020). The
overactivation of serotonin receptors can be potentially fatal. Such high concentra-
tions of serotonin are often seen as an effect of two or more serotonergic agents
acting together at the same time. Serotonin syndrome can be caused by MAOIs,
SSRIs, and SNRIs. It could also be a result of conjoint administration of any of the
mentioned category of drugs with medicines which inhibit cytochromes P450.

10.3 Classes of Drugs Involved with the Serotonin Pathway

10.3.1 Antidepressants

Selective serotonin reuptake inhibitors are a class of drugs which are used for the
treatment of several psychological conditions including anxiety and depression.
SSRIs are widely prescribed as antidepressants and antianxiety medicines due to
their tolerability. Fluoxetine, citalopram, fluvoxamine, sertraline, escitalopram, and



paroxetine are the FDA-approved SSRIs. These drugs are highly tolerable even
above their daily prescribed limits. All the SSRIs have similar tolerability but differ
in their pharmacokinetic properties. SSRIs show a high binding affinity toward 5-HT
transporters and also inhibit 5-HT reuptake. They can be differentiated on the basis
of their interaction with adrenergic, muscarinic, cholinergic, and serotonergic recep-
tors. The volume of distribution for SSRIs can reach up to 45 L/kg and thus, drugs of
this class can be highly distributed in body tissues (Pashaei 2021). A study
conducted on citalopram showed the generation of immunomodulatory reactions
in HIV seropositive patients (Benton et al. 2010). The effects included increased NK
cell innate immunity and reduction in HIV replication in macrophage cell lines. The
study by Greeson et al. 2016 showed that citalopram downregulates CD4 expression
and CCR5 expression, thus decreasing inflammation. Similar observations were also
made for sertraline which reduced the replication of HIV in cerebrospinal fluid.
Chronic inflammation is commonly observed in cancer patients; hence, drugs with
anti-inflammatory properties can play possibly positive roles in the prevention and
treatment of cancer.
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Antidepressants target the monoaminergic neurotransmission pathway, i.e., sero-
tonergic, dopaminergic, and noradrenergic. Some SSRIs have shown antifungal
properties against pathogens like Candida sp. and Aspergillus sp. Their antifungal/
antimicrobial potency can directly be linked to their lipophilicity, implying that the
most vigorous antifungal agent will also be the most lipophilic (Young et al. 2003).
Systematic drug delivery is often limited by insufficient supply of drug molecules to
the target sites, impeding the treatment of the infected sites. The desirable condition
for treatment includes high concentrations of drug at the targeted locations while also
keeping the concentrations lower than the toxicity level. One approach toward
meeting this objective is the use of medicine which allows sustained release of the
drug at targeted sites. The use of nanocarriers ensures that high solubilization
capacity is retained after drug administration (Patra et al. 2018). Unlike
formulation-based solubilization, nanocarriers do not require the use of cosolvents
when it comes to lipophilic compounds.

10.3.2 Antiemetics

Nausea and vomiting are generally linked to underlying causes. When a direct
correlation with the cause is not found, the symptoms can be treated directly.
Therapeutic modalities target the pathways of the neurotransmitters-serotonin, dopa-
mine, histamine, and acetylcholine. Serotonin antagonists are often very effective in
treating nausea. Some antiemetics can be used to boost innate and adaptive immu-
nity against viral infections. Functional and structural links could be found between
dopamine and serotonin systems. Serotonin receptors in brain play a role in the
modulation of dopaminergic pathways. In certain studies, dopamine production has
been linked to lower levels of serotonin. Dopamine agonist drugs like domperidone
are commonly used antiemetics. These drugs can be used to control the blood



prolactin levels and boost innate and adaptive immunity. Dopamine antagonists are
used to increase blood prolactin levels, which favor increased CD4 cell count against
HIV (Sen 2020). Another antiemetic drug metoclopramide (MCP) has been success-
fully used against viral infections. MCP was found to inhibit dengue virus infection
by targeting the dopamine 2 receptor (Shen et al. 2021). The antiemetic drug
Rolapitant was investigated for repurposing in a study by Kabil et al. (2022),
which suggested Rolapitant loaded nanovesicles as a possible treatment modality
for lung cancer.
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10.3.3 Antipsychotics

Several of the commonly used psychiatric medicines have been explored for their
role in processes like chemotherapy. Studies have reported a link between the use of
antipsychotic drugs for the treatment of schizophrenia and the lower occurrence rates
of cancer in the drug-administered population. Primary observations suggest that
psychiatric medicines could have an effect on cancerous cells (Elmaci and Altinoz
2018). Driscoll et al. (1993) performed an in vivo screening of several compounds
which act on the CNS and found that psychotropic molecules could possess up to
18 times more antiproliferative potential then other agents. The administration of
schizophrenia-related drugs like SSRIs, tricyclic antidepressants, and phenothiazines
which induce glioblastoma (GBM) cell apoptosis and prevent GBM cell prolifera-
tion resulted in lower rates of colon, rectum, and prostate cancer (Jandaghi et al.
2016). These drugs have also been found to have a role in the upregulation of genes
involved in lipid homeostasis. The upregulation of lipogenic genes is caused by the
disruption of intracellular trafficking and results in the treatment as well as genera-
tion of side effects in psychiatric disorders. Antipsychotic drugs have been screened
for their anticancer activity in various studies. One study explored the potential
anticancer effects of the drugs chlorpromazine, olanzapine, risperidone, haloperidol,
reserpine, and pimozide on tumor cell lines from neuroblastoma, lymphoblastoma,
and breast adenocarcinoma (Wiklund et al. 2010). While all the drugs displayed
anticancer activity by inhibiting cancer cells, pimozide was found to be highly
effective. Pimozide acts as an antagonist of 5-HT7 receptor and has the highest
affinity toward the receptor when compared to other drugs. The drug inhibited cancer
cell growth and proliferation and suppressed colony formation and STAT3 activity
in the case of prostate cancer (Zhou et al. 2016). It also induced apoptosis in MCF-7
line of breast cancer (Strobl et al. 1990).

SSRIs modify the behavior of 5-HT in the synaptic space. Antidepressants and
antipsychotic drugs target metabolisms related to monoamines. They regulate the
amount and direction of serotonin in the synaptic spaces. By inhibiting the move-
ment of serotonin toward the presynaptic neurons, SSRIs increase 5-HT concentra-
tions in synapse space. These drugs can also be utilized for their antimicrobial
properties, primarily against Gram-positive bacteria with the exception of Pseudo-
monas sp. and Citribacter sp. Antimicrobial activity was also shown against



H. Influenzae, C. Jejuni, and Acinetobacter sp. (Munoz-Bellido et al. 2000). Their
antimicrobial functions can be limited by the maximum serum level attainable.
However, they can be used in combination with other antibiotics to increase effi-
ciency. The maximum serum levels were found to be around 1 mg/L, which is
sufficient to inhibit bacterial metabolism although the serum levels mostly remain
below the required concentration for inhibiting microbial growth.
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10.4 Probable Repurposing/Repositioning
of Antidepressants and Antipsychotics for Cancer
Therapy and Antimicrobial Treatment

Fluoxetine: Fluoxetine was found to be helpful in treatment of human infections and
can be used as an antiviral drug. Infections of bronchial epithelial cell line, observed
in SARS CoV-2 were also reduced by the drug. Fluoxetine, prescribed for major
depressive disorder (sold as Prozac, Rapiflux, Sarafem, and Selfemra), has also been
shown to generate antitumor effects on certain types of cancers such as colon cancer,
gastric cancer, lung cancer, and ovarian cancer. It suppresses tumor growth and has
the ability to stimulate apoptosis by altering mitochondrial membrane permeability
(Kannen et al. 2015).

Sertraline: The antidepressant sertraline has shown antitumor activities against
colon cancer, breast cancer, and oral cancer. Sertraline can induce apoptosis toward
certain types of cancer by regulating Ca+ concentrations (Chien et al. 2011).
Anticancer activity has also been linked to changed serotonin levels induced by
the drug.

Tranylcypromine: Tranylcypromine (TCP) was approved as an antidepressant
by the FDA in 1961. It is a MAOI, which inhibits catabolism of serotonin and thus
can alter concentrations of serotonin in the brain. TCP inhibits prostacyclin synthase
CYP8A1 which results in anti-inflammatory activity and regulation of cardiovascu-
lar hemostasis (Ulrich et al. 2017). Thakare et al. (2020) highlighted that MAOIs like
TCP can display antimicrobial activity by inhibiting efflux pumps.

Amitriptyline: Another of the tricyclic antidepressants is Amitriptyline. This
drug has been in use since the 1950s and its mechanism of action includes inhibition
of uptake of serotonin in the CNS. Amitriptyline displayed antimicrobial activity
against bacterial (Gram-positive and Gram-negative) and fungal strains. Inhibitory
effects were observed against Bacillus, Staphylococcus, Salmonella, Shigella, and
E. coli with an MIC range of 25–100 μg/mL (Mandal et al. 2010). Antiplasmid
activity can be shown by TCAs (Molnár 1988). Microbial plasmids are the primary
reason behind antibiotic resistance as they carry the favorable genes. In addition to
plasmid DNA, TCAs target the DNA gyrase enzyme. Thus, TCAs might be crucial
for evading antibiotic resistance of bacteria. TCAs were also found to be effective
against Leishmania sp. (Zilberstein and Dwyer 1984).
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Olanzapine: Olanzapine, used in the treatment of psychotic disorders like
depression and schizophrenia, is another serotonin receptor antagonist. It has high
affinity for the 5-HT2A receptor. This drug reduced the expression of survivin in
cancer cell lines of pancreas and lungs, making them more responsive to chemo-
therapeutic drugs like 5-fluorouracil, cisplatin, and gemcitabine (Sanomachi et al.
2017). Survivin is a protein which is a part of inhibitor of apoptosis (IAP) family. It
regulates cell proliferation and the cell cycle (Table 10.1). Reduction in survivin
expression was also observed in noncancer stem cells of ovarian cancer.

Mirtazapine: The drug Mirtazapine, which plays a role in recovering serotonin
levels and is used for treating clinical depression, displays antitumor responses
against some types of cancer. Mirtazapine is a drug which falls in the class of
TeCAs. Their mechanism of action involves increasing levels of serotonin and
norepinephrine. Mirtazapine exhibits antitumor activities against gastric cancer,
colon cancer, and human squamous cell carcinoma cells. Along with recovery of
serotonin levels, it also activates immune responses. Mirtazapine also displayed
antimicrobial properties, as it inhibited the growth of microorganisms B. bifidum
791, L. rhamnosus ATCC 53103, and E. coli ATCC 25922 at the concentration of
1000 ug/mL (Ivashchenko et al. 2021).

Duloxetine: Duloxetine, an SNRI drug, was patented in 1990. They inhibit the
reuptake of norepinephrine and serotonin and hence are known as dual-acting
antidepressants. The drug was found to have anticancer effects against lung and
gastric cancer. It has comparatively lower toxicity levels (Hassani et al. 2019).

Vortioxetine: The antidepressant vortioxetine is a serotonin transporter antago-
nist. It plays a role in regulation of apoptosis and acts against gastric cancer by
activating the phosphoinositide 3-kinase/ATK pathway (Taciak et al. 2018). It has a
low IC50 value.

10.5 Conclusion

Drug repurposing is an important approach toward finding effective alternative uses
of existing drugs against critical diseases. Serotonin, a neurotransmitter, plays an
important role in maintaining cognitive and behavioral functions of the body. Many
antidepressants and antipsychotics target the 5-HT receptors for treatment of mental
disorders. Over the years, several studies have found that psychotropic drugs which
interact with serotonin and serotonin receptors could be effective against several
diseases like different types of cancers, infections, Alzheimer’s, Parkinson’s disease,
diabetes, etc. Serotonin pathway influencing drugs were particularly found to be
useful against different kinds of cancer including breast cancer, oral cancer, colon
cancer, and gastric cancer. They were also found to display antimicrobial activity
against several strains of bacteria, virus, and fungi. This implies that these drugs can
used for probable repurposing on a much broader spectrum in the future.
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Cancer is characterized by the abnormal development of cells with uncontrolled
division and has the ability to infiltrate the body and destroy normal body tissue
(National Institutes of Health (US) ). Cancer has been perceived as a major
public health concern worldwide for decades and its impact is increasing signifi-
cantly day by day (World Health Organization (WHO) ). Moreover, it is found
to be a pivotal cause of morbidity and mortality from a global perspective, regardless
of the socio-economic level of human development. Globally, cancer has ranked
second in the cause of mortality next to cardiovascular diseases. The WHO and
World Cancer Report in 2018 have estimated that the cancer burden in India is about
1.8 million new cancer cases and 784,800 cancer deaths annually. It is noted that
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Abstract Hematological malignancies are cancer that affects blood, bone marrow,
and lymph nodes. They are classified as leukemia, lymphoma, and myeloma based
on the type of cells it is affected. Despite numerous clinical drugs available,
achieving complete remission for hematological malignancies still remains challeng-
ing, and therefore novel potential therapies are demanded. Drug repurposing opens
up new horizons in the discovery of novel drugs by utilizing the existing medicines
with an innovative approach. It facilitates the exploration of multitarget actions of a
single drug and its involvement in other important biological pathways. Drug
repurposing has helped to overcome failures in drug discovery process and with
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there has been a growing trend in the incidences of cancer deaths and the global
burden of cancer is anticipated to rise in the coming years.
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According to Global Cancer Statistics 2020, around ten million cancer deaths
occurred globally from the estimated 19.3 million incidences. With 2.3 million new
cases annually, female breast cancer (11.7%) surpasses lung cancer (11.4%) to
become the most commonly diagnosed cancer. Lung, colorectal (10%), prostate
(7.3%), and stomach (5.6%) cancers are the next most frequently diagnosed cancers.
However, lung cancer, which accounts for 18% of all deaths, is the leading cause of
death, followed by colorectal (9.4%), liver (8.3%), stomach (7.7%), and female
breast (6.9%) cancers (Sung et al. 2021). In 2025, the cancer prevalence shoots up
to more than 20 million people as per the statistical predictions. Remarkably,
malignant neoplasms such as liver, colorectal, prostate, and breast cancer will
significantly contribute to cancer incidences and deaths due to difficulty in curing
at terminal stages with contemporary treatments (Sleire et al. 2017). Even though a
great volume of treatment paradigms is indeed existing, there are a multitude of
challenges narrowing down the treatment efficacy in clinical oncology which
includes physiological variation in tumors, their varied response to therapy, and
multidrug resistance (MDR) (Hernández-Lemus and Martínez-García 2021). Thus,
confronting these present and future limitations necessitates more effective alterna-
tives and translational novel therapeutics.

Hematological malignancies are collectively defined as malignant neoplasms that
affect the blood, bone marrow, and lymph nodes, with clinical presentation as
leukemia, lymphoma, or myeloma (Jurlander 2011). Leukemia is the proliferation
of immature, abnormal leucocytes in the bone marrow which limits the growth of
normal blood cells. Based on the disease progression, it may be acute or chronic
leukemia, and based on the type of cell involved, it is termed myeloid and lymphoid
leukemia (Lyengar and Shimanovsky 2021). It includes major types such as acute
lymphoid leukemia (ALL), chronic lymphoid leukemia (CLL), acute myeloid leu-
kemia (AML), and chronic myeloid leukemia (CML). Other rare forms of leukemia
are hairy cell leukemia (HCL), prolymphocytic leukemia (PLL), myelodysplastic
syndrome (MDS), and large granular lymphocytic (LGL) leukemia. Lymphoma
refers to the clonal proliferation of lymphocytes (B-cells and T-cells) in the lymph
system and comprises about 5% of malignancies (Jamil and Mukkamalla 2021). It is
broadly classified as Hodgkin’s lymphoma (HL) and non-Hodgkin’s lymphoma
(NHL). In HL, there is a distinct pathognomonic feature of pleomorphic, abnormal,
bi- or multinucleated Reed Sternberg cells found (Shanbhag and Ambinder 2018)
and represent about 10% of all types of lymphoma. NHL accounted for the
remaining 90% of lymphoma cases and it includes indolent follicular lymphoma,
aggressive diffuse large B-cell, and Burkitt’s lymphomas (Shankland et al. 2012).
Multiple myeloma is a malignancy that occurs in the subset of B-lymphocytes
known as plasma cells (Bird and Boyd 2019). The GLOBOCON in 2020 reports
that new cases of hematological malignancies are constituted by 5,44,352 of
non-Hodgkin’s lymphoma, 4,74,519 of leukemia, 1,76,404 of multiple myeloma,
and 83,087 of Hodgkin lymphoma, and their respective deaths are estimated as
2,59,793 and 3,11,594 and 1,17,077, and 23,376, respectively (Sung et al. 2021).
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Despite several clinical drugs and therapies available, discovering a complete
cure for hematological malignancies poses a greater challenge and hence new novel
therapeutic options are direly needed. There are many hurdles for clinical drugs to
becoming available in the market, most importantly: Intricate drug developmental
process, high expenditure, adverse effects, and impotence of novel drug compounds.
The estimated cost for developing a novel drug from bench to bedside is around
$1.8–2.6 billion; and it takes 10–15 years till the new drug reaches the market (Paul
et al. 2010; DiMasi et al. 2016). Therefore, an emerging interest aroused among
clinicians and researchers in the recent decades to find additional potential for
existing drugs and repurpose them as a cure for emerging as well as chronic diseases.
The evident success of a few noncancer drugs in repurposing for cancer has
enlightened clinical research, and such repurposing will be favorable in reducing
considerable timeline and expense inevitable to develop new anticancer drugs (Kale
et al. 2021).

11.2 How Drug Repurposing Can Help
in Oncotherapeutics?

“The most fruitful basis for the discovery of a new drug is to start with an old drug”
famously quoted by Sir James Black, the Nobel Prize Laureate in Physiology and
Medicine, 1998.

The opportunity for drug repurposing comes from the route of de nova drug
discovery and development (Patel 2020). Drug discovery and development is one of
the intricate and arduous ventures in clinical applications. Apart from the complica-
tions behind therapeutic drug products, there are also myriad of issues associated
with scientific, regulatory, legal, and marketable settings (Hernández-Lemus and
Martínez-García 2021). Therefore, such an arduous environment has made conven-
tional drug development to be an undeniably tedious and decelerated process.

Expenditure in research and development has increased twice in the OECD
countries (Organization for Economic Co-operation and Development) and the
number of drug compounds in development has increased 62% ever since the
human genome was sequenced (Hay et al. 2014). Despite these endeavors, success
in developing potential anticancer drug has been a quite difficult. The average
duration taken for a drug to be publically accessible from the identification of a
drug candidate to get cleared legal regulations vary between 10 and 15 years.
Overall, the estimated cost for developing a new drug compound from the scratch
to market authorization is $1.8–2.6 billion (Kale et al. 2021). Due to the limited
efficacy of current cancer therapies, huge investment has been invested in alternative
drug developmental approaches. Currently, there have been more than 10,000
clinical trials being under process on investigating drug interventions in neoplastic
diseases. Despite that, the number of drugs achieving the final phase is extremely
limited (Sleire et al. 2017). As per statistics, 1 in 10,000 compounds synthesized will



be ultimately approved by the Food and Drug Administration (FDA) (Salazar and
Gormley 2017). Notably, Center for Drug Evaluation and Research (CDER), divi-
sion of FDA, approved 59 drugs in 2018, 48 in 2019, 53 in 2020, 50 in 2021, and
16 in 2022 (till June) (FDA 2021). Specifically, oncology is a challenging patho-
logical condition and there are several bottle necks in progressing the drugs to phase
3 clinical trials. The FDA demands overall patient survival rate as the primary
objective in crucial oncology studies (Hay et al. 2014). Recently, drugs for rare,
orphan indications and cancer are being emphasized in development. In 2017, FDA
approved 18 drugs for orphan indications (39% of the total approved drugs),
12 anticancer drugs (26% of the total) in which 8 drugs are designated for orphan
cancer implications (Mullard 2018). Generally, FDA-approved clinical drugs are
highly priced to cover the expenditure invested for both failed and successful drug
candidates (Sleire et al. 2017). Hence, the cost of cancer drugs is expensive which
significantly increases the worldwide economic burden. Overall, these issues have
driven for new approaches to identify optimistic candidates for cancer drug devel-
opment, while lowering costs and speeding up the process.
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11.2.1 De Novo Drug Synthesis

The de novo approach is broadly presented in five stages:

• Drug discovery
• Preclinical studies/development
• Clinical studies/development
• FDA approval
• FDA postmarket surveillance

Conventionally, novel anticancer drug development is a multifaceted process
which begins with screening and generation of lead compounds, succeeded by
extensive testing and characterization of their pharmacologic effects, antineoplastic
activities, and adverse events in preclinical and clinical studies (Sleire et al. 2017).
The overall process involves establishing a promising drug candidate for primary
indications and conducting various experiments to retrieve detailed information on
pharmacokinetics (ADME characteristics, its therapeutic effects, mode of action,
optimal dosage, best route of administration, side effects, its interaction with other
drugs, its comparative efficiency with similar design of drugs, and how it reacts to
different populations of people).

11.2.1.1 Drug Discovery

Drug discovery aims at exploring a therapeutic compound which helps in curing and
treating disease. This process involves target identification, target characterization,
lead screening, and lead generation (Deore et al. 2019). When a lead molecule has



displayed satisfactory significance in these evaluations, the next phases of drug
development will be initiated. The developmental and validation process of drug
discovery has not changed over the past century. However, some of the stages of
drug development have evolved in various ways as a result of revolutionary
advances in biotechnology and informatics. For instance, rather than pharmacoki-
netics (ADME) and toxicological profiling, the process of lead optimization is now
carried out using high-throughput screening (HTS) experiments (Salazar and
Gormley 2017).
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11.2.1.1.1 Target Identification/Discovery

It is the foremost process in the drug discovery. The significance of this phase is to
perform strategies in identifying targets involved in specific clinical implications. A
drug target is a key molecule, generally a protein or nucleic acid sequence which is
intrinsically involved in gene regulation or signaling pathway specific to a disease or
pathological indication (Rao and Srinivas 2011). A better and obvious comprehen-
sion of the molecular mechanism behind a disease and the specific role a drug target
implicated in that disease should be considered in designing a “good” drug. A good
target needs to be druggable and have universal advantageous properties such as
possessing clinical niche to drive the disease. Drugs are designed in such a way to act
either as inhibitors or activators of integral target molecules in a pathological
indication. Researchers all over the world are working in collaboration to find
therapeutic drug candidates that targets for a specific medical complication and
improvise them to elicit desirable effect on a specific clinical target involved in a
disease/condition, which can be evaluated through in vitro and in vivo functional
experiments (Hughes et al. 2011). The techniques used for target identification is
interdisciplinary in nature. In the typical drug discovery process, primary step is to
decide which strategy and approach of drug discovery to be followed. With this, test
assays such as enzyme assay, reporter assay, cellular assay, etc., are then developed
to evaluate compounds (Kubota et al. 2019).

There are various approaches that led to the discovery of potential targets. They
are,

• Bioinformatics—data mining tools for exploring therapeutic druggable targets
• Genetic association studies—to identify genetic variations associated with the

disease such as single nucleotide polymorphisms (Deore et al. 2019)
• Genome-wide association studies
• mRNA and protein expression profiling—gene expression and their correlation

with disease progression or exacerbation (Hughes et al. 2011)
• Phenotypic analysis/screening—developing cell-based assays to identify disease

relevant targets
• Functional screening—Using knockdown, knockout studies

In advanced drug discovery process, two distinguishable strategies that can be
commonly categorized as mechanism-first/molecular approach and compound-first/



empirical approach are termed respectively as target-based drug discovery (TBDD)
and phenotype-based drug discovery (PBDD). The strategy to be employed should
be considered prior based on the characteristics of drug compound for successful
target identification.
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Target-Centric Drug Discovery

Target-based drug discovery starts with the identification of a drug target molecule
and subsequent validation by development of specified experimental assays (Kubota
et al. 2019). After target identification, researchers can utilize various technologies
like crystallography, computational modeling, genetics, bioinformatics, pharmaco-
kinetics, biochemistry, and mutational analysis. This allows for understanding drug–
target interaction, structure–activity relationship for effective drug design, biomarker
development, and directing to the findings of next-generation drugs. The advantage
of this strategy is that they are generally simpler, quicker, and affordable to establish
and validate. Some of the successful drugs discovered based on the concept of target-
based discovery are tyrosine kinase inhibitors for cancer including gefitinib (targets
EGFR), imatinib (targets BCR-ABL fusion gene), sorafenib (targets Raf), and
sunitinib (targets VEGFR/PDGFR), and antiviral drugs including raltegravir (HIV
integrase inhibitor), and zanamivir (neuraminidase inhibitor which targets influenza)
(Swinney 2013). The drawback of this method is that the assays performed are
simplified and may not always reflect the complexities of clinical phenotype which
could substantially reduce the likelihood of drug development success (Swinney and
Anthony 2011).

Phenotype-Centric Drug Discovery

It is an empirical approach which relies on phenotypic measures of response. Drugs
can be serendipitously identified and without having any prior knowledge or bias
toward a specific biological target in the case of phenotypic screening. Moreover,
pharmacological activities of drugs are initially determined in cells, tissues, or
animals (Croston 2017). It starts with the establishment of standard cellular assays,
which helps to monitor various characteristics such as cellular proliferation, differ-
entiation, protein phosphorylation, receptor translocation, expression of genes, and
proteins (Kubota et al. 2019). In the recent decade, phenotypic drug discovery
(PDD) was reintroduced as a key strategy to provide successful first-in-class med-
icines (Moffat et al. 2017). The success of PDD is based on its unbiased character-
istic identification of the mechanism of action involved in a disease (Swinney 2013).
The process of identification of drug targets from phenotypic response is termed as
target deconvolution. Yet, they also have issues in hit validation and target
deconvolution. It is usually a time-consuming and expensive process with consid-
erable significance in elucidating the molecular mechanism of action (MMOA) of
drug candidates. Thus, it aids in designing structure-based drug for optimization.
This generally cut the losses contributed by later-stage attrition efficiently
(Terstappen et al. 2007). Indirect and direct methods for target deconvolution are



available. The indirect technique involves comparing the impact of test and known
compounds on gene expression profiles. They can provide better pathway-level
information. The direct techniques seek out proteins that bind to the test compound
directly (Kubota et al. 2019).
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Direct Approach of Target Deconvolution

• Chemical proteomics—Affinity chromatography and activity-based protein pro-
filing (ABPP) technique

• Expression cloning techniques—Phage display, ribosomal display, mRNA dis-
play, and three-hybrid systems

• “Reverse transfected” cell microarray
• Biochemical suppression
• Protein microarray
• Chemoproteomics method—Cellular thermal shift assay (CETSA)

Indirect Approach of Target Deconvolution

• In silico approach for target screening such as utilizing public databases, Simi-
larity ensemble approach, connectivity map, etc.,

• RNAi/CRISPR screening

Some of the successful drugs discovered based on phenotypic drug discovery
concept are ezetimibe (Zetia) to reduce blood cholesterol levels using animal models
and the first histone deacetylase inhibitor like vorinostat (Zolinza) which was
discovered through cellular assays (Swinney 2013).

11.2.1.1.2 Target Validation

Following the selection of a prospective target, a thorough validation process should
be followed to show that it is a factor in the pathogenesis and that its activity can be
modulated. For the success of drug development in the subsequent phases, extensive
and accurate target validation trials are required. Target is also ensured for its
appropriateness to develop a pharmaceutical product prior to screening “hits.” It
entails evaluating the structural–activity relationship (SAR) of small drug analogs,
creating drug-resistant mutants, knocking down or overexpressing the defined target,
and also monitoring its downstream signaling in the pathways (Deore et al. 2019).

11.2.1.1.3 Lead Identification

Subsequently, “hits” or compounds that can react with the target to elicit desirable
therapeutic effects are discovered through screening. For hit identification and the
subsequent hit-to-lead selection process, it is critical to frame biologically and



pharmaceutically relevant screening assays. The hit-to-lead process aims to boost a
compound’s efficiency, specificity, and physicochemical properties (such as com-
pound’s stability and solubility) to proceed for in vitro and in vivo studies, as well as
lead optimization process. There are various approaches employed to screen for hit
molecules such as high-throughput screening assays (HTS), selective compound
library screen, phenotypic screen, fragment-based screen, virtual screen, structural-
based drug design, physiological screen, and NMR screen (Hughes et al. 2011).
Once hit molecules have been found, analogs can be evaluated to assess the
compound’s structure–activity relationships (SAR). SAR data could be utilized for
designing potential analogs. From the collection of “hits,” lead compounds are
prioritized by honing the screening assays to scrutinize the most promising drug
compounds for further optimization. At this phase, the secondary assays for deter-
mining off-target effects, thermodynamic, physical, chemical, and pharmacokinetic
(ADME—absorption, distribution, metabolism, and excretion) characteristics
should be employed for lead selection. Potential toxicity of lead compounds must
be assessed by passing through early-phase safety studies such as cytotoxicity and
genotoxicity screening (Deore et al. 2019). Once the favorable lead compound is
selected as drug candidate, it undergoes optimization process.
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11.2.1.1.4 Lead Optimization

Optimization causes precise chemical modifications in the structure of desired lead
molecules for improving further therapeutic effects by altering their target specific-
ity, selectivity, drug metabolism, and biosafety profiles while retaining their favor-
able characteristics. Sufficient high-quality data on these aspects are required which
can be retrieved through combined in silico and experimental approaches. Impor-
tantly, accurate prediction of target biomolecule-ligand binding affinities is essential
for lead optimization using computational tools (Jorgensen 2009). Among many
tools, mass spectrometry and fragment-based screening of nuclear magnetic reso-
nance (NMR) are preferred to study protein–ligand interactions and thus aid in
structure-based drug discovery (Deore et al. 2019).

11.2.1.2 Preclinical Development

Preclinical procedure entails assessing a drug’s potency and biological safety before
administering it in humans through a series of experiments. Typically, this involves
in vitro, in vivo, and recently, also in silico experiments for concluding potential
human outcome. In vitro studies are relatively rapid, simple, and affordable way of
preclinical testing. They are based on utilizing cells, tissues, scaffolds, organ cul-
tures, or biological components under confined experimental environments. In vitro-
based studies can generate mechanistic data for the investigational compound’s
mechanism of action. On the other hand, in vivo studies utilize complete organism.
Generally, it includes the use of rodent model (like rat, mouse, guinea pig, and



hamster), nonrodent model and primates (like monkeys, apes, etc.) which should
comply with FDA requirements. Recently, noninvasive methods such as imaging
technologies, microsampling, and telemetric monitoring are developed to use in
animal model studies in drug development. In-vivo testing of animals is highly
governed in most of the countries and requires ethical clearance from local ethical
review committees by ensuring that no unnecessary harm is done to the experimental
subjects (Honek 2017).
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A typical preclinical development involves (Steinmetz and Spack 2009):

• Synthesis of active pharmaceutical ingredients (API)
• Pharmaceutical drug preformulation and formulation
• Pharmacokinetics/ADME studies
• Toxicology and safety studies

Preclinical trials must also be approved by the appropriate regulatory bodies.
Regulatory agencies make sure that the studies are undertaken in a sound and ethical
manner, and only those drugs that have been confirmed to be safe and effective will
be approved (Deore et al. 2019). Up to this stage, an approximate cost of $500
million is invested in research and development sector for a single drug. Since the
expenditure of rest of the phases in drug development will be doubled, it is
mandatory that preclinical testing can be accurate to the maximum in establishing
the therapeutic success of the drug and minimize the loss.

11.2.1.2.1 Investigational New Drug Application (IND) Filing

IND filling is the initial submission of obtaining permit to a clinical development.
The transition from preclinical studies to clinical trial depends on the filing of an
Investigational New Drug Application.

Drug developers must state the following details in the IND application (Deore
et al. 2019):

• Data on preclinical studies
• Drug formulation information
• Setting up of clinical trial protocols
• Available data from any previous findings
• Investigator information

Later, the FDA surveys a comprehensive examination of the IND and issues one
of the below-mentioned three action letters (FDA 2018):

• Approval letter—approval of the IND application and green signal for initiating
clinical trials

• Approvable letter—the drug will be approved eventually after some essential
rectifications and incorporation of labeling changes

• Not approvable letter—stated with a list of supporting reasons for disapproval
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11.2.1.3 Clinical Trials/Development

Clinical trials adhere to a predetermined study protocol devised by the researcher,
investigator, or manufacturer. They use current treatments to address basic concerns
about the biosafety and potency of drugs, vaccines, and other mode of therapies in
human subjects (volunteer). They follow systematic studies as phases. According to
FDA, each stage of a clinical trial in investigating a drug or biologics is designated as
phase. It is mainly based on the objective of study, participants involved, and other
parameters. Totally, there are five defined clinical phases classified by FDA.
Besides, there are trials that do not come under FDA-defined phases called as “not
applicable” such as trials of devices or behavioral interventions. Their primary
objective is to examine the therapeutic effect of the approved drug intervention in
the general population and to generate data on side effects associated with wide-
spread use over longer duration. Generally, if the drug has proven its efficacy in
phase III trials, it receives FDA approval. However, 1 out of every 5000–10,000
potential anticancer drug compounds get authorization and only 5% of cancer drugs
reaching phase I clinical trials are ultimately approved (Zhang et al. 2020).

11.2.1.3.1 Phase 0

Phase 0 trials are exploratory and first-in-human (FIH) trials to perform in accor-
dance with FDA regulations. It is also known as human microdose approach in
which small doses of drug are given to few people to quickly establish its effective-
ness. This phase is generally conducted by pharmaceutical companies to determine
which of their drug candidates has the best pharmacokinetic characteristics (Deore
et al. 2019).

11.2.1.3.2 Phase 1: Safety

This phase of clinical research mainly focuses on the biological safety of a drug in
human system. The general aim is to determine the drug’s most obvious and serious
adverse events and drug metabolism in the human body. Only a limited number of
healthy volunteers participate in these trials (below 100) (https://clinicaltrials.gov/
ct2/about-studies/glossary).

11.2.1.3.3 Phase 2: Efficacy

This phase involves the investigation of drug intervention in a large group of people/
cohort (more than 100 people) to determine drug efficacy and further assessment of
safety profiles (Zhang et al. 2020). This also includes comparing the efficacy in two

https://clinicaltrials.gov/ct2/about-studies/glossary
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groups of people who have taken drug candidate and an inactive compound (called a
placebo) or a different drug compound.
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11.2.1.3.4 Phase 3

This phase mainly involves in generating detailed information on the efficacy and
safety of drug by studying different populations, different doses, and also with other
combination of drugs. These studies typically performed in longer duration with
more number of volunteers. The results which come out of this phase are more
plausible to determine long-term or specific side effects (https://clinicaltrials.gov/
ct2/about-studies/glossary).

11.2.1.4 FDA Drug Review and Approval

A drug developer must mention all experimental studies, data, and detailed analysis
about drug, from preclinical data to clinical phase 3 trial in the NDA form (New drug
application) for its approval. As per the FDA, developers must include the following
details along with the clinical results:

• Labeling usage
• Safety information
• Drug usage and abuse details
• Patent details
• Any prior data from studies conducted outside of the United States
• Institutional review board compliance information
• Directions for use

FDA’s review team determines whether an NDA is complete or not. Incomplete
NDA is eliminated and if it is completed, they extensively examine the submitted
data for approval process. Generally, review team takes 6–10 months for deciding on
drug approval. If FDA confirms that an investigational drug is safe and sound for its
intended indication, the developer must create and update prescribing information.
The process is known as “labeling.” General information on what basis the drug has
approved and drug usage details should be accurately mentioned on the label (FDA
2018).

11.2.1.5 Postmarket Drug Safety Monitoring (Phase 4)

This phase occurs after FDA approval of drug for marketing. It is a postmarketing
surveillance involving pharmacovigilance and ongoing technical assistance. They
collect more data in real-world situations concerning a drug’s biological safety,
effectiveness, optimum dose, and cost effectiveness. It may also be required by

https://clinicaltrials.gov/ct2/about-studies/glossary
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regulatory authorities for labeling changes, risk management or for competitive
purposes or other reasons (Deore et al. 2019).

228 A. A. Michael et al.

Thus, the de novo drug development needs an ample amount of time, increased
failure rate, more expensive, with limited approval rate (Sukhai et al. 2011). Given
the sluggish success rate of de nova approaches, novel alternative strategies are
therein required to find new therapeutic indication for plethora of existing approved
drugs. One such strategy is drug repurposing that represents a viable alternative in
clinical settings (Li and Jones 2012). In repurposing, patented or off-patent drugs
with unknown anticancer activity can be proceeded into clinical trial for various
cancer indications by investigating their pharmacokinetics (Sukhai et al. 2011).

11.3 Drug Repurposing/Repositioning

Drug repurposing is the technique of exploring and establishing new clinical appli-
cations for existing pharmaceutical drugs. It is also known by various names such as
drug repositioning, drug retasking, drug reprofiling, drug rescuing, drug recycling,
drug redirection, indication switching, and therapeutic switching (Gupta et al. 2013;
Rudrapal et al. 2020). It involves discovering the novel therapeutic uses for
nonprimary indications of old/existing/approved/investigational or discontinued
drugs other than their intended/original medical indications. This method allows
maximum utilization of therapeutic value of an existing drug. It is estimated that
repurposing of approved drug takes an average timespan of 4–11 years at the
expense of $40–80 million (Kale et al. 2021). Besides, the drug approval rate in
repurposing approach is about ~30% when compared to ~10% by traditional
approach (Ferreira and Andricopulo 2016).

Drug repurposing becomes a fascinating strategy in both biotech and pharmaceu-
tical companies. Initial idea for drug repositioning came from serendipitous discov-
ery in the 1920s. Due to technological advances, more novel approaches have been
developed to escalate the process of drug repurposing. It utilizes the joint efforts of
experimental and computational approaches to find new clinical applications of drug
molecules on a logical basis. Since the drugs to be repurposed have defined profiles
of biological safety, thermodynamic features, pharmacokinetics, optimum dose,
adverse effects, mechanism of action, etc., the repurposing approach confers reduced
risk of drug failure. In the case of repurposed drugs, they have already passed
through in vitro and in vivo screening assays, optimization process with appropriate
data and therefore these time consuming procedures can be bypassed (Ashburn and
Thor 2004). Hence, it becomes rationale in discovering repurpose of existing drugs.

Some examples of repositioned drugs are sildenafil, thalidomide, minoxidil,
dimethyl fumarate, aspirin, valproic acid, methotrexate, etc. A noted example,
sildenafil (Viagra), a phosphodiesterase-5 (PDE5) inhibitor primarily indicated for
hypertension and coronary artery disease (angina), manufactured by Pfizer (1980).
They noted penile erection as side effects in phase I. Then, it has been repurposed to
treat erectile dysfunction (Ashburn and Thor 2004). Metformin (Glucophage) is



intended as antidiabetic medication which has now been repurposed for oncology
drug and now it is currently under phase II/phase III clinical trials (Rudrapal et al.
2020). Dimethyl fumarate which was earlier used in the treatment of psoriasis in
Europe and later it was repurposed and approved to treat multiple sclerosis in 2013
(Parisi et al. 2020). Even a drug’s side effects can be advantageous in the context of
another application. For example, strong antiangiogenic activity of thalidomide
found to be useful for the indication of multiple myeloma (Ashburn and Thor
2004).With the exploitation of omics data and system biology, the secondary targets
of approved drugs can be scrutinized. Recent advances in computational tools such
as the use of structure-based drug design (SBDD) and artificial intelligence
(AI) technology have further promoted the drug repurposing process (Rudrapal
et al. 2020) Also, the attrition rate for a repurposed drug before reaching the market
is comparatively lower than for novel compounds (Scherman and Fetro 2020). Thus,
it is an effective alternative to conventional drug synthesis and emerging approach in
drug discovery and development process.
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11.4 The Drug Repurposing Overview

Drug repositioning primarily involves four steps including drug compound identifi-
cation, compound retrieval, development, and FDA postmarket surveillance. It
begins with the identification of suitable drug molecules. Drugs constituting poten-
tial candidates for repurposing are categorized as generic drugs, failed drugs (have
passed clinical Phase I but failed to exhibit efficacy in clinical Phase II for a
particular disease), and patented drugs (Chakraborty and Trivedi 2015). Generic
drugs are approved drugs that are no longer protected by patents. It is a common
resource for academia, biotech, and pharmaceutical companies because they are
available with well-documented safety profiles. They can be readily accessible for
preclinical evaluation and subsequent clinical development (Chakraborty and
Trivedi 2015). Failed drugs are drugs which failed the required criteria but may
have passed some stages in clinical trials. Patented drugs are generally approved by
FDA or in the investigational phase of later clinical studies (Chakraborty and Trivedi
2015). Among all people, the pharma companies have privilege in accession to
information on drugs including both failed and patented drugs. Therefore, data
accession facilities are favorable toward pharmaceutical companies which makes
them primal partner in repurposing findings.

The drug repurposing process can either follow experimental or computational or
mixed approaches. Once a secondary target is found to an existing drug, proof-of
concept experimentation has to be conducted to investigate on the drug effects in
new indication. In vitro, in vivo, and in silico studies are commonly employed to
evaluate the repositioning. After hypothetical validation, the repurposed drug can
pass directly into the phase II and III of clinical trials (Chakraborty and Trivedi
2015).
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11.5 Profiles of Drug Repurposing

Two main profiles of drug repositioning are on-target and off-target. In on-target
drug repositioning, pharmacological mechanism of a compound which has indica-
tive use for new complication is known. Hence, the biological target of the particular
drug molecule is same for the different indication (de Oliveira and Lang 2018).
Repositioning of minoxidil (Rogaine) is the typical example of an on-target profile,
since the drug has same target with two different therapeutic effects. Minoxidil was
repurposed from an antihypertensive indication into preventing hair loss since it
functions as vasodilators (Ashburn and Thor 2004) which is used to treat androgenic
alopecia (Messenger and Rundegren 2004). The “off-target” strategy entails
unknown pharmacokinetics and therefore, the target and the indications are novel
(Ojezele et al. 2020). Both the compound’s target and indication are different and out
of the original scope. An instance of off-target profile is aspirin (Colsprin). Aspirin is
a common NSAID to treat pain and inflammation. It also inhibits platelet activity,
which decreases blood coagulation (antiplatelet drug). As a result, it is utilized to
treat heart problems (Rudrapal et al. 2020). Another new application of aspirin as a
promising candidate in the treatment of solid cancers has also been reported (Turanli
et al. 2021).

11.6 Approaches of Drug Repurposing

Detection of novel drug–disease relationships is the foremost challenge in drug
repurposing. A variety of approaches have been developed including the generally
categorized empirical/experiment-based approach, computational/in silico-based
approach, and mixed approach (Patel 2020; Chen et al. 2016).

11.6.1 Experimental Approach

The experiment-based approach is also known as activity-based repositioning which
involves screening of old-intended drugs for new clinical indications based on
experimental assays. This approach does not require prior data on protein structure.
It employs target-based and phenotype-based analysis using functional experiments
which can provide better understanding of connection between drugs and patholog-
ical condition. This approach is considered as more reliable and credible (Rudrapal
et al. 2020). Cancer, diabetes, and infectious diseases are among the promising hits
identified by this approach. Some potential anticancer drugs that have been explored
through this method are itraconazole (antifungal), and digoxin (cardiac glycoside)
(Turanli et al. 2018) (Table 11.1).
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Table 11.1 Pros and cons of experimental-based drug repositioning (Shim and Liu 2014)

Pros Cons

No limitation for target-centric and phenotype-centric
screening assays

Labor and time-consuming
process

Easy to validate “hits” Needs an entire list of existing
drugs

Low false-positive hits during the screening Screening assay requires to be
developed

Table 11.2 Pros and cons of computational drug repositioning (Chen et al. 2016; Shim and Liu
2014)

Pros Cons

Time, labor, cost efficient, and Requires precise/high-resolution structural information about
low risk of failure drug targets

Entire list of existing drugs are
not required

Disease based phenotypic or genotypic drug profiles are
needed if the protein target is not found

Screening assays are not
required

High degree of false-positive hits will be found

11.6.2 Computational Approaches

In silico drug repositioning is an effective strategy and has gained wide popularity
with significant success in drug discovery process over the past few decades. It
involves virtual analysis of databases and drug libraries (Chen et al. 2016) t
accelerate the drug discovery process by using structural biology and omics tech-
nologies. By utilizing this approach, known biological targets, ligand molecules,
biomarkers, or signal transduction pathways of a particular disease can be
established (Jin and Wong 2014; Parvathaneni et al. 2019). Due to rapid advances,
microarray techniques and all kinds of public databases are available and accessible
(Xue et al. 2018). This knowledge and data further promoted the novel signature-
based and network-based approaches (Table 11.2).

In silico approaches are broadly categorized into drug-based, target-based,
therapy/disease-based, signature-based, and pathway- or network-based approaches.

11.6.2.1 Drug-Centric Repositioning

In the drug-oriented methodology, drug candidates are identified from serendipitous
observations. The physiochemical properties of drug compounds, therapeutic
effects, toxicities, and adverse events are assessed. This method is designed to assess
the biological effectiveness of pharmacological molecules without having a thor-
ough understanding of the biological targets. It is based on conventional pharma-
cology and drug discovery principles (Rudrapal et al. 2020). Novel target for a
particular indication can be determined for a given drug using this approach (Parisi



et al. 2020). For instance, valproic acid is originally intended for bipolar disorder and
seizures. It also have an off-target binding affinity with the histone deacetylase
2 (HDAC2), a protein which is involved in many types of cancers. Thus, it leads
to repurposing for neoplastic conditions such as Familial Adenomatous Polyposis
(FAP) (Huang and Guo 2006). Allopurinol, doxycycline, lidocaine, mazindol,
valproic acid, and zidovudine are some of the drug candidates developed by drug-
centric repositioning (Parisi et al. 2020).
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11.6.2.2 Target-Centric Repositioning

The purpose of target-based methodology is to discover drugs based upon known
target molecules. It involves in vitro and in vivo screening such as high-throughput
screening (HTS) and/or high-content screening (HCS) of drugs for a protein or a
biomarker of interest and also comprises in silico screening of drugs or compounds
from drug libraries such as ligand-based screening or docking (Jin and Wong 2014).
This method poses a significant success rate in drug discovery as compared to drug-
oriented method because most targets link directly with the disease mechanisms
(Swinney 2013). This method is based on establishing a novel relationship between a
new indication and an established target. For example, the indication shift of
tyrosine-protein kinase ABL from cancer to neuro-degeneration suggests the use
of nilotinib inhibitor against the Parkinson syndrome (Karuppagounder et al. 2014).
Sildenafil, tretinonin, histamine, propranolol, celecoxib, and azacitidine are some of
the drugs which represent a case of target-centric repositioning (Parisi et al. 2020).

11.6.2.3 Disease-Centric Repositioning

The methodology of disease/therapy-oriented repositioning is used whenever there
is more information on the disease model is available. The information is given by
proteomics (disease-specific target proteins), genomics (disease-specific genetic
data), metabolomics (disease-specific metabolic pathways/profile), and phenotypic
data (off-target mechanism, pharmacological targets, disease pathways, pathogene-
sis, adverse events, etc.) concerning the disease process. As a result, the construction
of specialized disease networks, the recognition of genetic expression, the consid-
eration of critical targets, and the identification of disease-causing protein molecules
which is involved in important cellular and metabolic pathways in the disease
models will be identified (Rudrapal et al. 2020). This method is followed in
successful drug development in the majority of cases (more than 60%). Remaining
30% of the cases use based on target-centric and less than 10% apply drug-centric
approaches. Alitretinoin, arsenic trioxide, clofarabine, doxorubicin, floxuridine,
idarubicin, lapatinib, nilotinib, and paclitaxel are some of the disease-centric
repositioning cases (Parisi et al. 2020).
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11.6.2.4 Signature-Based Approaches

This approach is based on classification of drugs based on their transcriptomic
signatures. In this recent approach, signature reversion principal is followed so
that if a drug-induced transcriptional signature is similar or dissimilar to a disease
signature. Based on that, the drug may restore or reverse the disease phenotype.
Disease-associated transcriptomics information are either self-generated in labora-
tories or readily available from public repositories such as the National Center for
Biotechnology Information (NCBI), European Bioinformatics Institute (EBI), or the
DNA Data Bank of Japan (DDBJ) (Shukla et al. 2021). It is effective in generating a
connectivity map that links pathogenic conditions and drug actions. They are
preferred to validate preclinical and clinical studies due to low false-positive rates
compared to computational methods. Limitations include increased costs, time, and
labor or dependent on specialized robotic equipment (Turanli et al. 2021).

11.6.2.5 Network-Based Approaches

In this approach, different essential associations between targets and drugs can be
discovered via statistical and computational means from the data networks (Lotfi
Shahreza et al. 2018). For example, in a metabolic network, the nodes represent
chemical compounds and metabolites. Molecular networks such as drug–drug,
drug–target, drug–disease, disease–disease, disease–gene, disease–drug,
co-expression networks, protein–protein interactions, signaling networks, transcrip-
tional regulatory networks, and metabolic networks can be utilized in systems
pharmacology. Pathway/networks-based models are used for identifying molecular
mechanisms and prognostic or diagnostic biomarkers in many diseases including
wide variety of cancers (Turanli et al. 2021).

11.6.2.6 Mixed Approach

Recently, researchers have preferred combinational use of in silico and experimental
approaches to find new therapeutic indications for existing drugs, called mixed
approach. In the mixed approach, the result of computational methods is validated
by preclinical biological experiments (in vitro and in vivo tests) and clinical studies
(Xue et al. 2018). The simultaneous application of computational and experimental
methodologies in a systematic manner provides a robust and rationale approach to
the exploration of new indications, demonstrating a greater efficiency than the
serendipitous findings (Rudrapal et al. 2020).
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11.7 Drug Repurposing for Hematological Malignancies

Reaching the novel oncology drugs for malignancy into the marketplace is expen-
sive and time consuming. Thus, in parallel with the design and synthesis of new
therapeutic anticancer drugs, alternative strategies like repurposing of the large
number of already approved both anticancer and non-anticancer drugs are also
considered (Hernández-Lemus and Martínez-García 2021). There are several types
of hematological malignancies which are further subtyped and grouped based on the
underlying genetic aberrations that drive the disease or molecular signatures that
underlie the progression of the disease. More than 70 types of lymphoma and 4 main
types of leukemia are reported each warranting a specific drug treatment (Memorial
Sloan Kettering Cancer Center 2022; Lymphoma Action 2022; American Cancer
Society 2022; Cancer Treatment Centers of America 2021). Therefore, new drug
entities to treat hematological malignancies are always in high demand. Considering
the mundane process involved in developing drugs, huge amount of financial and
manpower investment need to be dedicated to treat them. Since drugs for noncancer
indications have prior preclinical data and partial or full clinical development,
repurposing such drugs for hematological malignancies would cost much less, and
drastically reduce the development time, which is evident in case of thalidomide
(Kale et al. 2021). Even, academia and smaller biotechnology companies can
involve in the field of drug discovery by utilizing drug repurposing methods mainly
because of ensured “de-risk” in the early stages (Sukhai et al. 2011). The significant
reduction in the cost of drugs will help pharmaceutical companies to deliver drugs to
cancer patients earlier and at an affordable price.

Approved chemotherapeutic agent can be repurposed by testing its efficacy in
other malignancies. In many cases, the evaluation of a newly approved chemother-
apeutic agent for other indication is not based on extensive preclinical and mecha-
nistic studies but rather analyzing the early signals in phase 1 clinical trials that
include patients with diverse tumor types (Sukhai et al. 2011). For example, the first-
in-class proteasome inhibitor bortezomib (Velcade) was effective for myeloma and
therefore it was tested for repurposing. Currently, it is under phase 2 clinical trials for
patients with diverse malignancies, including mantle cell lymphoma and acute
myelogenous leukemia (AML) (Orlowski et al. 2002). Ultimately, these trials
demonstrated that single-agent bortezomib produced response rates of 40–50% in
patients with mantle cell lymphoma. Later, bortezomib was ultimately approved for
this new indication. This kind of repurposing of an existing anticancer drug in a
novel oncological setting is technically known as soft repurposing (Valli et al. 2020).
Other chemotherapy drugs like clofarabine, cladribine, actinomycin D, azacytidine,
melphalan, hydroxyurea, and arsenic trioxide can also be repurposed for AML (Valli
et al. 2020).

Another way of repurposing is known as hard repurposing which involves the use
of noncancer drugs as a repurposed oncotherapeutics. The rationale for evaluating
the anticancer effects of noncancer drugs depends on their mechanisms of action,
efficacy, and minimal side effects (Perez et al. 2021). The identification of



noncancer-indicated compounds for its repurpose in hematological malignancies can
be exploited by discovery of compounds being inhibitors of specific targets (i.e.,
receptors or enzymes deregulated in such malignancies) or through unbiased screen-
ing of “Hit” compounds (Valli et al. 2020).
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Table 11.3 Repurposed noncancer drugs for cancer (Kale et al. 2021; Gupta et al. 2013; Turanli
et al. 2021)

Drug Primary indication New indication

Aspirin Analgesic, antipyretic,
anti-inflammatory

Colorectal cancer

Valproic acid Antiepileptic Solid tumors

Celecoxib Osteoarthritis, rheuma-
toid arthritis

Colorectal cancer, lung cancer

Noscapine Antimalarial, analgesic Multiple cancer types

Nitroxoline Antibiotic Bladder, breast cancer

Thiocolchicoside Muscle relaxant Leukemia, multiple myeloma

Vesnarinone Cardioprotective Oral cancer, leukemia, lymphoma

Leflunomide Rheumatoid arthritis Prostate cancer

Minocycline Acne Ovarian cancer, glioma

Zoledronic acid Antibone resorption Prostate and breast cancer

Metformin Antidiabetic Breast, prostate, bladder, colorectal, endometrial,
pancreatic, lung, thyroid, liver cancers

Statins Myocardial infarction Breast, prostate, hepatocellular, head, and neck
cancers

Digoxin Antiarrhythmic agent Prostate, breast, renal, lung cancers, and melanoma

Disulfiram Management of
chronic alcoholism

Breast, colon, lung, thyroid, and uterine cancers

Itraconazole Antifungal Lung, prostate, esophageal, brain cancers

Niclosamide Antihelminthic agent Prostate cancer

Dexamethasone Anti-inflammatory
agent

Prostate cancer

Raloxifene Osteoporosis Breast cancer

The major obstacles being faced in chemotherapeutics are their side effects. They
are primarily due to the drug’s lack of selectivity for leukemic cells. Leukemic
chemotherapeutics exhibit cardiotoxicity, because like cancer cells, cardiac muscle
cells are also metabolically active. Further, leukemia treatments have also been
associated with heart disease, long-term cognitive impairment, liver, and kidney
damage (Perez et al. 2021). Thus, the need for selective drugs and the new treatment
regimens for hematological malignancies can also be effectively developed through
drug repurposing/repositioning. Some of the noncancer drugs which are identified as
promising and potential drugs for repurposing in hematological malignancies and
solid cancers are described in brief as follows (Tables 11.3 and 11.4).
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Table 11.4 Repurposed noncancer drugs for hematological malignancies (Kale et al. 2021; Gupta
et al. 2013; Wojcicki et al. 2020)

Drug Primary indication New indication

Thalidomide Antiemetic Multiple myeloma

Wortmannin Antifungal Leukemia

Zoledronic acid Antibone resorption Multiple myeloma

Statins Myocardial infarction Leukemia, lymphoma

Digoxin Antiarrhythmic agent Leukemia

Itraconazole Antifungal AML and ALL

Nelfinavir Antiviral (HIV infection) Multiple myeloma

Artesunate Antimalarial Leukemia

Aspirin Anti-inflammatory Multiple myeloma

Mebendazole Antihelminthic AML

Auranofin Rheumatoid arthritis CML and CLL

Leflunomide Rheumatism Multiple myeloma

Metformin Antidiabetic (type 2 diabetes) CML, B-cell lymphoma

Rapamycin Antifungal AML and CML

Bisphosphonates Osteoporosis Multiple myeloma

Lovastatin Hypercholesterolemia Refractory or relapsed AML

Thioridazine Schizophrenia Refractory or relapsed AML

11.8 Leukemia

Leukemia is the proliferation of immature, abnormal leucocytes in the bone marrow
which limits the growth of normal blood cells. Based on the disease progression, it
can be classified as acute or chronic leukemia and based on the type of cell involved,
it is termed as myeloid and lymphoid leukemia (Lyengar and Shimanovsky 2021). It
includes major types such as acute lymphoid leukemia (ALL), chronic lymphoid
leukemia (CLL), acute myeloid leukemia (AML), and chronic myeloid leukemia
(CML). Other rare forms of leukemia are hairy cell leukemia (HCL), prolymphocytic
leukemia (PLL), myelodysplastic syndrome (MDS), and large granular lymphocytic
(LGL) leukemia (Lyengar and Shimanovsky 2021).

11.8.1 Acute Lymphoid Leukemia (ALL)

Acute lymphoblastic leukemia (ALL) originates from proliferation of T (T-ALL) or
B (B-ALL) cells progenitors. In B-ALL, induction therapy comprises of 4–6 weeks
of a glucocorticoid (e.g., dexamethasone or prednisone), asparaginase, vincristine,
and an anthracycline. This is followed by consolidation and maintenance therapies
with the use of some induction agents such as 6-mercaptopurine or 6-thioguanine, or
methotrexate for several months (Perez et al. 2021; Hunger and Mullighan 2015).
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11.8.1.1 Tigecycline (TGC)

It is a first compound in glycylcycline class of antibiotics, derived from tetracyclines.
It was approved by FDA in 2005 for skin, soft tissue, and intra-abdominal infections
(Wexler 2015). It prevents amino acid elongation by binding to the 30S bacterial
ribosomal subunit, thereby blocking entry of amino-acyl tRNA molecules to the A
site (Greer 2006). Generally, the mechanism of bacterial resistance occurs by
alterations in tetracycline efflux or ribosomal protection (Greer 2006). However,
structurally modified novel TGC evades the Tet (A-E) efflux pumps and thus
overcome Tet resistance in Enterobacteriaceae and Acinetobacter spp. (Livermore
2005). In ALL, characteristic elevated levels of OXPHOS in glucocorticoid
(GC) resistance can be inhibited by TGC by suppressing the synthesis of
mitochondria-encoded proteins, required for OXPHOS (Olivas-Aguirre et al.
2021). It is reported that TGC causes inhibition of mitochondrial respiration, trig-
gering apoptosis and exhibit synergism with standard chemotherapeutic drugs vin-
cristine and doxorubicin in multiple GC sensitive and GC resistant ALL cell lines
(Fu et al. 2017). Besides, it is less cytotoxic to normal hematopoietic cells and
effective against both newly diagnosed and for refractory treatment (Olivas-Aguirre
et al. 2021).

11.8.1.2 Tamoxifen (TAM)

It is a gold-standard treatment indicated for the ER-positive breast cancers (Olivas-
Aguirre et al. 2021; Yao et al. 2020). It is a nonsteroidal triphenylethylene derivative
and has tissue specific-dual function of both estrogenic and antiestrogenic action. In
breast cancer, it mediates its action by binding to the estrogen receptor and by
blocking the proliferative actions of estrogen on mammary epithelium (Sporn and
Lippman 2003). It is reported that TAM causes mitochondrial and lysosomal
dysfunction and efficiently provokes autophagy, thereby inducing cell cycle arrest
and reduces cell viability in GC-resistant Jurkat cells (Olivas-Aguirre et al. 2021).
TAM suppresses protein kinase C and PI3K/Akt/mTOR signaling cascade path-
ways. It targets mitochondria by disrupting membrane fluidity and interacts with
inner membrane pore proteins, electron transport chain proteins, and proteins of the
Bcl-2 family, thereby triggering apoptosis (Olivas-Aguirre et al. 2021; Bogush et al.
2018). It causes activation of autophagy by increasing the permeability of the
lysosomal membrane with the release of cathepsin D (Olivas-Aguirre et al. 2021;
Bogush et al. 2018). Thus, it represents a favorable candidate for ALL treatments.
There are also reports which showed that the differentiation-inducing effect of
ATRA (all-trans retinoic acid) has significantly increased in acute promyelocytic
leukemia when combined with Tamoxifen (Adachi et al. 2016).
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11.8.1.3 Cannabidiol (CBD)

Cannabidiol is an active phytocannabinoid extracted from Cannabis sativa (Joca
et al. 2021). The antidepressant effect of CBD is used as an adjunctive treatment for
the management of seizures associated with Lennox–Gastaut syndrome and symp-
tomatic relief of neuropathic pain or other painful conditions, like cancer (Drug Bank
n.d.). It is demonstrated that CBD significantly impaired the viability and the
migration of leukemic cells in T-ALL cell lines rather than the B-ALL. The primary
target of CBD is mitochondria and mediates its action through MTP-driven necrosis.
It is caused by direct interaction with VDAC channel in the outer mitochondrial
membrane, resulting in Ca2+ overload and thus promoting the formation of the
mitochondrial transition pore (MTP). CBD is found to be efficient in both
GC-sensitive and GC-resistant cell lines (Olivas-Aguirre et al. 2021). The synergic
effect of CBD was also studied in preclinical models of hematological malignancies.
CBD was demonstrated to be effective along with ibrutinib in diffuse large B-cell
lymphoma and mantle cell lymphoma (Strong et al. 2018). Importantly, CBD
decreases the cytotoxicity of doxorubicin in ALL chemotherapy treatment (Hao
et al. 2015). Thus, CBD can be included in the antileukemic treatments to improve
the survival outcome of the patients.

11.8.2 Chronic Lymphoid Leukemia (CLL)

Chronic lymphocytic leukemia (CLL) is a B lymphoid malignancy which mainly
depends on the microenvironment for disease pathogenesis (Gimenez et al. 2020).
Initial chemo-immunotherapy consider as a gold treatment for CLL. It involves
fludarabine, cyclophosphamide, and rituximab (FCR). It displays high emission
rate but relapse and refractory becomes the major obstacle and it occurs especially
in CLL with the deletion of chromosome 11q or 17p (Fiskus et al. 2014). Currently,
new targeted therapies have been approved for CLL such as ibrutinib, a Bruton’s
tyrosine kinase (BTK) inhibitor which targets the B cell receptor (BCR) signaling,
and venetoclax, a BCL2 inhibitor. These therapies significantly improve survival
rate than chemo-immunotherapy (Gimenez et al. 2020; Bosch and Dalla-Favera
2019).

11.8.2.1 Simvastatin

Statins are the recent primary treatment for indication of hyperlipidemia. They can
be broadly categorized as natural and synthetic. They differ in their ability to inhibit
HMG-CoA reductase and their lipophilicity nature (Azemawah et al. 2019). Statins
inhibit cholesterol biosynthesis and the byproducts of cholesterol provide survival
for the cancer cells. Thus, the functionality of statins has been tested against a



number of cancer cells (Kale et al. 2021). The combined use of statin and aspirin
increases the susceptibility of CLL patients to FCR immunochemotherapy
(Podhorecka et al. 2010). Recent findings showed that the simvastatin was the
most effective among statin compounds in reducing cell survival, proliferation,
and cell adhesion in CLL (Gimenez et al. 2020). It causes apoptosis by inducing
DNA damage (Gimenez et al. 2020). It is also synergistic along with the existing
targeted therapies of venetoclax and ibrutinib (Gimenez et al. 2020).

11 Drug Repurposing for Hematological Malignancies 239

11.8.2.2 Auranofin

Auranofin (Ridaura) is a gold containing compound indicated for the treatment of
rheumatoid arthritis and approved by FDA in 1982 (Argüello-García et al. 2020). It
has potent preclinical activity against CLL by inducing a lethal oxidative and
endoplasmic reticulum stress response in cultured and primary CLL cells with
deletion of chromosome 11q or 17p (Fiskus et al. 2014). It is also reported that
synergistic effects were found with inhibitors of heme oxygenase-1 and glutamate-
cysteine ligase against CLL cells (Fiskus et al. 2014). As a result, phase 1 and
2 clinical trials were evaluated for the safety and effectiveness of auranofin to treat
patients with chronic lymphocytic leukemia (CLL), prolymphocytic lymphoma
(PLL), or small lymphocytic lymphoma (SLL) (https://clinicaltrials.gov/ct2/show/
NCT03829020).

11.8.3 Acute Myeloid Leukemia (AML)

Acute myeloid leukemia (AML) is a heterogeneous clonal myeloproliferative disor-
der characterized by proliferation of myeloblasts in the bone marrow and peripheral
blood (Saultz and Garzon 2016). In acute leukemia, chemotherapeutic agents are
used to induce remission of the disease by reducing the blast cells population and/or
induce differentiation. The standard treatment of AML is the “7+3” drug regimen
indicating the use of 7 days of cytarabine (AraC) and 3 days of anthracycline (e.g.,
daunorubicin, idarubicin, doxorubicin) (Valli et al. 2020). Relapse can occur often
and remained to be the principal problem in leukemia. Therefore, the induction
therapy is usually followed by consolidation therapy which comprises the use of
high-dose AraC for treating refractory or relapsed AML (De Kouchkovsky and
Abdul-Hay 2016).

11.8.3.1 Valproic Acid

Valproic acid is extracted from valeric acid which is naturally produced by the
flowering plant valarian (Valeriana officinalis). In 1882, it was first synthesized by
Beverly S. Burton. Clinically, it is used as long-term treatment of anticonvulsant in

https://clinicaltrials.gov/ct2/show/NCT03829020
https://clinicaltrials.gov/ct2/show/NCT03829020


epilepsy and mood stabilizing drug for bipolar disorder. It is orally administered and
has a low toxicity profile. Later, its anticancer activity was found as a histone
deacetylase (HDAC) inhibitor and importantly also found to induce differentiation
and/or apoptosis of transformed hematopoietic stem cells and AML cells from
patients (Andresen and Gjertsen 2017). Currently, it is involved in different anti-
cancer clinical trials. Also, it exhibits synergistic effects with a numerous drugs.
Emerging studies are focusing on novel development of low-toxic drug combina-
tions with valproic acid.
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11.8.3.2 Artesunate

Artesunate (Art) is a semi-synthetic derivative of artemisinin derivative from the
plant Artemisia annua and indicated for the initial treatment of malaria in adult and
pediatric patients. Artemisinins (ARTs) exhibited synergistic effect when combined
with chemotherapeutics in AML cells in vitro by generating ROS, decreasing
lysosomal integrity, and activating caspase and p38 mitogen-activated protein kinase
(Wojcicki et al. 2020). Artesunate also causes inhibition of growth and stemness of
transplanted tumors by suppressing MEK/ERK and PI3K/Akt pathway (Chen et al.
2020).

11.8.4 Chronic Myeloid Leukemia (CML)

Chronic myeloid leukemia (CML) is a clonal proliferative disease of myeloid origin,
arises from the Philadelphia chromosome in single, pluripotent, hematopoietic stem
cell. The cytogenetic lesion is associated with the reciprocal translocation t(9;22)
(q34:11). Later, ABL (Abelson) proto-oncogene was found as being involved in this
translocation (Frazer et al. 2007). An ideal drug target for CML treatment is
BCR-ABL oncoprotein (Druker et al. 2001). The gold-standard treatment of CML
is imatinib mesylate, a synthetic ATP inhibitor and approved by FDA in 2001 as
first-line treatment (Frazer et al. 2007; Guilhot 2004). Second-generation ABL
kinase inhibitors such as imatinib, dasatinib, and nilotinib have been in use for
CML treatment in which imatinib serve as the first line of treatment. Other novel
therapies like hommoharringtonine (HHT), repurposed arsenic trioxide, and
proteasome inhibitors were also found to be effective against these cancers (Frazer
et al. 2007).

11.8.4.1 Celecoxib

Celecoxib is approved by FDA in 1998 and marketed under the brand name
Celebrex by Pfizer. It is clinically indicated for the relief of generalized pain,
rheumatoid arthritis, osteoarthritis, and to reduce polyps in familial adenomatous



polyposis (Gupta et al. 2013). It is associated with antitumor activity because of its
selective noncompetitive inhibition of pro-inflammatory cytokine, cyclooxygenase-
2 (COX-2). COX-2 is overexpressed in hematological malignancies such as chronic
lymphocytic leukemia, chronic myeloid leukemia, Hodgkin’s lymphoma,
non-Hodgkin’s lymphoma, and multiple myeloma which promote cancer cell pro-
liferation, survival, angiogenesis, and metastasis (Kale et al. 2021; Bernard et al.
2008). Celecoxib has shown inhibition of autophagy and enhances cytotoxicity of
imatinib in imatinib-resistant CML cells (Lu et al. 2016). Thus, it holds a promising
drug to be repurposed for hematological malignancies. Caution should be taken
before prescribing NSAIDs in cancer therapy, as celecoxib leads to gastrointestinal,
renal, and cardiotoxicity as adverse side effects (Drug Bank n.d.).
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11.8.4.2 Pioglitazone

Pioglitazone is a PPAR-γ agonist (peroxisome proliferator-activated receptor
gamma) drug approved by the FDA to treat diabetes. In CML, fused oncoprotein
BCR-ABL1 positive progenitor cells are seen in mostly all patients and causing
relapse after treatment with paradigm TKI (tyrosine kinase inhibitor) therapy such as
imatinib, dasatinib, or nilotinib (Rousselot et al. 2017). Combinational regimen of
pioglitazone with TKI therapy was found to be effective in controlling the residual
CML stem cell pool (https://clinicaltrials.gov/ct2/show/NCT02730195). According
to the proof of concept study, this drug regimen was found to be well tolerated and
continued as long as the BCR-ABL1 signal remains detectable resulting in a
favorable 56% rate of molecular response 4.5 (MR4.5) till 12 months (Rousselot
et al. 2017).

11.9 Lymphoma

Lymphoma is characterized by the clonal proliferation of lymphocytes (B-cells and
T-cells) in the lymph system and comprises about 5% of malignancies (Jamil and
Mukkamalla 2021). It is broadly classified as Hodgkin’s lymphoma (HL) and
non-Hodgkin’s lymphoma (NHL). In HL, there is a characteristic presence of
abnormal, bi- or multinucleated Reed Sternberg cells (Shanbhag and Ambinder
2018) and accounts for about 10% of all lymphomas. The remaining 90% of
lymphoma cases is from non-Hodgkin’s, and it includes indolent follicular lym-
phoma, aggressive diffuse large B-cell, and Burkitt’s lymphomas (Shankland et al.
2012).

https://clinicaltrials.gov/ct2/show/NCT02730195
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11.9.1 Hodgkin’s Lymphoma (HL)

In HL, the common regimens being used for first-line treatment are ABVD
(Adriamycin (doxorubicin), bleomycin, vinblastine, dacarbazine), AAVD (similar
to ABVD, but brentuximab vedotin (Adcetris) replaces bleomycin), BEACOPP
(bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine (Oncovin), pro-
carbazine, prednisone) and gemcitabine along with other drugs. Drugs given as
second-line treatment for HL recurrence are ICE (ifosfamide (Ifex), carboplatin
etoposide), ESHAP (etoposide, methylprednisolone (Solu-Medrol), high-dose
cytarabine, cisplatin) or DHAP (dexamethasone, high-dose cytarabine, cisplatin),
GVD (gemcitabine, vinorelbine, doxorubicin), Gem-Ox (gemcitabine and
oxaliplatin) or GDPF (gemcitabine, dexamethasone, cisplatin), brentuximab
vedotin, and bendamustine (Cancer.Net n.d.). The emerging treatment of third-line
Hodgkin lymphoma (HL) involves the use of repurposed drugs, targeted specific
drugs, and chimeric antigen receptor (CAR) T-cell therapy (Fuerst 2018).

11.9.1.1 Verapamil (VRP)

VRP is an L-type calcium channel blocker, used as the medication for high blood
pressure, angina, and supraventricular tachycardia by blocking voltage-dependent
calcium (Cav) channels (Armando et al. 2020). Many evidences have shown that
CaV channels are expressed in various cancers at the gene and protein levels
(Yu et al. 2014). Phase I clinical trial studies are recruiting on the combined regimen
of brentuximab vedotin with cyclosporine and verapamil hydrochloride in treating
patients with relapsed/refractory Hodgkin lymphoma. Brentuximab vedotin is a
targeted monoclonal antibody linked with vedotin toxin that targets CD30 positive
cancer cells. The treatment is aided with immunosuppressive cyclosporine which
improves bone marrow function. In this combination, verapamil hydrochloride is
added as a synergistic compound by overcoming drug resistance (https://
clinicaltrials.gov/ct2/show/NCT03013933).

11.9.2 Non-Hodgkin’s Lymphoma (NHL)

NHL (non-Hodgkin Lymphoma) is a heterogeneous group of lymphoproliferative
malignancies arising at both nodal and extranodal locations (25% of NHL cases)
(Al-Naeeb et al. 2018). Extranodal sites for NHL are found as Waldeyer’s ring (i.e.,
the pharynx, tonsils, and base of the tongue), thyroid glands, orbit, paranasal sinuses,
and salivary glands (Singh et al. 2020). The most common NHL subtypes are diffuse
large B-cell lymphoma (about 30%), follicular lymphoma (about 20%), and other
subtypes each having a frequency of less than 10% (Singh et al. 2020). In terms of
aggressiveness, indolent B-cell lymphomas constitute about 35–40% of the NHL in

https://clinicaltrials.gov/ct2/show/NCT03013933
https://clinicaltrials.gov/ct2/show/NCT03013933


which survival is generally measured in years. The most common aggressive sub-
types comprise about 5% of the NHL and patient has few weeks survival if left
untreated (Crisci et al. 2019). For instance, relapsed or refractory mantle cell
lymphoma (MCL) and diffuse large B-cell lymphoma (DLBCL) are aggressive
subtypes. The most common chemotherapy combination for the first-line treatment
of aggressive NHL is called CHOP which comprises of cyclophosphamide, doxo-
rubicin (hydroxydaunorubicin), prednisone, and vincristine (Oncovin). For B-cell
lymphoma, anti-CD20 monoclonal antibody, such as rituximab (Rituxan) or
obinutuzumab (Gazyva) are prescribed along with CHOP medications (Cancer.Net
n.d.).
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11.9.3 Aggressive Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most commonly diagnosed
non-Hodgkin lymphoma. It achieves 40–60% complete response (CR) rate after
frontline R-CHOP regimen (rituximab, cyclophosphamide, doxorubicin hydrochlo-
ride (hydroxydaunorubicin), vincristine sulfate (Oncovin), and prednisone) (Xiang
et al. 2021). In DLBCL, gene rearrangement in MYC (Single hit), BCL2, BCL6, or
both (double-hit) are seen in few cases and they are resistant to R-CHOP modality.
For this, EPOCH-R regimen (etoposide, prednisone, vincristine, cyclophosphamide,
doxorubicin, and rituximab) produced considerable remission in patients with
MYC-rearranged aggressive B-cell lymphomas (Dunleavy et al. 2018).

11.9.3.1 Auranofin

The BTK (Bruton’s tyrosine kinase) inhibitor, ibrutinib resistance generally
develops in mantle cell lymphoma (MCL) and diffuse large B-cell lymphoma
(DLBCL). It is due to that specific tumor suppressor gene defects including TP53
and CDKN2A are correlated with relapsed/refractory feature and leading to poor
clinical outcomes (Eskelund et al. 2017). As auranofin is being repurposed for
refractory hematological malignancies with proven safety profile, its efficacy was
also demonstrated in DLBCL and MCL cell lines and found it targets thioredoxin
reductase-1 (Txnrd1) effectively by causing DNA damage, reactive oxygen species
(ROS) production, cell growth inhibition, and apoptosis in aggressive B-cell lym-
phomas, especially in TP53-mutated or PTEN-deleted lymphomas (Wang et al.
2019).
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11.9.4 Multiple Myeloma (MM)

Multiple myeloma is a malignancy that occurs in the subset of B-cells known as
plasma cells (Bird and Boyd 2019). The current treatment algorithms include the use
of several combinations of alkylating agents (cyclophosphamide, melphalan), corti-
costeroids (dexamethasone, prednisone), immunomodulatory drugs (thalidomide,
lenalidomide, pomalidomide), proteasome inhibitors (bortezomib, carfilzomib,
ixazomib), and monoclonal antibodies (daratumumab and isatuximab) targeting
CD38 (Rajkumar & Kumar, 2020). Generally, multiple myeloma patients are treated
with corticosteroids like dexamethasone and prednisone combined with other drugs
such as cyclophosphamide (Cytoxan), etoposide (VP-16), doxorubicin (Adriamycin),
liposomal doxorubicin (Doxil), melphalan and bendamustine (Treanda). Bortezomib
(Velcade) was the first protesome inhibitors approved by FDA for MM malignancies
(American Cancer Society n.d.).

11.9.4.1 Thalidomide

Thalidomide was developed in the 1950s as a sedative and used for treating
pregnancy-related nausea. However, it was withdrawn from the market due to its
toxic effects of causing congenital defects. It was estimated that at least 10,000
infants were born with malformations in limbs and other body extremities in over
46 countries (McCabe et al. 2015). Later, researchers, such as pharmaceutical
company Celgene, looked for its therapeutic effects. Thalidomide significantly
reduces neo-vascularization and eventually found the drug’s ability to inhibit
TNF-alpha in patients with refractory multiple myeloma. Finally, FDA approved
thalidomide in 2006 as a treatment for multiple myeloma in combination with
dexamethasone.

11.9.4.2 Nelfinavir

It is an FDA-approved drug in the year 1997 as protease inhibitors and used against
HIV-1 and HIV-22 (Allegra et al. 2020). The common side effects recorded are
insulin resistance, hyperglycemia, and lipodystrophy (Shim and Liu 2014). The
antimyeloma activity of nelfinavir was evident by the findings of protease inhibitors
such as ritonavir, saquinavir, and nelfinavir, which caused induction of growth arrest
and apoptosis in the human MM cell lines associated with downregulation of
antiapoptotic protein Mcl-1 (Ikezoe et al. 2004). These research findings directed
to clinical trials on the combinational drug use of metformin, nelfinavir, and
bortezomib in treating patients with relapsed and/or refractory multiple myeloma
(https://clinicaltrials.gov/ct2/show/NCT03829020). Besides, an active oral drug
combination of nelfinavir–lenalidomide–dexamethasone is effective in
lenalidomide-refractory MM (Hitz et al. 2019).

https://clinicaltrials.gov/ct2/show/NCT03829020
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11.10 Status of Drug Repurposing in Hematological
Malignancies

In total, 32 compounds are considered for possessing repurposing potential in the
case of AML. Among them, 27 were successfully validated in the preclinical setting
in the context of leukemia elimination and 13 are under investigation in clinical trials
as per the data entered into the clinicaltrials.gov database. The clinical validation of
these compounds has been disappointing (Valli et al. 2020). As a result, FDA or
EMA approval has not given to any of the repurposed compounds so far and hence,
they have not been implemented into AML treatment. However, some of the most
promising combinations resulting in potential responses are VPA with 5-azacytidine
and ATRA, plerixafor with decitabine or plus fludarabine, idarubicin, cytarabine,
and G-CSF, pioglitazone with low-dose 5-azacytidine or with standard treatment,
and pravastatin with standard treatment (Valli et al. 2020).

The toxicity of the repurposed drugs is also an aspect of these limitations in drug
repurposing strategy. For instance, regimen of VPA and decitabine is associated with
distinct VPA-dependent encephalopathy (Lübbert et al. 2016). Pravastatin together
with idarubicin and cytarabine leads to multiorgan failure (Shadman et al. 2015).
Further, when compared to other tumors, drug repurposing approaches in hemato-
logical malignancies have failed to speed up the development process. Hence, a
major limitation in drug repurposing for hematological malignancies are due to long
duration to generate relevant supporting data and suspension of clinical trials
mid-way due to lack of efficacy and toxicity.

11.11 Intellectual Property and Regulatory Issues in Drug
Repurposing

Drug repurposing is a complex process that involves multiple factors including
technology, commercial models, patents, investments, and market demands. The
main challenge in the drug repositioning is its weak intellectual property
(IP) protection as per the IP and patent laws. As the drug about to be repurposed
has already been patented as a new chemical entity, it discourages companies from
investing and developing repurposed drugs. Thereby it prevents entering of
repurposed drugs entering into market. Providing secondary patents gives a chance
for researchers to find new indications for existing drugs. When the IP problem
solved, many repositioning projects have been developed with low budget (Xue
et al. 2018). Some regulatory issues are also commonly encountered in drug
repositioning. As per regulatory guidelines of FDA or EMA, if the existing data
for the compounds are not satisfactory and do not comply with the requirements,
there is a requirement of carrying out preclinical and/or clinical research again. There
is a wide availability of computational tools and databases and selecting the appro-
priate approach for repositioning is important and a challenge due to regulatory

http://clinicaltrials.gov


issues (Rudrapal et al. 2020). Hence, it is of utmost importance to adhere strictly to
the standard regulatory guidelines for repurposed drug discovery (Fig. 11.1).
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Fig. 11.1 From the bench to the bedside: comparison between de novo drug development and drug
repurposing (Pizzorno et al. 2019)

11.12 Conclusion

In this modern era, drug repositioning is embarked as a new avenue in the develop-
ment of new therapies based upon existing/approved medicines with rationale and
innovational approach. It has received increasing attention, as it offers significant
reduction in R&D costs, more probable chances of success, shorter development
time, lower investment risk, less attrition rate, and thereby gained increasing market
demands. These advantages are beneficial for academicians, discovery scientists,
drug researchers, consumers, and pharmaceutical companies by enabling the appli-
cation of novel, effective, alternate approaches of repositioning strategy in the drug
discovery program for almost all human diseases (Sleire et al. 2017). Given the high
cost of traditional drug discovery pathways, drug repurposing approach is highly
appealing to biotechnology companies as well as academic groups. Mainly, in the
era of precision medicine, this strategy has become very much useful to establish the
unknown mechanism of action of drugs through exploration of novel disease/
metabolic/signaling pathways, or off-targets and target-specific mechanisms/genetic
expression profile for even genetic disorders (Rudrapal et al. 2020). To ensure high
success rates of repositioned drugs, challenges are needed to be met, and more
in-depth understanding must be executed with mixed approaches. Therefore,
increasing the number of drug repositioning opportunities will be achieved by



extending the collaborative networks between academia, industry, and charitable
organizations.
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To conclude, in the context of a globalized world facing major uncertainties
including population dynamics, climate change, and the multiple emergence/re-
emergence of new diseases, the effectiveness of the classic de novo development
of anticancer, antivirals, and other drugs remains a challenging part. Despite inherent
limits, drug repurposing offers huge number of possibilities to rapidly and efficiently
find new effective anticancer drugs against various human diseases.
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Chapter 12
Drug Repurposing for, ENT and Head
and Neck, Infectious and Oncologic
Diseases: Current Practices and Future
Possibilities

Sourabha Kumar Patro, Naresh Kumar Panda, and Maryada Sharma

Abstract The specialty of otolaryngology and head and neck surgery involves
various subspecialties, encompassing clinical conditions ranging from medical to
surgical issues in infections, noninfectious benign conditions and various benign and
malignant tumors. Drug repurposing has proven to be significant in multiple fields
and is still investigational in many promising possible solutions to different clinical
challenges in this specialty. We discuss some classes of drugs that have been
successfully repurposed for ENT pathologies. We also discuss the novel research
goals that are being pursued in our department in the context of drug repurposing for
airway infectious diseases including COVID-10 and mucormycosis.

There has been a silent and underappreciated rise in drug-resistant invasive fungal
infections (IFIs). Emerging Mucorales are difficult to diagnose and tolerant to many
of the frontline antifungal therapies. There is an urgent need to combat these
emerging pathogens and investigate the molecular mechanisms underlying their
potentiated virulence traits to identify potential therapeutic targets susceptible to
anti-fungal compounds. The drug development process for IFIs remains largely
expensive, and is inherently risky. These challenges declare an urgent need for
discovery of new antifungal drugs and encourage drug repurposing as alternative
approach to fungal control. The understanding of molecular underpinnings behind
fungi and human host continue to grow, however, further research endeavors are
underway to fully explore the fungal pathogenesis, (including the role of iron) to
gather new insights to achieve improved therapeutics. Above all, creative screening
tools and out-of-the-box ideas aimed at increasing the possibility of identifying
potential first-in-class antifungals are highly encouraged. The recently emerging
fungal co-infections in the COVID-19 disease patients has revived the interest in
the pathophysiology and clinical management of the IFIs, and identification of
potential druggable nodes in olfactory niche to inhibit the spread of COVID-19
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and associated co-infections by leveraging in vitro-disease models of host-pathogen
interaction. We employed our recently established COVID-19 disease model to
decipher potential anti-metabolic molecules that can be repurposed as novel bilateral
drugs having anti-fungal and host-directed features with extended applicability in
diabetes, COVID-19, and mucormycosis with and without COVID-19.
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Keywords COVID-19 · CAM · Mucormycosis · Intranasal spray · Drug
repurposing

12.1 Section A: Repurposing Novel Antimetabolic
Imidazole Drug for Infectious Airways Diseases
with Implications in Development of Intranasal Spray
Prototype

12.1.1 Introduction

Fungi are associated with nearly 1.5 million deaths yearly resulting in enormous
economic load, despite that the fungal infections are underestimated and underap-
preciated in their role as pathogenic microorganisms compared to bacteria and
viruses. The lack of development of new antifungals with enhanced activity has
resulted in emergence of life-threatening multidrug-resistant fungus community
including the Candida auris, Aspergillus, Cryptococcus spp. (Peyclit et al. 2021),
and notably in vitro antifungal drug resistance profiles are alarming for the clinically
relevant members of Mucorales, specifically for the newer triazole drugs (Borman
et al. 2021). The expansion and advancements in treatment regimens involving
immunomodulation-based therapies for improvement in patient outcomes in oncol-
ogy, hematology, transplantation, and intensive care medicine, along with
burgeoning diabetic population have resulted in increasing numbers of immuno-
compromised individuals with heightened risk of developing invasive fungal infec-
tions (IFIs), as immunosuppressive conditions provide optimal ground for
emergence of opportunistic fungal infections concomitant to development of anti-
fungal resistance. The selective drug-pressure and fungal-host factors have
counteracted the limited capacity of antifungal armamentarium resulting in the
emergence of new epidemiological and pathological landscape of the IFIs. The
recently emerging fungal co-infections in the COVID-19 disease patients have
revived the interest in the pathophysiology and clinical management of the IFIs
(Treviño-Rangel et al. 2021). Further, the antifungal armamentarium is limited with
narrow spectrum, drug tolerance and resistance, and associated toxicities (Nivoix
et al. 2020). Recent reports have linked the increased rate of co-infections during
COVID-19 pandemic, in particular the fungal infections secondary to COVID-19
disease are on rise, and COVID-19 patients with ARDS were reported to had
developed IFIs including pulmonary aspergillosis and candidiasis that complicated
the clinical course of the disease. Recently, there has also been an unprecedented



surge in case reports of life-threatening IFI mucormycosis in Indian patients infected
with COVID-19 (Silva et al. 2021; García-Vidal et al. 2020; Arastehfar et al.
2020a, b, c; White et al. 2021; Al-Hatmi et al. 2020; Antinori et al. 2020; Chowdhary
et al. 2020; Mastrangelo et al. 2020; Heard et al. 2020; Moser et al. 2021; Garg et al.
2021; Singh et al. 2022; Sharma et al. 2022). Our health care center had recently
reported a statistically significant increase in the number of mucormycosis infections
during COVID-19 second wave (Muraleedharan et al. 2022). Despite the fact that
worldwide most IFIs are associated with unacceptably high mortality rate that may
go over 50%, the public health organizations including World Health Organization
lack a dedicated fungal surveillance program (Brown et al. 2012; Denning et al.
2017). As the emerging variants/mutations in SARS-CoV-2 spike protein are on the
rise, it might make vaccine strategies a challenge worldwide, triggering need for
booster shots. Therefore, the identification of host-directed targets and subsequent
development of intranasal sprays targeting potential druggable targets via the nasal
route, is a promising approach for future therapeutics. The development of prophy-
lactic intranasal drugs will also help in the early intervention in even asymptomatic
COVID-positive patients who are high-risk spreaders and thus help preventing
infection and IFIs co-infection spread and mortality in immunocompromised
patients. We discuss the importance of our preliminary findings resulting in identi-
fication of potential antimetabolic olfactory therapeutic nodes that can be targeted to
prevent the spread of COVID-19 and associated fungal co-infections like
mucormycosis by employing novel intranasal spray formulations.
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12.1.2 Novel Olfactory Druggable Targets for Clinical
Management of COVID-19 and COVID-19-Associated
Mucormycosis (CAM)

Olfactory niche is a preferred route of entry and spread for major airway infectious
pathologies; however, emerging studies are reflecting that nasal tissue is not just an
inert portal of entry as neurosensory olfactory deficit marked by anosmia (loss of
smell) or olfactory dysfunction has emerged as a hallmark and consistent neurolog-
ical symptom of COVID-19/Long-COVID-19. Importantly, the mechanistic detail-
ing of anosmia remains largely unexplored (primarily in highly transmissible
diseases) due to infection control concerns in disease-active patients, as the nasal
area is the main route of disease transmission and spread, therefore, making it less
available for doing clinical research. We recently attempted to overcome this
limitation by establishing a novel virus-free cellular model (COVID-19 disease
model) that displays COVID-19-like disease signatures including maturity-onset
diabetes, complement–coagulation, and olfactory transduction pathways in
disease-competent monocytic immune cells (https://doi.org/10.3390/
diabetology3010013, https://doi.org/10.3390/diabetology3020017). The pathway
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networks that emerged from extensive analysis of technologically advanced unbi-
ased high-throughput transcriptomic data generated from the above model have
converged on neurosensory and inflammatory nodes that recapitulate inflammatory
diseases like diabetes, COVID-19, CAM, alcoholic liver disease, autoimmune
inflammatory diseases like rheumatoid arthritis, neurosensory/neurodegenerative
and neuropsychiatric diseases like Alzheimer’s, and Parkinson’s, with early signs
of anosmia.
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Based on our robust findings emanating from in vitro COVID-19 disease model-
ing, we have been able to establish a novel cell-autonomous role of COVID-19-
associated serine proteases in olfactory dysfunction that could be important in
predicting neurological sequelae in CNS and suggest a new paradigm that could
involve olfactory transduction-mediated neuroinflammation in the respiratory tract
and peripheral tissues with resident macrophages expressing neuropeptide receptors.
However, assessment of the associated growth-factor responsiveness in addition to
olfactory transduction pathways and correlating these with the inflammatory targets
in real-world patient samples would help translate the key findings of our in vitro
study for diagnostics and therapeutics intervention in COVID-19 and CAM. Merg-
ing studies worldwide have a consensus on the role of uncontrolled diabetes as a
major comorbid risk factor for COVID-19 and CAM, intriguingly both having nasal
route of entry. Therefore, we propose to now extend unbiased multiomic approach of
target profiling in COVID-19, mucor, and CAM patient samples to screen the
potential diabetes-associated cellular stressors in the blood and nasal route that
could help better understand the pathophysiology of COVID-19 and CAM and
facilitate development of novel superior intranasal therapeutic interventions to
control diabetes, COVID-19, and CAM. With the mutations in SARS-CoV-2
spike protein on the rise, it might make vaccine strategies a challenge worldwide,
triggering need for booster shots. It is challenges like the above what makes the
findings of our COVID-19 model (Sharma et al. 2022) both attractive and of
therapeutic significance, which might hold the key to developing and treating people
with a potential L-carnosine based drug via the nasal route that is not just safe, self-
administrable, and efficacious, but also affordable. This is significant particularly, at
an early asymptomatic stage of COVID-19 positivity to reign the pandemic and
prevent avoidable deaths.

We have recently proposed L-carnosine for repurposing in mucormycosis, and
CAM following some preliminary findings that suggested its novel anti-Mucorales
actions under in vitro growth inhibition assays. Our study comes during the grim
milestone that United States has reached a staggering 979,870 deaths nationwide,
which put the COVID-19 deaths at 6.1 million worldwide. Though the vaccine
development was undertaken and completed at an unprecedented speed, on-going
challenges with the pandemic, such as the rapid spread of disease via asymptomatic
patients, slow progress of vaccination across the world owing to the logistics, and
nonavailability of raw materials impacting the production have been largely respon-
sible for the astronomical rise in death tolls, a classic case in point being the chaos



that unfolded last summer in India with the delta breakout. The emergence and rapid
spread of new and potent variants that are more contagious and/or deadly, indicating
the possibility of loss of vaccine efficacy against the disease, is a major concern,
before herd immunity could be achieved. The presymptomatic or acute phase of
COVID-19 is marked by high viral loads/replication in the nasal/olfactory epithe-
lium, which makes it a potential target to inhibit the intensification of infection by
limiting the spread of the infection and associated fungal co-infections using intra-
nasal sprays. The prophylactic/therapeutic targeting of the nasal epithelium by
employing intranasal sprays could be a potential approach to prevent diabetes-
associated COVID-19 and CAM.
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12.1.3 Scope of Intranasal Sprays for Treating Infectious
Airway Diseases

Based on our cardinal findings, we are now encouraged to carry a preclinical
observational study aimed at exploring diabetes-associated diagnostic and therapeu-
tic targets in diabetic COVID-19, mucormycosis, COVID-19-associated
mucormycosis (CAM), post-COVID Mucor/CAM patients, and healthy controls.
We are trying to validate the findings obtained from our novel in vitro COVID-19
disease model in plasma, serum, blood cells, and nasopharyngeal swab samples from
delta and omicron variants of SARS-CoV-2 and mucormycosis-infected COVID-19
patients to verify our novel druggable screens in blood and nasal niche. The findings
emerging from our on-going study may facilitate to establish (1) a novel blood-based
diagnostic test for COVID-19 variants, (2) predict the disease-severity based on
these blood tests, and (3) also build a prototype for prophylactic antidiabetic
intranasal sprays with implications in controlling diabetes and diabetes-associated
viral and invasive fungal infections (IFIs) in near future.

12.1.4 Literature in Support of Implication of our Our
Preliminary Findings for Developing Anti-IFI
Intranasal Sprays

There is an increase trend of diabetes mellitus (DM) prevalence worldwide, and the
situation in India is alarmingly high as nearly 8% of adults aged <20 years have
DM. Uncontrolled DM stands as the major comorbid risk factor for COVID-19 and
COVID-19-associated mucormycosis (CAM), both having nasal route of entry. A
plethora of serine proteases (SPs) like furin, TMPRSS2, furin-like PCs, and trypsin-
like proteases in the nasal microenvironment facilitate heightened transmissibility of
emerging SARS-CoV-2 variants that have enhanced susceptibility to SP-cleavable



polybasic amino acids (P681R in delta variant, P681H in omicron) in spike protein,
which is the first indispensable step for viral entry (Baggen et al. 2021). These
emerging COVID-19 variants of concern have further resulted in recent break-
through infections in ChAdOx1 health care vaccines in India, suggestive of reduced
vaccine effectiveness against VOCs (Mlcochova et al. 2021).
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We successfully carried out rigorous in vitro disease modeling of COVID-19 and
CAM by establishing a novel model that involved treatment of monocytic cells with
serine protease (SP) trypsin, followed by extensive characterization using
transcriptomics and proteomics. We identified the potential SP-interactome that
displayed pathological maturity onset diabetes, complement-coagulation, olfactory
transduction (OT), and COVID-19 disease pathways. Importantly, downregulated
OT pathway correlated with suppression of RNAi and TCR complex, and
upregulation COVID-19 disease pathway. Hence, we proposed rescuing olfactory
epithelium health with 2DGLC (antimetabolic 2-Deoxy glucose, 2DG and amino
acid L-carnosine, LC) that were indicated as potential repurposing drugs from
in vitro omics data. 2DGLC also showed antifungal activity (growth inhibition
assay) against group of clinically relevant Mucorale species, a novel antifungal
action observed by us (Sharma et al. 2022). Both drugs have proven antidiabetic
and potential in-silico anti-COVID-19 effect.

The intranasal 2DGLC stands different from other topical COVID-9 therapies in
market. 2DGLC is primarily targeted toward diabetes and associated viral/fungal
infections in contrast to sprays such as Sanotize nasal spray (nitric oxide spray) with
a said role to reduce COVID-19 viral load and Viruprotect oral spray (trypsin-based
oral spray with moderate reduction in viral load and with many side effects). We
propose an antiproteolytic action of 2DGLC as opposed to proteolytic Viruprotect
(Huijghebaert et al. 2021). To best of our knowledge, no antidiabetic nasal spray
with potential antiviral/fungal action is available till date, despite the fact that DM is
a strong comorbidity for COVID-19 and CAM, and both have nasal route of entry.
2DGLC is expected to have a higher anticipated compliance due to topical mode of
delivery and less side effects due to less systemic absorption compared to the
systemic modes of delivery. About 7–14% of COVID-19 patients have DM as
predominant comorbidity, reciprocally pandemic induced hyperglycemia is para-
mount to half of hospitalized patients, lastly diabetes and COVID-19 (delta variant)
resulted in rise to over 2.5 times (average) case of CAM with more than 47,000
CAM reported from Indian subcontinent alone in whooping 3 months (May–July
2021) duration. Predominant presentation of CAM was rhino-orbital-cerebral-
mucormycosis (ROCM) with massive olfactory-orbit damage, which was 89% in
India and 64% globally. Nasal spray formulations of various drugs including steroid
formulations are produced and marketed by various companies such as Cipla,
Ranbaxy, GSK, Bayer, Neilmed, etc. We are currently validating the potential
metabolic targets in the blood and nasopharyngeal samples of COVID-19, mucor,
and CAM patients to translate the findings toward real-world ramifications extending
to build intranasal sprays for infectious airway diseases.
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12.1.5 Challenges in the COVID-19 and CAM Therapeutics

There have been endless efforts to come up with host-directed (human proteins)
rather than viral-directed therapeutics as the virus is rapidly evolving and mutating
resulting in emergence of variants of concern and loss of vaccine effectiveness that
led to breakthrough infection as seen with omicron variant recently. The rapidly
mutating viral spike protein (against which most of the vaccines have been made)
makes it difficult to have faithful vaccines that can target multiple variants of SARS-
CoV-2. The trinity of anosmia (loss of smell), thrombosis (coagulopathy), and
diabetes has emerged as the most common correlate of COVID-19 disease; however,
no mechanistic insights have been established between these three pathways in
context of COVID-19 disease till date. Ours’ is the first mechanistic study done
under laboratory conditions using disease-competent blood cell line. Importantly,
our study identifies serine-protease protease-activated receptor(s) (PARs) as the
potential druggable upstream hierarchical node that resulted in upregulation of
olfactory transduction (neurosensory) and complement-coagulation (inflammatory)
pathways along with co-upregulation of new-onset /maturity onset-diabetes path-
way. We have identified additional important functions of serine proteases besides
facilitating viral entry into the human cells. We delineated how the serine proteases
that are activated following the viral entry, collaterally deregulate metabolic, neuro-
sensory, and inflammatory pathways and thereby can act as potential cahoots to virus
in exacerbating the COVID-19 disease. Interestingly, recent studies are supporting
the emerging role of nasal serine proteases in VOCs’ emergence and transmission, a
recent study re-emphasizes the need for development of host-directed serine protease
TMPRSS2 inhibitors as pan-SARS-CoV-2 therapeutics and prophylactics to limit
resistance to VOCs (Shapira et al. 2022). Serine proteases have been so far predom-
inantly linked to cleavage of viral spike protein to facilitate viral entry in human
cells. However, a cell-autonomous (acting on host cells as opposed to viral proteins)
role for serine proteases has not been explored in context of COVID-19. Our study
establishes a novel association between proteolytic-stress triggered metabolic
reshaping of host cells and makes an attempt to address the link between COVID-
19-associated serine protease-mediated new-onset diabetes that could intensify
COVID-19 and CAM pathophysiology. The deregulated histidine (amino acid
with imidazole ring) amino acid metabolic pathway and ferroptosis (iron-mediated
cell death) in our in vitro screen encouraged us to propose L-carnosine (naturally
occurring dipeptide β-alanyl-L-histidine) dipeptide with an inherent imidazole ring
toward repurposing for COVID-19 and CAM therapeutics. Carnosine is known to
have antioxidant, anti-inflammatory, pH buffering, and metal (iron) chelating prop-
erties. It is a naturally occurring imidazole dipeptide that has been associated with
antidiabetic effects. Recently, it was shown to possess anti-inhibitory action on
ACE2, an obligatory SARS-CoV-2 entry receptor. Therefore, we discuss the poten-
tial beneficial effects of carnosine as an adjuvant therapy in COVID-19-associated
mucormycosis patients with underlying T2DM, its pH buffering features may



enhance the bioavailability of Posaconazole, and its (L-carnosine) inherent imidaz-
ole ring may offer antifungal activity.
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12.1.6 Repurposing Natural Azoles in COVID-19-Associated
Mucormycosis

12.1.6.1 Mucorales and Antifungal Resistance

There has been a silent and underappreciated rise in drug-resistant invasive fungal
infections (Arastehfar et al. 2020a, b, c; Carolus et al. 2021). Emerging Mucorales
are difficult to diagnose and tolerant to many of the frontline antifungal therapies.
Mucorales are emerging as pathogens associated with high mortality due to lack of
information on their virulence determinants that could be possibly repurposed as
potential targets for drug therapy. Moreover, the Mucorales are inherently resistant
to most of the current antifungal compounds attributed to the redundancy in their
iron assimilation metabolism and presence of noncanonical RNA interference path-
way (NCRIP). Current antifungals used in clinical setting of mucormycosis treat-
ment include liposomal amphoteric B formulation, which has its limitations related
to nephrotoxicity in prolonged use in the patients. Therefore, the mortality rate in
mucormycosis could approach over 90% following dissemination via blood vessels.
There is an urgent need to combat these emerging pathogens and investigate the
molecular mechanisms underlying their potentiated virulence traits to identify
potential therapeutic targets susceptible to antifungal compounds (Prakash and
Chakrabarti 2019; Prakash et al. 2017; Jeong et al. 2019; Hassan and Voigt 2019;
Caetano et al. 2019; Maurer et al. 2015; Cornely et al. 2019; Gebremariam et al.
2019; Lax et al. 2020; Cánovas-Márquez et al. 2021; Pérez-Arques et al. 2019, 2020,
2021).

Mucorales have inherent resistance to azole drugs that is partly linked to the
deregulated iron metabolism due to the role of iron-containing cofactors in ergos-
terol synthesis pathway. Therefore, combination therapy of iron chelators and
antifungal azole drugs has been encouraged in treatment of mucormycosis. Azole
drug Posaconazole used in treatment of mucormycosis is reported to have erratic
absorption profiles due to altered gastrointestinal pH resulting in low Posaconazole
plasma concentrations in large groups of patients. A unique predisposition for
mucormycosis is diabetic ketoacidosis that limits chelation of iron by host transfer-
rin; therefore, the nontransferrin bound iron and high glucose are linked to rapid
spread of mucormycosis. The natural occurrence of carnosine azoles in human hosts,
and its iron-chelating features might reduce the chances of drug resistance in fungi if
it happens to have bilateral (antihost) and novel anti-fungal effects. Carnosine may
exhibit beneficial effects of mitigating ferroptosis, promote iron-homeostasis and
facilitate management of CAM due to its antioxidant and antichelating properties.
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12.1.6.2 L Carnosine/Anserine Azoles with Antidiabetic
and Anti-COVID (Host Targeting) Potential for Repurposing
in CAM

Novel azoles-imidazole and triazoles, such as based on zeolitic imidazole frame-
works (Morcoss et al. 2020; Jiao et al. 2019), selenium containing miconazole
(Xu et al. 2020a, b), azole with fused triazinone scaffold (Montoir et al. 2020)
have recently been proposed. Cyp51B novel mutation has been reported to underlie
azole resistance in A. fumigatus (Gonzalez-Jimenez et al. 2020). Novel ergosterol
biosynthesis pathway intermediates and modifiers are also reported (Sun et al. 2019;
Sinha et al. 2020; Yakobov et al. 2020). Azoles are being investigated for their
potential as antidiabetic drugs/ α-glucosidase inhibitors (Sari et al. 2021). However,
naturally occurring azoles like L-carnosine and its methylated derivative anserine
have not been explored for their antifungal effects.

Carnosine (naturally occurring dipeptide β-alanyl-L-histidine), and anserine (-
β-alanyl-3-methy-L-histidine) are present in many human tissues including skeletal
muscles, heart, brain, lung, and kidney; it has an important role in alleviating
metabolic, cardiovascular, kidney, lung, and inflammatory diseases (Tanaka and
Kawahara 2020; Menini et al. 2020; Kilis-Pstrusinska 2020; Caruso et al. 2021;
Peters et al. 2020). Data from recent human intervention trials from worldwide have
proved the efficacy of carnosine and anserine (imidazole dipeptides) daily supple-
mentation in lowering the risk of developing Alzheimer disease and dementia, which
are enhanced due to lifestyle related diseases like diabetes, hyperlipidemia, and
hypertension (Masuoka et al. 2021). Carnosine is a common imidazole dipeptide
along with other known dipeptides like anserine, ophidine/balerine, homocarnosine,
acetyl-carnosine, and carnitine that have health benefits. It is available as an over-
the-counter food supplement, with remarkable antioxidative, anti-inflammatory, and
neuroprotective properties (Caruso et al. 2019). It has been suggested as a promising
nutraceutical for the prevention and treatment of diverse diseases. Several pilot
clinical trials with carnosine supplementation/intervention have demonstrated its
therapeutic potential with no prominent side effects. The presence of human serum
carnosinase in blood is a limitation to carnosine supplementation as it degrades
carnosine; however, anserine, which is a methylated carnosine analog, is more
resistant to carnosinase-mediated degradation. Hence L-carnosine/anserine combi-
nation strategy is believed to have more promising outcomes. Several double-blind,
placebo-controlled, randomized controlled trials have been reported with imidazole
dipeptide containing chicken derived foods (Szcześniak et al. 2014; Rokicki et al.
2015; Hisatsune et al. 2016; Katakura et al. 2017; Ding et al. 2018; Masuoka et al.
2019).

Importantly, carnosine has been suggested to have protective effects in COVID-
19 disease as it has proven anti-inflammatory effects particularly in the elderly, and it
has been shown to have inhibitory effects on SARS-CoV-2 entry receptor ACE2
(Hipkiss 2020; Saadah et al. 2020). Carnosine has been associated with antioxidant



and antiglycating effects (Aydın et al. 2017; Bingül et al. 2017; Wang-Eckhardt et al.
2020); unique pH buffering properties due to the imidazole ring (Smith 1938; Davey
1960); reduced infectivity of RNA viruses like Zika, Dengue, and influenza (Xu and
Wang 2015; Rothan et al. 2019); inhibitory action towards CD26/DPP4, a receptor
for SARS-CoV-2 (Gallego et al. 2014; Vahdatpour et al. 2019); metal chelating
effects including transition metals iron and zinc (Mozdzan et al. 2005; Hewlings and
Kalman 2020). Carnosine supplementation was shown to reduce the plasma soluble
transferrin receptor in healthy overweight or obese individuals in a pilot randomized
trial (Naderpoor et al. 2018). Iron is known to affect the clinical course of type
2 diabetes (T2DM) as accompanying increased intracellular accumulation of iron
may provide an alternative source for reactive oxygen species (ROS). L-carnosine
prevented toxicity of high glucose in a dose-dependent manner, during the FeCl3
challenge suggesting a protective effect mediated by chelation of iron (Zhang et al.
2016). Most notably, a recent study has demonstrated a remarkable role of diamino
benzimidazole compound in activating the viral-sensing pathway via acting as a
STING agonist that resulted in transient pro-inflammatory cytokine production and
lymphocyte activation in lungs and resulted in SARS-CoV-2 replication inhibition.
Intranasal administration was also found to be protective against SARS-CoV-2
infection (Humphries et al. 2021), encouraging the development of intranasal for-
mulations of imidazole compounds for airway infectious diseases. The diamino
benzimidazole compounds have been reported to possess potent STING activating
property, and enhanced tissue penetrance (Ramanjulu et al. 2018).
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12.1.7 Iron Metabolism and Homeostasis in Fungal
Infections

The iron-sensing fungal transcription factors are known to be dependent on iron-
sulfur cluster signaling, and iron-overload oxidative stress regulators/antioxidant
glutaredoxins also have a crucial place in relaying intracellular iron status to these
transcription factors as has been recently reported for Candida and Aspergillus
species (Gupta and Outten 2020), and iron deficiency is also linked to impairment
of translation mediated by Gcn2-eIF2α (Romero et al. 2020). Iron-dependent cell
death or ferroptosis had not been reported in any of the microbial system (bacteria,
archaea, fungi) up until recently when a study demonstrated ferroptosis in rice blast
fungusMagnaporthe oryzae, which was correlated to the associated virulence of the
fungus (Shen et al. 2020). The iron bioavailability in host–pathogen interactions is
integral to microbial pathogenesis; however, demonstration of ferroptosis in a
pathogenic fungus clearly reinforces the role of iron metabolism in fungal infections
(Shen and Naqvi 2021).
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12.1.7.1 Mitochondrial-Driven Iron Metabolism in Azole Drug
Resistance

Azoles are first-line antifungals employed in the clinic to inhibit fungal cell mem-
brane ergosterol synthesis by inhibiting cyp51A/Erg11; however, owing to their
fungistatic nature and extensive use there has been rapid and constant drug emer-
gence that calls for an urgent need to investigate the molecular mechanisms under-
lying pan-azole resistance that is intimately linked to fungal virulence. Azoles target
the mitochondrial cytochrome P450 enzyme Erg11; therefore, mitochondrial pro-
cesses and components are implicated in azole drug resistance. Moreover, mito-
chondria integrate multiple metabolic pathways including lipid metabolism, iron
metabolism and bioenergetics, and also cell wall synthesis (Thomas et al. 2013;
Dagley et al. 2011; Vincent et al. 2017; Long et al. 2016; Demuyser et al. 2017).
Disruption of mitochondrial functions relating to electron transport chain, calcium
homeostasis, mitochondrial transcription can result in azole drug resistance or
susceptibility in IFIs (Duvenage et al. 2019; Li et al. 2019; Bowyer et al. 2020;
Neubauer et al. 2015; Li et al. 2019; Xu et al. 2020a, b; Truong et al. 2019; Sturm
et al. 2020). The interconnection between mitochondrial function, cellular iron
homeostasis, and ergosterol biosynthesis has been suggested to determine azole
resistance (Song et al. 2020). Detailed mechanistic studies are warranted to delineate
the precise mechanism of mitochondrial involvement in azole resistance (Song et al.
2016; Horianopoulos and Kronstad 2019; Song et al. 2020). Recently, a mitochon-
drial citrate transporter (MCT) was proposed as a link between carbohydrate and
lipid metabolism, the expression and role of MCT has recently been reported in
Mucor circinelloides, which has high lipid accumulating propensity (Yang et al.
2022).

Azole agriculture fungicides like propiconazole, and tebuconazole work by
similar action mechanism as clinical azoles, thus facilitating environmental-selection
pressure for emergence of pan-azole resistance. The advancements in new classes of
antifungal drugs are also impeded by the close evolutionary relationship of fungi
with the human hosts and conservation of several potential druggable biochemical
pathways, which cannot be inhibited right away without prior understanding of the
molecular mechanisms of pathway intermediates that can have potential tractable
nodes nonconvergent with human hosts. The emerging high-resolution atomic
structures determined by X-ray crystallography and cryo-EM of mammalian ABC
transporters are being leveraged to recreate comparative structural models of mam-
malian ABCG and structurally conserved fungal PDRs (pleiotropic drug trans-
porters) to come up with new therapeutic catalytic targets in fungal PDRs to
prevent multidrug resistance in infectious diseases (Khunweeraphong and Kuchler
2021). Given the above challenges, primarily the azole resistance is persistently
chased with investigations for new azole drug candidates (Rosam et al. 2020; Han
et al. 2020; Shafiei et al. 2020; Ellsworth and Ostrosky-Zeichner 2020; Pagano et al.
2020; Nagy et al. 2021; Arai et al. 2021; Furukawa et al. 2020). The potential
antifungal and nonantifungal drugs with antifungal activities are being actively



explored and proposed for repurposing (Espinel-Ingroff et al. 2021; Peyclit et al.
2021; Arastehfar et al. 2020a, b, c). The drug development process for IFIs remains
largely expensive, and is inherently risky. These challenges declare an urgent need
for discovery of new antifungal drugs and encourage drug repurposing as alternative
approach to fungal control (Kim and Eom 2021).
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Antifungal combinations in Mucorales have also been recently proposed to
evaluate if combination therapy works better in unacceptably high mortality causing
mucormycosis infection. In patients with rhino-orbital cerebral mucormycosis with
underlying ketoacidosis, combination of caspofungin and polyene was synergistic,
adjuvant therapy with iron chelator deferasirox was unfavorable (Schwarz et al.
2019). Few fungal pathogens like Mucorales are inherently resistant to antifungals
and hence difficult to manage clinically, therefore, a new class of antifungals that
belong to antimicrobial peptides (AMPs) with fungal cell membrane, cell wall and
nucleic acid inhibiting properties have also been proposed (Buda De Cesare et al.
2020). Sumoylation is a post-translational modification that is becoming linked to
fungal virulence and hence represents another potential target (Gupta et al. 2020).
Above all, creative screening tools and out-of-the-box ideas aimed at increasing the
possibility of identifying potential first-in-class antifungals are highly encouraged
(Beattie and Krysan 2020).

12.1.8 Novel Azoles Targeting Host–Fungal Interactions
for Drug Repurposing in CAM

The understanding of molecular underpinnings behind fungi and human host con-
tinue to grow, however, further research endeavors are underway to fully explore the
fungal pathogenesis, (including the role of iron) to gather new insights to achieve
improved therapeutics (Paulovičová et al. 2019; Bruno et al. 2020; Badjatia et al.
2021; Ramos-Alonso et al. 2020; Barba-Aliaga et al. 2021; Duval et al. 2020;
Tripathi et al. 2020; Soliman et al. 2021; Chaturvedi and de Hoog 2020; Yan and
Khan 2021; O’Brien et al. 2020; Kozłowska et al. 2020; Forgács et al. 2020; Vianna
et al. 2020). Fungal pathogens infect and spread in the host by evading the host
immune evasion by shielding the immunomodulatory cell wall moieties; binding and
degrading host immune factors like complement or phagocytic lysosomes; detoxi-
fying host neutrophil generated oxidative stress by employing antioxidant arsenal of
glutathione reductase, thioredoxin, and super dismutases; and modulating the host
cell death pathways for benefitting infection (König et al. 2021; d’Enfert et al. 2021).
There is an increasing recognition of the regulated cell death pathways like apopto-
sis, pyroptosis (pro-inflammatory inflammasome), and necroptosis employed by the
pathogenic fungi to induce killing of the host cells and subvert the immune response
toward its survival (Williams et al. 2021). Amino acids are source of carbon and
nitrogen in fungal growth; however, the amino acid metabolic pathways are complex
and under extensive investigation to offer druggable nodes (Garbe and Vylkova



2019; Idrees et al. 2020). A sterol-response pathway mediated alkaline pH (abiotic
stress) survival in human lungs was recently reported in Cryptococcus neoformans
(Brown et al. 2020). Iron–sulfur cluster signaling are also highly implicated in fungal
pathogenesis in IFIs as iron homeostasis is central to fungal virulence (Gupta and
Outten 2020).
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12.1.8.1 Novelty of Repurposing L-Carnosine in Mucormycosis
and CAM

We propose a potential (yet completely unexplored) bilateral (antifungal and host-
directed) role of natural azoles L-carnosine/anserine with antidiabetic and anti-
COVID (host targeting) potential for repurposing in mucormycosis with and without
COVID-19 in type 2 diabetic patients (Fig. 12.1). The natural occurrence of
carnosine azoles in human hosts, and its iron-chelating features might reduce the
chances of drug resistance in fungi if it happens to have bilateral (antihost) and novel
potential antifungal (due to inherent imidazole ring) effects. Carnosine may exhibit
beneficial effects of mitigating ferroptosis, promote iron-homeostasis, and facilitate
management of COVID-19 and CAM due to its antidiabetic, anti-inflammatory,
antioxidant, and antichelating properties (Silva et al. 2021; García-Vidal et al. 2020;
Arastehfar et al. 2020a, b, c; White et al. 2021; Al-Hatmi et al. 2020; Antinori et al.
2020; Chowdhary et al. 2020; Mastrangelo et al. 2020; Heard et al. 2020; Moser
et al. 2021; Garg et al. 2021; Singh et al. 2022; Sharma et al. 2022). Novel synthetic
azoles are being investigated for their potential as antidiabetic drugs/ α-glucosidase
inhibitors (Sari et al. 2021). However, naturally occurring azoles with an inherent
imidazole ring like L-carnosine/anserine have not been explored for their antifungal
effects till date.

12.2 Section B: Current Use and Evidence
in Otolaryngology and Head and Neck Surgery (ENT)

12.2.1 Introduction

Repurposing an existing drug in drug research for an established and marketed drug
is a savior in difficult times, saving colossal time, energy, and finances for humanity
in solving impending clinical problems (Drug repurposing and repositioning: work-
shop summary 2014). The field of ENT has also seen similar management changes
and significant clinical discoveries with the help of the repurposing of existing drugs
for clinical scenarios (Choo et al. 2019). The specialty of otolaryngology and head
and neck surgery involves various subspecialties, encompassing clinical conditions
ranging from medical to surgical issues in infections, noninfectious benign condi-
tions, and various benign and malignant tumors. Drug repurposing has proven to be
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significant in multiple fields and is still investigational in many promising possible
solutions to different clinical challenges in the specialty.
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12.2.1.1 Sinonasal and Airway Diseases

Cimetidine is one of the most prominent examples of drug repurposing in ENT. It
was initially used and approved as an H2-receptor antagonist for acid peptic disease
and peptic ulcer (Brogden et al. 1978). Due to its antisecretory properties, it was later
considered for Zollinger–Ellison syndrome in high doses (Malagelada and Cortot
1978; Johnston and Wright 1990). This high dose therapy showed immunomodula-
tory properties of cimetidine (Ershler et al. 1983; Sahasrabudhe et al. 1987; Kumar
1990; Jafarzadeh et al. 2019) leading to the repurposing of cimetidine for various
other conditions such as hypogammaglobulinemia (White and Ballow 1985), ery-
thema multiforme prevention (Kurkcuoglu et al. 1993), Herpes zoster (Miller et al.
1989; Komlos et al. 1994), psoriasis (Stashower et al. 1993; Urrea et al. 1995),
different recalcitrant viral warts in adults (Glass and Solomon 1996), and children
(Saenz-Santamaria and Gilaberte 1997; Das et al. 2018). Their potential role in warts
led to further repurposing of the drug in cases of Juvenile onset recurrent respiratory
papillomatosis (JORRP or RRP) (Harcourt et al. 1999), a condition caused by
respiratory region (larynx–trachea–bronchi) papillomatosis caused by HPV 6 and
11 types, proving as a promising therapy in recalcitrant JORRP. Similarly, due to the
immune-modulatory properties, cimetidine was repurposed as adjuvant therapy for
PFAPA (periodic fever, aphthous stomatitis, pharyngitis, and cervical adenitis)
syndrome (Peridis et al. 2010) along with steroids and adenotonsillectomy, a syn-
drome initially described by Marshall et al. (Marshall et al. 1987). Levamisole, the
levorotatory isomer of tetramisole (hydrochloride of 2,3,5,6-tetrahydro-6-
phenylimidazo(2,1-b)thiazole), was used as an anthelminthic for ascariasis (Lionel
et al. 1969). Later, immunomodulatory properties of Levamisole were identified
with a possible proposed role in chronic infective or noninfective inflammatory
disease and malignancies (Sampson and Lui 1976; Brunner and Muscoplat 1980)
leading to the use of Levamisole in various dermatological conditions such as
collagen vascular diseases, inflammatory skin diseases and leprosy (Scheinfeld
et al. 2004), along with cimetidine in recalcitrant warts where the combination
therapy was found to be more effective than cimetidine monotherapy (Parsad et al.
2001); and also in otolaryngology for the chronic mucosal manifestations (ulcers) of
dermatological diseases such as lichen planus, erythema multiforme, and aphthous
ulcers of the mouth where the addition of Levamisole to prednisolone had signifi-
cantly better outcomes compared to prednisolone alone (Lu et al. 1998; Sharda et al.
2014). Similarly, other drugs primarily discovered as gastroprotective agents in
peptic ulcer disease such as Irsoglandine (Nanke et al. 2008) and Rebamipide
(Parvathi Devi et al. 2014) are also repurposed in chronic aphthous stomatitis with
or without Behcet’s disease. It has also been repurposed to prevent recurrent upper
respiratory tract infections in children (Van Eygen et al. 1976) and for recurrent
respiratory papillomatosis (Dubreuil et al. 1979; Schouten et al. 1981). Levamisole



has also been tried in various non ENT diseases like rheumatic diseases (Rosenthal
1978; Scheinberg et al. 1978; Rabson et al. 1980), colorectal carcinoma (Grem
1990), and most recently in COVID-19 infections for patients presenting with
diarrhea (Uyaroglu et al. 2020) and as an immunomodulator to reduce cough and
dyspnea (Roostaei Firozabad et al. 2021). However, Levamisole is not a harmless
drug and can cause vasculitis and consequent necrosis of the skin of the ear and nose,
too (George et al. 2019). Levamisole-adulterated cocaine has been shown to cause
severe necrosis of the nose, ears and extremities (Lawrence et al. 2014). Hence, it is
currently in practice only for veterinary practice as an anthelminthic (Maichomo
et al. 2020).
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Recent high-throughput analyses have identified possible drugs which can be
repurposed for recurrent respiratory papillomatosis where drugs such as
Panobinostat (histone deacetylase inhibitor(HDAC) used for multiple myeloma),
Dinaciclib (CDK2, CDK5, CDK1, and CDK9 inhibitor), and Forskolin (ubiquitous
activator of eukaryotic adenylyl cyclase approved for glaucoma) are found to be
eligible for promising repurposing in RRP (Alkhilaiwi et al. 2019) to prevent and
delay recurrences.

Mitomycin was discovered in 1956 as an antibiotic from Streptomyces
caespitosus (Hata et al. 1956). However, due to its later discovered DNA
crosslinking property (Iyer and Szybalski 1964; Tomasz and Palom 1997) and
consequent double-strand breaks and apoptosis, it has been repurposed as an anti-
neoplastic agent in various cancers such as esophageal cancers (Coia 1993), non–
small-cell lung cancers (Luo et al. 2020), anal cancers (Glynne-Jones and Rao 2017),
breast cancers (Navarro et al. 1989; Aarts et al. 2019; Varshosaz et al. 2019), cervical
cancers (Al-Otaibi et al. 2018), and urothelial cancers (Dreicer 2020; Kleinmann
et al. 2020). Furthermore, the antifibrotic properties of Mitomycin were discovered,
which also resulted in the inhibition of proliferation of human T31 tracheal scar
fibroblasts in vitro (Li et al. 2004). This antifibrotic property has significantly
impacted otolaryngologic practice and led to the established use of Mitomycin c in
laryngotracheal (airway) stenosis (Senders 2004; Ubell et al. 2006; Chen and Zhang
2013) and esophageal strictures (Machida et al. 2012; Bartel et al. 2016). However,
there exists contrasting opinion regarding such antifibrotic use of Mitomycin for
preventing airway stenosis (Roh et al. 2006; Gangar and Bent 2014). Vitamin D has
been proven to have immunomodulatory action in preventing recurrent respiratory
tract infection in children (Esposito and Lelii 2015).

12.2.1.2 Diseases of the EAR

Vitamin D is an essential micronutrient prescribed for various deficiency disorders
and calcium and phosphate metabolism disorders. However, later discovered
immune-modulatory activities (Di Rosa et al. 2012) have helped repurpose vitamin
D for multiple indications. With the development of concepts of origin pf BPPV
which cited various causes like decreased bone mineral density, estrogen deficiency,
and lower serum vitamin D levels (Jeong et al. 2013; Jeong and Kim 2019), vitamin



D was repurposed (Buki et al. 2013) to prevent and alleviate symptoms of BPPV
(Parham et al. 2013; Talaat et al. 2016) and has shown moderate results in reducing
recurrences and symptoms (Jeong et al. 2020). On similar grounds and considering
post viral etiology, vitamin D is being repurposed for Meniere’s disease (Buki et al.
2018; Bakhshaee et al. 2022). For the combination of Meniere’s disease and BPPV,
gentamycin has also been repurposed with canal positioning man oeuvres but could
produce moderate results only (Perez et al. 2002). Danhong, a Chinese traditional
medicine, has also been repurposed for BPPV due to the properties of vasodilation
and improvement of microcirculation, resulting in improvement in residual dizziness
(Deng et al. 2014).
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Similarly, progression of hearing loss, especially in cases of early onset age
induced hearing loss, is a challenge in the field of otology. The key to the solution
for the same is being observed with significantly slow progression of hearing loss
seen in the elderly population among patients who are on hypolipidemic therapy
(Choo et al. 2019) guiding future possibilities of role of hypolipidemic drugs in
hearing preservation. Promising results have been seen with the use of systemic
bisphosphonates in sensorineural hearing loss, where synaptic regeneration has been
observed in mice with noise-induced loss of glutaminergic spiral ganglion synapses
after 24 h of the administration of the drug (Seist et al. 2020), which can lead to
repurposing of bisphosphonates for sensorineural hearing loss in future. For vestib-
ular schwannomas where the surgery is challenging and always has the risk of facial
nerve palsy associated with surgery. Currently, it is proposed that immunohisto-
chemistry expression of COX-2 correlates with the growth of vestibular
schwannomas, and hence nonsteroidal anti-inflammatory drugs can be repurposed
as cytostatic for vestibular schwannomas (Dilwali et al. 2015; Kandathil et al. 2016;
Behling et al. 2019). However, the meta-analysis by Ignacio et al. in 2021 implies
that current clinical evidence is not sufficient (Ignacio et al. 2021) to form practice
recommendations. Mifepristone, an antagonist of glucocorticoid and progesterone
receptors, has also been shown to adversely affect the morphology, metabolic
activity, and proliferation of primary human vestibular schwannoma cells and
HEI-193 human schwannoma cells (Sagers et al. 2018). This fact can be used in
the future for repurposing of mifepristone to manage vestibular schwannomas.

The most common ear disease being chronic suppurative otitis media (CSOM)
and cholesteatoma formation being a prominent reason of CSOM, its management
has always intrigued the otologists. The primary management of cholesteatoma is
surgery; however, there are reports of complete spontaneous resolution of
cholesteatoma with Infliximab (Chao et al. 2019), an antibody against TNF-alpha,
primarily used for chronic inflammatory conditions. Hence, medical management of
cholesteatoma can be a possibility too with the repurposing of such anticytokine
drugs, though they come with associated side effects (Lichtenstein et al. 2015;
Hemperly and Vande Casteele 2018).
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12.2.1.3 Diseases of Head and Neck

Head and neck cancers and their management are significant for ENT physicians and
surgeons as head and neck cancers constitute the most common cancer in males and
the third most common in females in the southeast Asia region and India (Bray et al.
2018; Bakshi et al. 2020). Various drugs have been repurposed for the management
of head and neck cancers to address the disease process. Currently, almost 335 mol-
ecules are being explored for repurposing in cancers of various types and sites (Pfab
et al. 2021); however, those with a proposed role in head and neck cancers are
significant in the current context.

Antimalarial drug artesunate is being explored in head and neck cancers due to
the properties of induction of cell death and apoptosis via increased reactive oxygen
species (ROS) and decreased Glutathione (GSH) (Roh et al. 2017). Artesunate in cell
cultures and in vivo xenograft models have shown to effectively inhibit phosphor-
ylation of proteins Akt, mTOR, and 4EBP1 in the Akt/mTOR pathway and to induce
mitochondrial dysfunction by inhibiting mitochondrial resulting in oxidative stress
via increasing levels of mitochondrial superoxide and cellular reactive oxygen
species (ROS) leading to decreased ATP levels (Li et al. 2017). Other similar agents
repurposed to induce ferroptosis include sulfasalazine and sorafenib (Xie et al.
2016). Hence repurposing is being explored in an oral cancer cell line (YD-10B)
(Nam et al. 2007) and nasopharyngeal cancer (NPC) cell lines (C666-1, HONE-1,
HK1, HNE1, CNE2 cultured in RPMI-1640 medium) (Li et al. 2017). Similar
findings of Akt/mTOR inhibition in nasopharyngeal cell lines also produced by
capsaicin (Lin et al. 2017), sodium butyrate (Huang et al. 2019), and chloroform
extract from Sophora tonkinensis Gagnep (ShuoWang et al. 2021). In future, these
molecules and strategies of Akt/mTOR inhibition might be repurposed for clinical
use for effective management. Antiviral ribavirin, an FDA-approved antiviral for
Hepatitis C, has shown to decrease cellular proliferation, migration, and invasion;
and promote cell-cycle arrest and cell death in nasopharyngeal cancer cell lines by
modulation of various proteins such as EZH2, Snail, eIF4E, IMPDH, mTOR, and
cyclin D1 with replication of similar results in NPC xenograft models (Huq et al.
2020). Anthelminthic drug albendazole showed significant activity against 13 out of
14 HPV negative head and cancer lines, with an average IC50 of 152 nM by causing
apoptosis, cell migration inhibition, G2/M phase arrest and altered tubulin distribu-
tion, though the responses were not that significant in HPV positive head and neck
cancer cell lines (Ghasemi et al. 2017).

Antidiabetic drug metformin has shown better survival in hypopharyngeal can-
cers patients in a retrospective cohort study based on its role in the regulation of
p38/JNK pathway to reduce Cyclin D1 and Bcl-2 and activation of AMPKα and
MEK/ERK to phosphorylate p27 (Thr198) and inhibit mTOR phosphorylation
leading to G1 cell cycle arrest, apoptosis, and autophagy in cancer cell lines of
FaDu (ATCC HTB-43) (Tsou et al. 2021). The lipid-lowering agent fenofibrate
suppressed tumorigenesis in oral cancer cells through downregulation of mTOR
activity via TSC1/2-dependent signaling via either activation of AMPK and
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inactivation of Akt or TSC1/2-independent pathway through direct suppression of
raptor; and decreased incidence of tongue lesions, tumor size, multiplicity, and the
immunoreactivities of VDAC and mTOR in oral cancer mouse models showing its
future possible promising role in oral cancers (Jan et al. 2016). Other lipid-lowering
agents such as statins have shown both individual and synergistic antitumor activity
along with cisplatin in head and neck cancer cells and murine models through
increased calreticulin exposure and endoplasmic reticulum stress signals, and acti-
vation of antigen-presenting cell (APC)s and tumor-specific CD8+ T cells (Kwon
et al. 2021). Proton pump inhibitor esomeprazole has shown inhibition of tumor
growth and dose-dependent enhancement of cellular killing by ionizing radiation in
both wild-type and p53-mutant radioresistant cancer cells in mouse models of
HNSCC and cell arrest in G1 phase in head and neck cancer cell lines by
upregulation of p21 and inhibition of cyclin-dependent kinase(Cdk) types
1 (Cdk1) and 2 (Cdk2) (Hebert et al. 2021). There has been significant work in
drug repurposing in ENT and head and neck diseases; however, most of the work has
been done at the preclinical level in vitro in cells and in vivo in animal models.
Hence, there are greater possibilities in the field for finding clinical solutions in ENT
and head and neck diseases in the future.
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Chapter 13
Repurposing of Immunomodulators
for the Treatment of Cancer with QSAR
Approaches

Rajiv K. Tonk, Vivek Yadav, and Ramesh K. Goyal

Abstract Natural products with immunomodulatory activity are widely used to
treat many diseases, including autoimmune diseases, inflammatory disorders and
other cancer treatments. Over the last decades, the immunomodulators agent
increased their interest as the therapeutic agents against various conditions, including
cancer diseases. Furthermore, they also provide inexpensive and less toxic extracts
from the plants compared to other chemical poisonous chemotherapy and radiother-
apy types of treatment. The advances in the computational field technology, methods
such as QSAR studies, docking and receptor–drug interaction, provide better-
promising drug repurposed options for cancer treatment with lesser side effects.
The CADD studies enhance the repurposed drug uses with the detailed insight into
biological mechanism understanding through the binding and interaction role with
the natural target, which results in improved outcomes therapeutically. We have
described the immunomodulatory mechanism associated with the cancer treatment
involving the cytokines, adjuvants, checkpoints, and agonists and hypothesized
restricting tumour development by interrupting the tumour cell cycle and promoting
apoptosis. Among several therapeutic classes, immunomodulators have become a
hot new area of research in oncology that is erupting with the activity, which is the
main focus of this chapter.

Keywords QSAR · Chemotherapy · Repurposing · Immunomodulator

13.1 Introduction

The multiplication and development of abnormal or undesired cells causes a dan-
gerous disease, i.e. cancer. Chemotherapy, radiotherapy, photodynamic therapy
(PDT) and active immunotherapy comes among the most well-known therapies
used for the treatment of various types of cancer. However, they had limited success
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due to their destructive effect not only on cancer cells but also on surrounding
normal cells, as well as severe side effects and immunosuppressive activity. During
the last decades, there is an increasing interest towards the recent advancement
techniques like computational methods involving QSAR studies, docking, receptor–
drug interaction to provide better promising drug for the cancer treatment with lesser
side effects. The main problem associated with the cancer treatment is the adverse
side effects towards neighbouring cells and associated organs. The CADD study
might be useful in the future for building more effective and safe anticancer
medications by reducing unwanted effects and increasing therapeutic efficacy.
This chapter deals with the anticancer properties of immunomodulator drugs,
which are suppressive or promote immune system utilizing QSAR techniques.
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13.2 Immunotherapy as Anticancer

Immunomodulator drugs are a form of immunotherapy that boosts the immune
system’s ability to fight cancer. The mechanism of immunotherapy as an anticancer
treatment is vague; however, natural immunomodulators are hypothesized to be able
to restrict tumour development by interrupting the tumour cell cycle and promoting
apoptosis (shown in Fig. 13.1). Moreover, the biological immune modulator drugs,
cytokines and bacterial-induced derivatives like BCG and other natural products are
involved in the treatment approaches. Interferons (INFs) and interleukins (ILs),
produced by white blood cells, play a crucial part in our body’s regular immune
responses as well as the immune system’s capacity to respond to cancer cells.

Fig. 13.1 Immunotherapy mechanism



Interferon, also known as INF-alfa, improves the immune response to cancer cells by
enabling particular white blood cells, such as natural killer cells and dendritic cells.

13 Repurposing of Immunomodulators for the Treatment of Cancer with. . . 285

Fig. 13.2 A typical classification of immunomodulators

Hematopoietic growth factors (HGFs) are cytokines that encourage the formation
of blood cells that have been damaged by chemotherapy, therefore minimizing the
side effects of cancer treatment. Erythropoietin, which improves red blood cell
synthesis, IL-2, which increases platelet formation, and Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor
(G-CSF), both of which enhance white blood cell production and hence reduce
infections. G-CSF and GM-CSF can boost the immune system’s anticancer response
by boosting the number of cancer-fighting T cells. The Bacillus–Calmette–Guerin
(BCG) is used to treat bladder cancer through stimulating an immune response
against cancer cells when injected into the bladder with a catheter (Fig. 13.2).

13.3 Prospects for Repurposing Drugs for Cancer
Treatment

In light of the numerous linked elements that contribute to the failure of cancer
treatment, drug repurposing is a viable method. Repurposed drugs for cancer can
expedite the first phases of drug development as tolerability studies and



pharmacokinetic/pharmacodynamic (PK/PD) screening have been undertaken dur-
ing assessment for other medical disorders (Lee and Bhakta 2021). Repurposing is
extremely desirable in view of the narrowing new therapeutic development pipeline
due to the potential for lower financial expenditures and speedier implementations of
novel treatment regimens.
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The earliest successful examples of drug repurposing were mostly the product of
chance discoveries, but systematic methodologies for identifying non-oncology
pharmaceuticals with the possibility for repositioning in cancer therapy evolved
(De Lellis et al. 2021; Pushpakom et al. 2018; Zhang et al. 2020). Such methodol-
ogies can be classified as: computational and experimental techniques (Shim and Liu
2014). The former technique makes use of high-throughput studies in conjunction
with bioinformatics methods (such as pathway/network mapping, QSAR, signature
matching, molecular docking, pharmacophore) or it makes use of patients’ electronic
health records (EHRs) through systematic evaluation, for example retrospective
clinical analyses. The latter is more activity-based and utilizes binding assays
(such as proteomics and chemical genetic approaches) to look for relevant interac-
tions between new targets and known drugs, or cell-based phenotypic testing based
on the choice of prevalent phenotypic criteria (such as proliferation, exosome
biogenesis modulation, cell cycle profiling) without previous understanding of the
target influence.

A number of drugs used in non-oncology treatments have been effectively
repurposed for use in cancer treatment at the present time. Doctors used to prescribe
pregnant women thalidomide, which was supposed to help them get over their
morning sickness, but it was taken off the market because it had bad effects on
babies. Then, it was discovered that erythema nodosum leprosum (ENL) could be
used for the treatment. In 2006, it was approved as a first-line treatment for elderly
patients with advanced multiple myeloma who was also taking melphalan and
prednisone (Palumbo et al. 2006). Similarly, the beta-blocker propranolol was
widely used off-label to treat infantile haemangiomas (IHs) until being approved
by the FDA in 2014 as a novel oral paediatric composition for IH therapy. Another
example is raloxifene, a selective oestrogen receptor modulator (SERM) that was
initially recommended to treat postmenopausal women’s osteoporosis. This medi-
cine was effectively repurposed and approved by the FDA in 2007 to treat postmen-
opausal women with ER+/PR+ advanced breast cancer after retrospective analyses
of clinical trial data (Aggarwal et al. 2021). Compounds of the artemisinin (ARS)
class have superior antimalarial activity with few adverse effects and drug resistance
(Efferth and Oesch 2021). Additionally, it has been shown that ARS and its
derivatives function in vitro and in vivo against a variety of tumour types, including
acute leukaemia. As a result, ARS-type chemicals may be ideal for leukaemia
therapeutic repurposing.

These instances show that developing, commercializing, and clinically accepting
low-cost non-oncology drugs for cancer treatment represents a considerable possi-
bility, particularly for difficult-to-treat, uncommon cancers. Among several classes
of therapeutics, immunomodulators have now become a hot new area of research in



the field of oncology that are erupting with activity which is the main focus of this
chapter.
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13.4 Natural Derivatives as a Source of Immunomodulator

Natural products such as plants include bioactive chemicals that have anticancer and
immunomodulatory properties while posing little danger of cytotoxicity and adverse
effects. The natural plants showed potential role as anticancer through
immunomodulation such as boswilic acid, phyllanthus, mushroom and other natural
products.

13.4.1 Maslinic Acid

A field-based 3D-QSAR model which is a virtual screening tool utilized for the
identification of anticancer agents, with the goal of reducing the number of clinical
trials required for the drug development process. This 3D-QSAR model defined
molecular information and structure-activity areas like average shape, hydrophobic
regions and electrostatic patterns to virtually screen potential analogues for the
triterpene maslinic acid and its analogues. P-902 was shown to be a good maslinic
acid analogue, and it has cytotoxic/anticancer action against the MCF7 breast cancer
cell line (Alam and Khan 2017) (Fig. 13.3).

The red colour circle denotes electrostatic field spots that are responsible for the
expected activity drop. The purple colour triangles represent steric field points that
regulate the projected activity rise, whereas the blue colour squares represent
electrostatic field points that control the predicted activity increase.
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Fig. 13.3 Molecular SAR mechanisms of maslinic acid derivatives, which show how different
shapes of fields contribute to their predicted activity (Alam and Khan 2017)

13.4.2 Mushroom Species

Numerous mushroom species, edible and toxic, have bioactive chemicals that are
beneficial to human health are used as immunomodulator. Two critical chemicals are
found in mushroom cell walls: chitin and β-glucans. Among them, β-glucans
(1 → 3), (1 → 4), and (1 → 6) contribute to the mushroom’s importance in terms
of health and therapy of various ailments. It has been discovered that more than
50 mushroom species contain potential immunotherapeutics that exhibit immuno-
modulatory and anticancer effects in vitro and animal models, as well as in human
tumours. They activate lymphocytes, natural killer cells and macrophages; increase
cytokine production; reduce cancer cell growth; boost apoptosis and limit angiogen-
esis, in addition to being cytotoxic to cancer. The mushrooms have been linked to the
therapy of a variety of cancers, including breast, colon, cervical, skin, liver, ovarian,
bladder, prostate, gastric, skin, lung, leukaemia and stomach cancers, among others.
The activities of mushroom constituents result in the death of cancer cells, the arrest
of the cell cycle, and the prevention of angiogenesis and metastasis (Ayeka 2018)
(Table 13.1).

13.4.3 Curcumin

Curcumin is a polyphenol derived from the rhizomes of the turmeric plant, Curcuma
longa, that possesses anti-inflammatory and anticancer activities. Curcumin is found
in high concentrations in turmeric. Curcumin exerts anticancer activity through
regulating a variety of immune modulators, including cytokines, cyclooxygenase-2
(COX-2) and reactive oxygen species (ROS). Additionally, it is involved in the
downregulation of growth factors, protein kinases, oncogenic molecules and a
variety of signalling pathways, including nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-B), c-Jun N-terminal kinase (JNK) and signal transducer
and activator of transcription 3 (STAT3) signalling.

Curcumin binds directly to ROS scavengers, perhaps slowing cancer growth and
metastasis. NF-B regulates and controls the expression of cytokines and interferons.
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Both inflammation and cancer progression share these proteins. Curcumin inhibits
the NF-B-dependent pathway, causing tumour suppression and death. Cytokines are
immune system regulators that affect leucocyte proliferation, survival, differentia-
tion, and death. Curcumin inhibits the interaction of nuclear proteins to interleukins
or interferons, reducing the expression of pro-inflammatory cytokines (Giordano and
Tommonaro 2019).
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13.4.4 Piperine

Piperine’s immunomodulatory potential has been demonstrated and it is reported
that incubation of tumour cell lines with 5-fluorouracil (5-FU) inhibited the growth
as measured by decreased IC50 values for 5-FU. Combined usage of piperine and
5-FU reduced leucopenia, indicating better immunocompetence limited by 5-FU.
According to Bernardo and co-workers, piperine inhibits the proliferative response
induced by lipopolysaccharide (LPS) and immunoglobulin—IgM antibody in vitro
(Sunila and Kuttan 2004).

13.4.5 Cardamom (Elettaria Cardamomum)

Cardamom is a spice manufactured from the seeds of plants in the Zingiberaceae
family, Elettaria and Amomum. Cardamom aqueous extracts greatly increase
splenocyte proliferation in a dose-dependent, synergistic manner. Cardamom
increases and decreases splenocyte T helper 1 (Th1) cytokine output in enzyme-
linked immunosorbent assays. Cardamom, on the other hand, significantly reduces
and increases splenocyte Th2 cytokine secretion. Cardamom extracts dramatically
increase the cytotoxic activity of natural killer cells, indicating possible anticancer
properties (Majdalawieh and Carr 2010).

13.4.6 Gingerol

It is derived from Zingiber officinalis (ginger) and has antioxidant, anti-
inflammatory, antiangiogenesis and antiproliferative effects (Mohamed et al. 2017).

13.4.7 Adriamycin

There are many malignancies that can be treated with Adriamycin. This drug is also
used to treat non-Hodgkin lymphoma and certain leukaemias. The



immunomodulatory effects that could be used therapeutically include stimulating
macrophages, which may stimulate T cells, and inhibiting T suppressor cells. It’s
worth noting that when the treatment generates macrophages, perhaps M-1 macro-
phages, this appears to result in tumour suppression, in contrast to the macrophage-
and inflammation-induced tumour-promoting effects frequently established with M2
macrophages under various settings (Mihich 2007).

292 R. K. Tonk et al.

13.4.8 Imide Drugs

They are chemotherapeutic agents that inhibit molecular pathways involved in
tumour formation and secondary spread. The most well-known member is thalido-
mide. Thalidomide is a sedative and antinausea medication. The FDA has
repurposed thalidomide twice. It was first approved in 1998 for leprosy treatment
and then in 2006 for MM therapy. The amino group on the phthaloyl ring of
lenalidomide and pomalidomide was added to thalidomide to boost anticancer
effectiveness and efficacy while reducing negative effects. Their anticancer activity
has been linked to several pathways (Dinić et al. 2020). Thalidomide and its
derivatives compete with CD147 and MCT1 for CRBN binding, allowing them to
exert a wide range of anticancer properties. Thorazine appears to have mechanisms
underpinning immunomodulatory, antiproliferative and antiangiogenic effects, and
CRBN appears to play an important role in all of these activities. Thalidomide was
initially investigated as a potential anticancer drug because of its putative
antiangiogenic properties.

QSAR of Thalidomide: Thalidomide and its derivatives have showed therapeu-
tics ability to inhibit angiogenesis for suppression of the tumour cell growth. Leeper
E.R. et al. have used a series of 39 compounds based on its metabolites to generate a
3D QSAR study utilizing the CoMFA and CoMSIA methods. Both models have
provided useful insights into the structural requirements for activity of thalidomide
analogues as angiogenesis inhibitors. The compound 6 displays the best inhibition
activity due to (a) presence of glutarimide ring, (b) presence of hydrophobic amino
acids in the receptor around the bulky group, (c) presence of positive and negative
charged groups on the ligand and (d) presence of hydrogen bond acceptor on
receptor near the positively charged group (Fig. 13.4). Thus, based on such features
further molecules can be optimized with improved inhibition activity.

Thalidomide is reported to be a multi-target drug where its activities are reported
as inhibition of peptidases, glucosidases, androgen receptors, COX, TNF-alpha,
NF-kB, etc. (PMID: 25942060, 18389516). Additionally, SAR investigations dem-
onstrated that phthalimide is a critical pharmacophore fragment, with
N-phenylphthalimides of particular interest due to their inhibitory activity against
TNF-alpha, COX, and tubulins. Typically, they have been used in the development
of anti-inflammatory, immunomodulatory, antiangiogenic and anticancer therapeu-
tic candidates. Cardoso et al. worked on novel phthalimide derivatives with antican-
cer and immunomodulatory activities in order to investigate molecular hybridization



and bioisoterism techniques between the thalidomide, thiosemicarbazone,
thiazolidinone and thiazole derivatives. They evaluated that the immunosuppressive
and antiproliferative efficacy results against TNFa, IFNg, IL-2 and IL-6 production
(Fig. 13.5). Their compounds show potential inhibition activity in both in-vitro and
in-silico studies as they show high cytotoxicity levels in human cancer cell lines,
with more affinity towards IKKbeta protein.
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Fig. 13.4 A pictorial representation of Thalidomide derivative, compound 6 with predicted
structure activity correlations from CoMFA and CoMSIA methods

Imiquimod—(TLR-7 agonist, immune response modifier) Imiquimod (Aldara,
R-837, S-26308) is a low-molecular-weight molecule that belongs to a novel class of
chemicals known as imidazoquinolinamines. It has been demonstrated to have
immune response modulating capabilities both in vitro and in vivo, as well as
antiviral and antitumour action through the synthesis of endogenous cytokines in
the body. IFN-, interleukin (IL)-1, interleukin (IL)-6 and tumour necrosis factor-
alpha (TNF-alpha) mRNA levels in cell lysates and/or cytokine levels in superna-
tants of nonhuman or human monocytes treated with imiquimod have been reported
in in vitro studies using nonhuman or human monocytes treated with imiquimod
(TNF). It was shown that the IFN-fold induction was larger than that of other
cytokines when compared to LPS or viral stimulation (Chi et al. 2017).

13.4.9 Metformin

Metformin is a medication that is used to treat type 2 diabetes. Since 2005, when it
was initially reported to reduce the incidence of cancer in diabetics, a vast number of
preclinical and clinical studies have highlighted its potential function as a preventa-
tive and adjuvant therapy for a wide range of cancers. Currently, there is no
FDA-approved treatment for this condition.

As previously stated, the immune system plays a significant role in the prevention
and control of cancer, as well as in the interaction with metabolic and inflammatory
pathways. Metformin, like other cancer immunostimulants, acts in a multifaceted



manner to bolster immunity against cancer, affecting almost every aspect of the
immune system, particularly in relation to cancer immunity. Metformin enhances
CD8+ T lymphocytes and recovers them from depletion. These cells can grow and
change into effector cytotoxic T lymphocytes (CTL) that target malignancy. Rescue
of tired CD8+ T cells has been demonstrated in leukaemia, melanoma, renal cell,
NSCLC, gastrointestinal and breast cancers in vitro. Also, metformin-induced
AMPK activation enhances immunological checkpoint programmed death ligand
1 (PD-L1) degradation, allowing CTL-mediated tumour cell killing. Metformin can
also boost local and systemic cytokine responses to malignancies (Chang 2021).
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Fig. 13.5 A pictorial representation of phthalamides with dual immunomodulatory and
antiproliferative activities

13.4.9.1 QSAR Approaches

Bioactivity and three-dimensional (3D) structure of molecules are linked in SAR
research. Once a hit’s structure is known, its biological effects are predicted using



data from other similar drugs. Molecular structure can influence physical and
biological qualities. Binding site interactions are identified using computational
chemistry and molecular modelling technologies. SAR is vital in drug discovery
and development. It is used to discover new compounds and assess the health risks of
existing ones. For example, SAR analysis can identify which chemical groups are
crucial in evoking an organism’s desired activity. This allows for logical modifica-
tion of a bioactive compound’s action or potency by adding or removing chemical
groups (SAR n.d.). The most sensitive toxicological endpoints like carcinogenicity
or cardiotoxicity may be used in risk assessment.
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Fig. 13.6 A general workflow of 3D-QSAR

A subset of SAR, the quantitative SAR (QSAR) model, is used to estimate the
activity of molecules by linking a collection of ‘predictor’ factors to the response
variable’s potency. Rather than simply labelling structures as ‘active’ or ‘inactive’,
this novel approach enables researchers to foresee their biological activity or
potency. An approach for predicting the physical and biological characteristics of
tiny molecules is known as QSAR (quantitative structure–activity relationship). The
three pillars that QSAR is built on are biological data, chemical understanding and
modelling techniques. QSAR is the end product of computer processes that begin
with a sufficient description of molecular structure and conclude with inferences,
hypotheses and predictions about the behaviour of molecules in the environmental,
physicochemical and biological systems under investigation. QSAR computations
result in a collection of mathematical equations that link chemical structure to
biological activity. The general workflow of this approach is depicted in Fig. 13.6.
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3D QSAR is defined as the method in which the three-dimensional properties of a
molecule are considered as a whole rather than by considering individual substitu-
ents or moieties. The 3D QSAR philosophy is based on the assumption that the most
important features about a molecular if these features can be defined, then it is
possible to study how they affect biological properties. There are several approaches
to 3D QSAR but the most important ascendancy gained by CoMFA (comparative
molecules field analysis), due to its overall size and shape and its electronic prop-
erties (Patrick 2011). The various 3D-QSAR methods used for the chemometric
techniques are comparative molecular field analysis (CoMFA), comparative molec-
ular similarity indices analysis (COMSIA), comparative molecular movement anal-
ysis (COMMA), adaptation of field for molecular comparison (AFMoC), genetically
evolved receptor models GERM) and self-organizing molecular field analysis
(SoMFA).
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Chapter 14
Reverse Translational Approach
in Repurposing of Drugs for Anticancer
Therapy

Geeta Aggarwal, Pankaj Musyuni, Bharti Mangla, and Ramesh K. Goyal

Abstract Cancer treatment costs are rising due to high expense of clinical trials and
a low success rate of around 12%. This necessitates cost-effective and safe antican-
cer medications. Repurposing of existing drugs may be beneficial in alleviating
current medicine scarcity issues in anticancer therapy. It is conceivable to expedite
the drug repurposing process by utilising non-oncology therapies, which account for
the vast majority of treatments. Drug repurposing is the notable example of reverse
translation, wherein patients’ ‘real-life’ experiences in a clinical trial are reverse
translated in order to determine the molecular roots of these experiences and other
examination manifestations. The Food & Drug Administration, the World Health
Organization’s list of essential medications and the National Institutes of Health
have endorsed this concept. Repurposing, according to on-going research in this
field, could lead to the discovery of new anticancer drugs. Throughout this chapter,
an overview of drug repositioning for anticancer applications, with a specific
emphasis on activity-based drug repositioning of non-cancer medicines is provided.
Several effective case studies of drug repurposing based on reverse translational
research and their strategies have also been reviewed.

Keywords Reverse translational research · Drug repurposing · Anticancer drugs ·
Drug discovery · Precision medicine · Innovation

14.1 Introduction

Cancer has long been cited as a significant global health concern. It is a deadly
disease that is the second largest cause of mortality in the world. Cancer is defined by
the National Cancer Institute (NCI) as a spectrum of illnesses in which abnormal
cells divide and spread to surrounding tissue (National Cancer Institute (NCI) 2021).
As per the World Health Organization (WHO), cancer is expected to kill one out of
every six individuals in the world each year. The survey found that over 9.6 million
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individuals died from cancer every year from 2018. The American Cancer Society
predicted more than 18 lakh new cancer cases and 6 lakh cancer in 2020. Every day
in the United States, more than 5000 new cases and 1600 deaths are reported (World
Health Organization (WHO) 2021).
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Cancer is treated with surgery and other therapies such as targeted radiation,
hormone therapy, stem cell transplant, immunotherapy, cytotoxic chemotherapy and
precision medicine. Treatment options are usually determined by the stage of cancer
and progression rate. Resistance to medications, whether traditional chemotherapeu-
tic agents or innovative targeted drugs, is a hurdle and a key challenge in cancer
therapies, despite multiple attempts. The mode of action of numerous anticancer
chemotherapeutic agents is geared toward direct DNA damage, resulting in
non-specificity and increased toxicity (Arruebo et al. 2011; Falzone et al. 2018).

The technological advances and a better understanding of the disease itself, the
development of new treatments for human neoplastic illness is now possible.
Bioinformaticians, data scientists and computational biologists are able to analyse
large-scale studies, mine databases, review clinical data, validate findings and
enhance treatment options for cancer patients (Falzone et al. 2018). On the other
hand, these novel drugs have taken significantly longer time than predicted to enter
clinical testing. At least 13–15 years are required to develop a new medicine.
Preclinical animal studies are also required to assess medication efficacy, toxicity,
pharmacokinetics and pharmacodynamics in human subjects. The cost of
transporting a single innovative medicine from the laboratory to the patient’s bedside
is close to $3 billion (Andrade et al. 2016). Novel compounds rarely make it to the
general market, despite massive investments. Newer pharmaceutical companies
have given up hope of producing new medications because of this situation.

The repurposing or repositioning of drugs for cancer therapy is a contentious
issue in the scientific community presently. Repurposing is driven by the high
expense of developing a new medication, as well as the time it takes to determine
its safety and specificity. New cancer drugs could take years or decades to complete
clinical trials and get Food and Drug Authority (FDA) approval before they are
available on the market. Since just 0.2% of people are diagnosed with chronic
myeloid leukaemia (CML), it took over a decade for the first therapeutic tyrosine
kinase inhibitor (TKI) to become common practice. Processing times can be signif-
icantly longer for medications with smaller patient pools or less clear therapeutic
effects. Omacetaxine (a plant alkaloid) was approved for the treatment of
TKI-resistant CML after a 30-year hiatus. It operates by interfering with the trans-
lation of proteins. CML and acute lymphoblastic leukaemia (ALL) with the Phila-
delphia chromosome have been treated with Asciminib (ABL kinase, allosteric
inhibitor), which was licenced in the United States in 2014 and scheduled to be
approved in Europe after 2020 (Baker et al. 2018; Gonzalez-Fierro and Dueñas-
González 2021). Surmounting these obstacles repurposing has emerged as one of the
most intriguing areas of pharmacology in the last decade. It is possible to reduce the
time and expense of developing new pharmaceuticals by having thorough data on
their pharmacology, formulation, safety and adverse effects.
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To find new uses for existing medications, repurposing through reverse transla-
tional approach focuses on diseases that are not related to their primary use. It’s
impossible to deny that the process of reverse translational approach is both fasci-
nating and challenging in evaluating the new use of existing marketed drug or a drug
failed in clinical trials. Drug repurposing through reverse translational approach has
become a hot topic in cancer research because of the growing need for new
anticancer treatments. Although resistance to cancer therapies and pharmaceuticals
is a hallmark of cancer, researchers are constantly looking for new ways to combat
the disease. There are many examples wherein non-cancer medications are well
understood and widely used as anticancer treatments by oncologists (Olgen and
Kotra 2019).

Translational approach or traditional development of drug entails target selection,
high-throughput screening lead identification, lead optimisation, efficacy testing,
pharmacokinetic study, pharmacodynamics, toxicity, specificity study and drug
interaction in animal models throughout preclinical research. Due to the high
expense of developing cancer medications, the pharmaceutical industry is forced
to rely on marketing laws to ensure that these medications are successfully marketed
to cancer patients. So, most modern cancer products are not only prohibitively
expensive for most the world’s cancer patients based on current norms but may
also be clinically ineffective. Furthermore, no link has been established between
medicine prices and societal or patient benefits. This essential issue has prompted
non-profit academic organisations to focus on cancer treatment development alter-
natives (Siddiqui and Rajkumar 2012). Consequently, drug repurposing through
reverse translational approach is identified as an alternate technique for therapeutic
development. Drugs that are approved for the treatment of non-malignant illnesses
and whose cancer targets have been identified are referred to as anticancer medica-
tions. Despite the fact that sildenafil was originally intended to treat angina, the
drug’s side effect of prolonged erections in human volunteers has gained attention.
This is the most well-known example of a repurposing for non-oncological condition
in the medical literature (Nowak-Sliwinska et al. 2019).

Thalidomide, a repurposed cancer drug, is the standard treatment for patients.
People diagnosed with multiple myeloma in 1998 were given this medication by the
FDA to be used in conjunction with dexamethasone. In conjunction with bortezomib
and dexamethasone, the National Comprehensive Cancer Network (NCCN) now
recommends it as a primary therapy choice, ‘useful in some conditions’. Arsenic
trioxide and all-trans retinoic acid (ATRA), which have been used to treat skin
diseases since 1962 and are utilised in traditional Chinese medicine to treat acute
promyelocytic leukaemia (APML). Based on published pharmacokinetic studies, it
appears that the proposed drug’s antitumour efficacy in vitro can be pharmacolog-
ically obtained for repositioning cancer targets. Due to the documented safety and
toxicity, including rare side effects, clinical trials can proceed more quickly. When it
comes to the first indication, it’s typically because they have a lot of experience.
Once it is on the WHO Essential Medicines list, a medicine candidate can be
available worldwide (Cavallo et al. 2007; Burnett et al. 2015; Zhu et al. 2016).
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14.2 Prospective of Reverse Translational Research
Approach in Drug Development for Cancer Therapy

Many opportunities for drug repurposing can arise during exploratory drug screen-
ing and based on analysis, a few pharmaceuticals have been examined as an
alternative for testing for various diseases, a process known as ‘shifting from
bench to bedside’ or ‘reverse translational research’ (Cook et al. 2014). There are
several intriguing preclinical candidates in the drug development pipeline that have
failed in clinical trials. One of the most prominent causes of these failures is
preclinical models’ incapacity to accurately imitate human physiology. Despite
progress in both in vitro and in vivo studies, a more accurate portrayal of human
physiological systems remains a problem (Scannell et al. 2012).

Due to a major sudden uptick in translational medicine research, new medications
are entering clinical trials and, in many cases, get FDA approval or get failed. Some
firms are creating new technologies that can mine a wide range of sources for
relevant information by merging data from published academic research and clinical
trials in the scientific literature for reverse translational research. Predicting which
treatment will be the most effective for treating a certain illness is done using an
increasingly complicated algorithm. Even in oncology, the advent of immunother-
apy has changed the treatment picture (Williams 2018).

An example of reverse translational approach for repurposing includes a medicine
developed for pancreatic cancer that has failed in clinical trials may help treat
glioblastoma multiforme (GBM). To perform reverse translation, it is first essential
to identify the underlying causes of human pharmacological reactions. Researchers
conclude that the electronic health record can be an effective and cost-effective tool
for gathering real-world, pharmacokinetic and pharmacodynamic data in reverse
translational research (Robinson et al. 2018). There is a huge amount of pre-existing
data on pharmaceuticals that biotechnology and pharmaceutical companies can
access for new treatment therapies in cancer patients, which saves them millions
of dollars in drug research (Terranova et al. 2021).

14.3 Opportunities in Drug Repurposing Approach

In May 2012, the NIH started a project entitled ‘Discovery of New Therapeutic Uses
for Existing Molecules’. This project aimed to find new ways to use molecules that
are already in use to help people. In addition, this programme looked in the field of
new therapeutic indications and new treatment options in the process of making new
drugs (Strovel et al. 2016).

Drug re-concept is very important to polypharmacology, which studies how
drugs interact with both their target and non-target proteins. There are different
ways that the same protein can work on different cells. One of the network’s
cascades may have a protein that doesn’t work the way it should, which makes



people sick. If the same protein makes a mistake in another physiological process, it
can have a completely different effect. If the drug works for both diseases where the
same protein is important for another set of responses, it is usually acceptable (Boran
and Iyengar 2010; Reddy and Zhang 2013).
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Reverse translational research backwards from clinical or clinical trial data to
determine what occurs at the molecular level. Each patient observation results in the
development of new testable hypotheses that aid in the improvement and direction of
the subsequent cycle of benchtop therapeutic research, which then advances to the
next stage. This model of research has three stages: benchtop therapies, clinical trials
and human experience. The reverse translation approach investigates real-world
patient experiences in clinical trials. A molecular basis for each of these experiences
is discovered by starting with the experiences themselves and working backwards
from there. To better understand the human condition, doctors are constantly coming
up with new theories to test, which leads to new clinical trials and new human
experiences. Clinical pharmacology and patient-centred translational therapies, as
well as the question of reverse translation in translational medicine, are major topics
in the field of reverse translation (Fernandez-Moure 2016).

Deep learning and big data mining, according to the researchers, are two more
examples of reverse translation that can be utilised to repurpose pharmaceuticals
across a wide range of therapeutic domains. Some firms are creating software that
can gather significant information from various sources by mining the immense
reservoir of knowledge accessible in scientific literature—both published academic
research and data from clinical trials—in order to make big discoveries. This data is
compiled using complex algorithms to forecast, with increasing precision, which
drug will be most beneficial in treating a certain ailment (Qian et al. 2019).

In most cases, an approved drug with a specific side effect is discovered by
chance to have greater therapeutic potential in a different application. Failure of
exploratory drugs has ramifications for new therapeutic fields. Saracatinib, an
anticancer failure drug developed by AstraZeneca, showed significant symptom
reversal in an Alzheimer’s disease (AD) mouse model. This drug also passed
phase I Alzheimer’s disease trials (NCT01864655) (Cummings et al. 2019).

14.4 Strategies for Drug Repurposing

Repurposing medicine is a well-known example of reverse translation. In this
instance, clinical evidence of a medication’s efficacy for a therapeutic benefit
unrelated to its original therapeutic application resulted in the medication’s
repurposing. This phenomenon can occur because of a drug acting off target or
because of an unanticipated downstream effect of a drug acting on target, as has been
postulated in the case of cholesterol lowering with 3hydroxy3methylglutaryl coen-
zyme. Recently, it was discovered that rosuvastatin, a reductase inhibitor, may
protect the kidneys in children with cystic fibrosis. The process of repurposing
statins to protect the kidneys demonstrates the critical role of reverse translation in



comprehending pharmacological mechanisms of action. Additionally, it demon-
strates how real-world clinical data influences benchtop research and future thera-
peutic iterations.
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Fig. 14.1 Strategies involved in the drug repurposing

Repurposing is accomplished in two stages. After conducting in vitro and in vivo
research into specific pathophysiological pathways associated with the disease of
interest, the first phase consists of screening licenced or commercially available
medicines against a specific therapeutic target in a computer simulation. It is the
second phase of the drug repurposing process to enrol in clinical studies for the new
indication that has been identified. Repurposing drugs is possible at any stage of
development, beginning with the discovery phase (Menduti et al. 2020). Figure 14.1
illustrates the off target, on target and various strategies involved in drug
repurposing.

Off-label use of FDA-approved drugs has been shown to provide
antiangiogenesis effects. For pharmacological repurposing to be successful, a thor-
ough examination of the drug profile as well as the targeted illness ultra-mechanisms
in the literature must be performed. To advance their research, scientists want the
most up-to-date and credible information on previously undiscovered or innovative
pathways related to the genesis and progression of the disease, as well as biomarkers
associated with distinct phases of the disease. Any study focusing on genetic
disorders must include literature demonstrating the drug’s possible modifying influ-
ence at the genomic level, such as gene expression profiles, transcriptional studies,
and other similar studies, among other things. The selection of the most appropriate
technique for repurposing the medicine is an important step in this approach.
Itraconazole, which is generally used as an antifungal, has been shown to have
antiangiogenesis properties. The phase II clinical trials to determine the efficacy of
the chemical as a second-line therapeutic agent in the treatment of lung cancer
(NCT02357836) and prostate cancer (NCT02357837) were completed in late 2017
(NCT00887458) (Ioannidou et al. 2021; Zhong et al. 2021).



14 Reverse Translational Approach in Repurposing of Drugs for Anticancer Therapy 305

14.5 Necessity of Drug Repurposing for Managing Cancer

Most people had less than a 50% response rate to first-line treatment for different
types of cancers after they spread. Most cancer patients become resistant to antican-
cer drugs because their genes and epigenetics have been changed in ways that are not
normal, as well as because cancer stem cells keep growing even after other tumour
cells die. In people who have a lot of different types of genes, repurposing drugs that
work on a lot of different parts of tumours is important. In the last few years, new
genomic and proteomic techniques for studying cancer-specific biochemical path-
ways that lead to new treatment targets have become more popular (Wang et al.
2017). Because this is the case, a whole new world of drug repurposing possibilities
opens. People can be affected by almost any treatment that they get. As a result, if the
drugs’ targets are very similar to those found in cancer, there is a good chance they
will help other people with cancer (Housman et al. 2014; Zhang et al. 2020).

On the other hand, drug repurposing has a long history of being random and
fortuitous. In none of the successful drug repurposing situations, precision treat-
ments have yet to be used. As a result, metformin, an antidiabetic drug, was
unintentionally discovered to be effective in the treatment of a range of malignan-
cies, even though the mechanisms underlying its anticancer activity are unknown.
Because of its precision and versatility, the technique based on oncogene targets is
sure to boost pharmaceutical repurposing (Sahoo et al. 2021).

Recent years have seen advancements in cancer prevention and therapy, as well
as a breakthrough in our understanding of cancer’s molecular underpinning. Over
the last two decades, the concept of tailored treatment, also known as targeted
therapy, has gained popularity. This resulted in the development of powerful
targeted medications that have significantly improved the lives of cancer survivors.
However, only a small number of the thousands of targeted drugs that have been
made can help people. Resistance to anticancer medicines, both targeted and
non-targeted, is very common. For pharmaceutical companies, it is extremely
difficult to discover and invest in new lead medications, which shortens the thera-
peutic response and puts a lot of pressure on them (Ciliberto et al. 2020).

14.6 Reverse Translation for Drug Repurposing
in Anticancer Therapies

Numerous effective medications have been developed for a variety of purposes,
including oncology. Four repurposed drugs are already included in the European
Society for Medical Oncology (ESMO) and National Comprehensive Cancer Net-
work (NCCN) guidelines. Thalidomide is used to treat multiple myeloma, retinoic
acid is used to treat acute promyelocytic leukaemia, zoledronic acid is used to treat
solid tumours with bone metastases, and non-steroidal anti-inflammatory drugs are
used to treat desmoid tumours (NCCN). There is considerable demand in both



pre-clinical and clinical settings for the discovery of novel applications for medica-
tions already approved for use in other contexts. The following examples demon-
strate how novel cancer therapies can be combined with currently used drugs in
treatment and in the real world. The following is a brief overview of some relevant
literature.
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In an early study, Medina Jiménez and Monroy-Torres (Medina-Jiménez and
Monroy-Torres 2020) used a customised food intervention to help cervical cancer
patients who were getting radiotherapy. They found that a customised nutrition plan
increased muscle mass, weight, haemoglobin levels and gastrointestinal side effects,
all of which led to better radiation treatment outcomes. In addition, the authors
suggested that cervical cancer patients who were taking repurposed medications
should be given a specialised diet to improve their effectiveness and, thus, their
quality of life.

In their review Martinez-Escobar et al. (2021) concluded that drug repurposing in
conjunction with CRISPR-dCas9-based artificial transcription factors (ATFs) could
be an effective cancer treatment strategy. ATFs based on CRISPR-dCas9 technology
can alter DNA and target genes, activate tumour suppressor genes, suppress onco-
genes and diminish tumour resistance mechanisms in a variety of cancers. In cancer
research, it is critical to develop new therapeutic combinations that function syner-
gistically to increase the effectiveness of treatment.

One of the ways to treat cancer is through nanomedicine, which may use
nanoparticles (NPs) that have been coated with sugar. NPs can transport and
distribute cancer-targeting chemicals and drugs in a way that avoids the severe
side effects that come with non-targeted drug delivery in traditional chemotherapy
regimens. They work with lectin receptors, glucose transporters (GLUT) and immu-
nological receptors for cell death, all of which have been overexpressed in tumour
cells (Torres-Pérez et al. 2020).

It is reported in a book review by Hu and Carraway (2020), cationic amphiphilic
medications such as antidepressants, antiarrhythmics and diuretics have been shown
to cause lysosomal membrane permeabilisation (LMP) and cell death (LCD) in
treatment-resistant cancer cells (Montaño-Samaniego et al. 2020). The recombinant
DNA technologies and gene therapies are being employed to fulfil the increased
demand for new cancer treatments. But additional research is needed to see if it can
be used in conjunction with other drugs.

Montalvo-Casimiro et al. 2020 summarised the use of epidrugs, which are
epigenetic regulators that offer cancer treatment options. There are drugs like
hydralazine, decitabine, valproic acid and vorinostat (SAHA) being worked on to
improve precision medicine by improving epigenetic therapy in cancer. These
multidisciplinary approaches are a good way to get around problems with
repurposing anticancer drugs. The Table 14.1 and data below enlist
non-oncological drugs that have been used to treat cancer in clinical trials and are
still going on or are about to start. They are grouped by differentiating mechanism
for treating cancer and specific hallmarks.
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14.7 Antibiotics

Antibiotics are produced by bacteria, fungi and actinomycetes, as well as higher
animals and plants, in the course of their lives. Other living cells can be stopped by
these antipathogens or other actions. Antibiotics have been used to treat infectious
diseases for over a century and have contributed significantly to people living longer
lives. Antibiotics have undeniably made it easier for doctors to treat patients,
particularly those with cancer who are more likely to get bacterial infections as a
result of their disease or treatment side effects. A better strategy to employ antibiotics
in cancer treatment is required because they can be a double-edged sword. As seen in
the paragraph below, antibiotics are employed as an anticancer treatment.

14.7.1 Clarithromycin

Clarithromycin is a medication that has been approved by the FDA. Additionally, it
is available as a generic. It is a broad-spectrum antibiotic that is effective against both
Gram-positive and Gram-negative bacteria. It inhibits cell growth by covalently
binding to the bacteria’s 50S ribosomal subunit. This antibiotic may be beneficial
if you have pneumonia or bronchitis (Fair and Tor 2014). Additionally, it can be
used to treat oral infections, such as foul breath. There is a wealth of evidence
suggesting clarithromycin is effective in the treatment of cancer, including in vitro,
in vivo, and clinical trials. It was discovered in 1997 that it could benefit persons
with lung cancer and was therefore put into usage. Since Hodgkin lymphoma was
discovered in the 1970s, extensive study has been conducted. Clarithromycin is
typically used alone to reduce lung cancer cell survival, but it is significantly more
effective when coupled with other medications (Bayat et al. 2017). Bortezomib and
clarithromycin in combination killed more melanoma cells than either treatment
alone. When combined with bortezomib and vorinostat, clarithromycin in combina-
tion with carboplatin or cyclophosphamide has been shown to be beneficial for
adenocarcinoma, myeloma and breast cancer. Clarithromycin increases natural killer
T-cell receptor and CD8+ (cytotoxic) T-cell cytotoxicity after vindesin sulphate and
cisplatin treatment. This leads to an increase in Interferon gamma (IFN)- and
interleukin (IL-4) producing toxicity (T) cells and a better prognosis. Clarithromycin
kills by preventing angiogenesis, or the formation of endothelial cell tubes (Van
Nuffel et al. 2015).

14.7.2 Doxycycline

The FDA has approved doxycycline, a tetracycline antibiotic with a broad spectrum
of activity. Doxycycline inhibits the synthesis of proteins in bacteria by binding to



the 16S ribosomal RNA. It is used to treat infections of the skin, respiratory system,
gastro-intestinal tract and urinary tract. Additionally, it is used to prevent malaria
(Fuoco 2012). Doxycycline can chelate divalent cations like Mg2+ and Ca2+, reduc-
ing their bioavailability in patients’ blood. Doxycycline, repurposed as an anticancer
drug, inhibits inducible nitric oxide synthase (iNOS), an enzyme involved in tumour
growth, development and angiogenesis. Doxycycline inhibits colon cancer cell
growth by causing G0/G1 arrest and decreasing matrix metalloproteinase. The
antiproliferative and antiapoptotic properties of doxycycline influence the prolifer-
ation and apoptosis of cervical cancer cells. When used in vitro, doxycycline inhibits
the expression of stem cell factors (Oct4, Sox2, Nanog and CD44) as well as
autophagy markers in breast cancer cells (LC-3BI and LC-3BII) (Nanda et al.
2016). Doxycycline has been shown to prevent tumour-sphere formation in a variety
of cancer stem cells in a dose-dependent manner. It has been demonstrated that
doxycycline inhibits mitochondrial biogenesis. The effect is not cancer-specific, and
it has been shown to prevent tumour formation in its early stages. Through signal
transducer and activator of transcription (STAT1/3), Sonic Hedgehog (Shh), Notch,
and WNT/TGF-beta signalling, this medication inhibits glycolysis and mitochon-
drial activity in cancer cells. Lamb et al. (2015) in subsequent analyses describe the
effect of doxycycline on DNA-PK, an enzyme that repairs irradiation DNA damage.
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14.7.3 Minocycline

Minocycline is a tetracycline antibiotic with a broad spectrum that has been
approved by the FDA. Minocycline is an antibiotic prescribed for the treatment of
Lyme disease, urinary tract infections, and skin infections (i.e. acne). It inhibits
protein synthesis by attaching to the 30S subunit of the bacterial ribosome. It, for
example, stops the cell cycle and downregulates cyclins A, B and E, thereby
inhibiting the formation and proliferation of ovarian cancer cells. Minocycline
reduces interleukin (IL-6) production, modifies the IL-6 receptor system and inhibits
the transforming growth factor beta-activated kinase (TGF-1-TAK1-IB) signalling
pathway in ovarian cancer cells. In breast cancer, however, the combination of
minocycline and celecoxib inhibits tumour cell proliferation, decreases micro-vessel
density and decreases vascular endothelial growth factor (VEGF) and activated
matrix metalloproteinase (MMP) expression (Garrido-Mesa et al. 2013).

14.7.4 Tigecycline

The FDA has approved tigecycline, a tetracycline antibiotic with a wide spectrum of
activity. For multidrug-resistant Gram-positive and Gram-negative infections,
tigecycline should only be administered as a last resort antibiotic. Antiproliferative
properties of the ribosomal subunit can be inhibited by binding to it. Myeloid



leukaemia, glioma, non–small-cell lung cancer and RB1 negative breast cancer are
all examples of malignancies that can be treated with tigecycline. Phase I research is
now being conducted using this treatment due to its effectiveness. Tigecycline
inhibits cell proliferation, migration/invasion, angiogenesis and oxidative stress, as
well as cell cycle arrest, autophagy and death. When it comes to treating triple-
negative breast cancer, tigecycline is an excellent option. Mitochondrial protein
production and proliferation are accelerated in these cells. Tigecycline inhibits
mitochondrial protein production, making it an effective inhibitor of RB-deficient
cells, according to Xiong et al. (2018).
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14.7.5 Nitroxoline

Nitroxoline, a hydroxyquinoline derivative, is used to treat bacterial infections,
including Gram-positive and Gram-negative, as well as sprouts. For pathogens to
thrive, they must be able to chelate divalent cations like Zn2, Mg2, Ca2 and Fe2+.
Researchers have found numerous ways to employ nitroxoline to treat a wide range
of malignancies, both in vitro and in vivo. Cyclin D1, Cdc25A and phosphorylated
Rb are all decreased in nitroxoline-treated prostate cancer cells. To decrease cell
development, nitroxoline activates AMPK, which suppresses the mTOR-p70S6K
signalling pathway. Nitroxoline, on the other hand, inhibits MetAP2 activity and
increases senescence in bladder and breast cancer cells. This lowers the density of
micro-vessels and hinders the growth of endothelial tubes. Many cell types, includ-
ing lymphoma, leukaemia and pancreatic cancer, benefit from the addition of copper
to the nitroxoline treatment regimen (Cherdtrakulkiat et al. 2019).

14.7.6 Cephalosporins

Cephalosporins, or ß-lactam antibiotics, are commonly used to treat both Gram-
positive and Gram-negative bacteria. The ß-lactam ring, which is unique to this class
of antibiotics, is responsible for preventing the formation of bacterial cell walls and
thus the antibiotics’ effects. In vitro and in vivo studies have shown that the
cephalosporins (cefaclor, cephradine and cefixime) are effective radio-sensitisers
for breast, head and neck cancer. Among the cephalosporins previously described,
only cefepime, a manganese complex, can suppress breast tumour cell proliferation
and colon cancer cell proliferation without irradiation (Leone et al. 2019).
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14.7.7 Fluoroquinolones

Bacterial gyrase activity is inhibited by fluoroquinolones, a broad-spectrum antibi-
otic drug, which results in a defect in DNA replication. Fleroxacin and ciprofloxacin
are among the fluoroquinolones that have been shown to have powerful anticancer
properties. As an example, ciprofloxacin, for example, is an anticancer agent that can
treat a wide range of cancers, including colon, bladder, prostate and bone cancers
such as osteoblastoma and osteosarcoma. Damage to mitochondria, DNA breakage
and cell cycle arrest are all caused by ciprofloxacin, as well as an increase in TGF-ß.
Prostate, breast and cervical cancer cells are all inhibited by enoxacin, which also
causes cell cycle arrest and apoptosis (Pham et al. 2019). Enoxacin, a cancer-targeted
regulator of miRNA production, is unusual. Repurposing fluoroquinolones as anti-
cancer medications in combination with 5-fluorouracil and as a metal-ion complex is
supported by a wealth of evidence, according to Yadav and Talwar (2019).

14.8 Antivirals

Not only genetic abnormalities and an unhealthy lifestyle contribute to the develop-
ment of cancer; viral infections such as human papillomavirus (HPV) and human
immunodeficiency virus (HIV), as well as the Epstein–Barr virus (EBV), can also
cause cancer to thrive. According to theWHO, 32 million people worldwide are HIV
positive in 2019. There are numerous diseases to which HIV patients are
predisposed, including lymphomas and Kaposi’s sarcoma, due to their weaker
immune systems. Antivirals have been found to have a beneficial effect on cancer
therapy when administered alone or in combination with other therapies in patients
infected with viruses. The following are a few of the most exciting new medications.

14.8.1 Ganciclovir

The FDA has established ganciclovir’s efficacy in treating patients infected with
Herpes virus and Epstein–Barr virus. When ganciclovir’s triphosphate analogue is
introduced into infected host cells, viral kinases convert it to its triphosphate. This
compound inhibits viral DNA polymerases, thereby reducing viral DNA elongation.
Prostate cancer cells were transduced with an adenovirus (ADV) containing the
HSV-tk gene derived from a replication-defective recombinant adenovirus. After a
single dose of ganciclovir, cancer cells were killed and apoptotic. Additionally,
23 men with prostate cancer received neoadjuvant HSV-tk gene therapy to make
the cancer cells more susceptible to the chemotherapy drug ganciclovir. In this case,
intraprostatic viral infection and ganciclovir therapy were used. In surgical
specimens taken 2–4 weeks after viral injection, apoptosis induction and decreased



micro-vessel density were observed. Experiments in vitro and in vivo with herpes
simplex virus thymidine kinase (HSV-TK) transduced tumour cells, such as cervical
cancer cells or lung cancer cells, demonstrate promising results (Cheon et al. 2000;
Yanagisawa et al. 2021).
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14.8.2 Lopinavir

Lopinavir, an FDA-approved antiviral medication, is used in conjunction with
ritonavir to treat HIV-infected patients. Premature, non-infectious viruses are formed
when HIV-1 protease and HIV-2 proteases are inhibited by lopinavir. Lopinavir and
ritonavir combo therapy has received attention for its potential cancer-fighting
properties. AMP-activated protein kinase and tumour necrosis factor-related apo-
ptosis-inducing receptor (TRAIL) receptor expression levels are increased in uro-
logical cancer cells due to this combination. Using the same mixture in lung cancer
cells results in apoptosis and cell cycle arrest. As an additional treatment, lopinavir
and its produced lopinavir nitric oxide derivative decrease cell growth, cause
morphological alterations, and cause reactive oxygen species generation and apo-
ptosis in melanoma (Meini et al. 2020).

14.8.3 Indinavir

Indinavir is an FDA-approved antiviral medication that blocks HIV protease activ-
ity. Patients are usually provided indinavir as part of a retroviral combination therapy
(e.g. with ritonavir) to prevent the development of resistance. This pro-carcinogenic
protein (alpha-7 nicotinic acetylcholine receptor) and the malignancy promoter
matrix metalloproteinase-2 (MMP-2) have been reported to be modulated by indin-
avir in an artificial computer model. Indinavir reduces cell viability, inhibits MMP-2
and MMP-9 production, and promotes apoptosis in HPV-induced cervical cancer
cells. It also influences tumour size in the animal model. Indinavir also suppresses
MMP-2 proteolytic activation, reduces angiogenesis, promotes apoptosis and slows
tumour growth in vivo in patients with hepatocarcinoma. In Kaposi’s sarcoma, the
same results were seen (Barillari et al. 2018).

14.8.4 Cidofovir

AIDS patients with cytomegalovirus (CMV) infections can be treated with the
FDA-approved antiviral medication cidofovir, which inhibits viral DNA polymer-
ase. Efforts to repurpose cidofovir are taking place both in vitro and in vivo.
Cidofovir, for example, has been proven to cause apoptosis in glioblastoma, boost



p53 and p-pRb levels in HPV-infected cervical cancer, and is a powerful radio-
sensitiser (Deutsch et al. 2016).
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14.8.5 Efavirenz

Efavirenz, an FDA-approved antiviral medication, is given to HIV-1-infected indi-
viduals as part of an antiretroviral combination treatment. Efavirenz has antiviral
properties because it inhibits viral DNA synthesis by binding to reverse transcrip-
tase. The repurposing of efavirenz for cancer therapy is supported by a large body of
data. In vitro, efavirenz inhibits colorectal, pancreatic and lung cancers, as well as
glioblastoma and leukaemia. While this medication can be used alone, it has been
shown to enhance the effects of radiation therapy. Although the effect of efavirenz
600 mg on prostate cancer was not statistically significant in a phase II clinical trial,
some patients experienced a favourable outcome in terms of tumour suppression
(Everson et al. 2018).

14.8.6 Maraviroc

Maraviroc, an antiretroviral medication, is the most frequently prescribed CCR5
co-receptor antagonist for HIV treatment. When CCL5 binds to CCR5, it prevents
the virus from entering the cell by preventing CCL5 from binding to CCR5.
Numerous in vivo and in vitro studies, as well as one clinical trial
(NCT01276236), demonstrate that maraviroc may be used to cure cancers such as
Kaposi’s sarcoma and lymphomas, which are frequently associated with HIV infec-
tion. On the other hand, maraviroc appears to be effective against a variety of
cancers, including breast, colon and gastric cancers, as well as a variety of leukaemia
types. Maraviroc induces apoptosis in colorectal cancer, arrests cell cycle progres-
sion in colorectal and pancreatic cancer, decreases monocyte accumulation in the
lymphoma tumour microenvironment and enhances the efficacy of a wide variety of
medications (Kim et al. 2016).

14.8.7 Nelfinavir

Nelfinavir, a protease inhibitor and antiretroviral medication, is used to treat HIV-1.
Numerous studies support nelfinavir’s anticancer properties. By inhibiting the
proteasome in cancers such as glioma, myeloma, laryngeal/laryngeal/ovarian/lung,
it induces ER stress and upregulation of the UPR response, which results in
apoptosis. Additionally, it inhibits the production and phosphorylation of the
HER2 protein, as well as AKT and ERK1/2 signalling in breast cancer cells.



Nelfinavir also inhibits MnSOD protein expression in cervical cancer, resulting in
apoptosis and G1 cell cycle arrest. On the other hand, nelfinavir synergises with
several chemotherapeutic agents, indicating its significant potential for cancer treat-
ment (Koltai 2015).
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14.8.8 Ritonavir

Ritonavir is an antiretroviral drug that inhibits the HIV-1 protease. The role of
ritonavir in cancer treatment is well-known. Ritonavir inhibits NF-B activity and
subsequent expression of NF-B-regulated gene products and cytokines in T-cell
leukaemia and Kaposi’s sarcoma. It induces G1 cell cycle arrest in breast, lung and
ovarian cancers. Ritonavir’s chymotrypsin-like proteasome activity has been shown
to stimulate and inhibit T-cell leukaemia and glioma cells, respectively. Addition-
ally, ritonavir interacts synergistically with a variety of other medications. In clinical
trials, DS-8201a, doxorubicin, lopinavir, metformin and ritonavir are frequently
used in combination with ritonavir (Cao et al. 2020).

14.8.9 Ribavirin

Ribavirin can be used to treat hepatitis C in combination with interferon, but the
mechanism by which it does so has not been fully elucidated. Ribavirin has been
shown to have promising anticancer effects in the treatment of cancers such as oral
cavity cancer, breast cancer, acute lymphoblastic leukaemia (ALL), osteosarcoma
and glioblastoma. Ribavirin modulation of eIF4E, EZH2, Snail and EZH2 results in
decreased migration and adhesion in nasopharyngeal cancer (NPC), osteosarcoma
and glioma. Ribavirin is currently being studied in phase I and II clinical trials for
AML, breast, head and neck cancer, and hepatocellular carcinoma (HCC) (Casaos
et al. 2019).

14.8.10 Zidovudine

AZT, also known as zidovudine, is an antiretroviral drug. It is a thymidine analogue
that stops chain elongation, which is bad for people who have HIV. Zidovudine
reduces the activity of telomerase, in various types of cancers like colorectal, breast,
parathyroid, oesophageal or ovarian. Several clinical trials are looking into zidovu-
dine for Kaposi’s sarcoma and lymphoma treatment, as well as interferon and
zidovudine in combination for T-cell leukaemia treatment in a phase II clinical
study.
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14.8.11 Amantadine

Influenza is protected by amantadine, an FDA-approved medication used to treat the
symptoms of Parkinson’s disease. A virus infection is prevented by blocking the
viral M2 ion channel, which prevents the virus from entering the host cell. Aman-
tadine, in contrast to the medications indicated above, can be used for cancer
detection but not for cancer treatment, as opposed to the other drugs. SSAT
(spermidine/spermine N-acetyltransferase) is a unique enzyme that is only found
in high concentrations in cancer cells and is responsible for the metabolisation of
amantadine to N-acetylamantadine. Urine can be tested for the presence of
N-acetylamantadine, which is believed to be a non-invasive, inexpensive and
quick technique of cancer screening. An amantadine clinical phase II experiment
is in underway to see whether it may be used as a potential diagnostic biomarker for
cancer detection (Maksymiuk et al. 2018).

14.9 Antifungals

14.9.1 Itraconazole

Itraconazole is a triazole antifungal medicine that is licenced by the FDA and is used
by mouth to treat infections inside the body. It stops the production of ergosterol,
which stops the production of membranes. Itraconazole has been demonstrated in
numerous trials to not only be effective at treating fungal infections, but it also has
potential anticancer properties. For example, itraconazole, which is used to treat
melanoma, stops tumour cell growth, cell proliferation and colony formation. It was
discovered that the expression of Gli-1 and Gli-2, Wnt3A, -catenin and cyclin D1
had decreased, resulting in a blockage of the Hedgehog and WNT signalling
pathways. It also inhibits the phosphorylation of p70S6K, 4E-BP1 and AKT,
which in turn inhibits the PI3K/mTOR signalling pathway. When combined with
chemotherapy, itraconazole considerably increases the overall survival of patients
with pancreatic and ovarian malignancies. This is because itraconazole changes the
Hedgehog signalling pathway and stops angiogenesis by its triazole unit.
Itraconazole slows down the growth of endothelial cells in both animals and in the
lab. It also stops the cell cycle and stops the growth of the endothelial growth factor,
which stops angiogenesis. Regarding various cancers, it is currently under clinical
phase I and II trials, with the results expected soon (Tsubamoto et al. 2014, 2015).
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14.9.2 Ketoconazole

People who get infections on their skin, like foot fungus, can take a drug called
ketoconazole. This drug is used to fight off fungus. It is used in the formulation of
various lotions and shampoos. Ketoconazole prevents the production of the fungal
sterol ergosterol and causes harm to the cell membrane. Another use for ketocona-
zole is to treat Cushing’s syndrome, where it stops the adrenal gland from making
steroids and cholesterol by blocking the cytochrome P450 system. Because ketoco-
nazole is an antiandrogen, it is also good at fighting prostate cancer. Even though
ketoconazole had promising outcomes in clinical trials at high doses, its usage is
restricted due to side effects in the intestines. However, more clinical trials are being
done to see if it helps fight prostate and breast cancer (Chen et al. 2019).

14.9.3 Clioquinol

Clioquinol is a fungicide or a bactericide that is used to treat infections that occur on
the outside of the body that are caused by fungi or bacteria. Because it is most
usually applied to the skin, it can be found in a variety of ointments for wound
healing and neurodermatitis. Clioquinol’s ability to bind to sulphydryl groups is
what makes it an antimicrobial drug. This stops the pathogens from making impor-
tant enzymes. Moreover, because of its propensity to chelate divalent cations such as
Zn2+ and Cu2+, it has been found to be an effective treatment for Alzheimer’s
disease, which has a high concentration of these cations in the bloodstream.
Clioquinol also has promising effects on a lot of different types of cancer cells,
and it has already been used in a clinical trial for leukaemia. Its ability to act as a Zn2+

ionophore is a big part of how it fights cancer cells. Shortly, when cancer cells are
treated with clioquinol and zinc, the zinc level inside them rises. This causes the
lysosomes to break down, which causes bid to be broken down and apoptosis to be
caused. In addition to targeting lysosomes, it also stops the NF-B activity on its own
(Bareggi and Cornelli 2012; Lu et al. 2018).

14.9.4 Clotrimazole

Clotrimazole is a broad-spectrum antifungal medication that has been licenced by
the FDA for treating fungal infections on the skin and in the vaginal canal. Clotri-
mazole has been shown to be effective against a variety of cancers, including breast,
melanoma, colon and lung tissues, both in the real world and in the laboratory.
Clotrimazole functions by removing glycolytic enzymes from the cytoskeleton, such
as hexokinase, aldolase and fructokinase. This causes the enzymes to break free from



the cytoskeleton. Clotrimazole’s anticancer effects may potentially be mediated via
Ca2+-activated potassium channels, according to Kadavakollu et al. (2014).
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14.9.5 Terbinafine

An antifungal drug called terbinafine is approved by the FDA to treat fungal
infections on the nails and on the skin. There are many ways to apply it to your
skin. It can be used as a cream, gel, solution, spray or even sprayed. This drug
doesn’t compete with the squalene oxidase, which stops the fungus from making
ergosterol. Ergosterol is used to make cell walls in the fungus. Using an in vivo
model, Labay and his team found that terbinafine can make radio waves more
sensitive in mice with melanoma (Labay et al. 2016).

14.10 Antimalarial Drugs

There are also three antimalarial drugs (chloroquine, artesunate and mefloquine) that
could one day be used to fight cancer, too. It can also help with lupus, rheumatoid
arthritis and discoid. Chloroquine, which is approved by the FDA, can also help with
malaria. When chloroquine is used with standard-of-care chemotherapy drugs, they
work better together. On the other hand, chloroquine boosts tumour protein-p53 and
makes breast cancer tumours more sensitive to phosphoinositide-3-kinase–protein
kinase (PI3K/AKT) inhibitors in breast cancer cells, which makes them more likely
to die from the drug. Artesunate, which is used to treat malaria, causes the parasite to
make reactive oxygen species (ROS) and break DNA double-strand breaks because
the drug cuts endoperoxide bridges. Artesunate has been shown to fight cancer in
many studies, both in the real world and in the lab. Artesunate, for example, causes
the production of ROS and apoptosis. This is linked to the release of cytochrome C
and the cleavage of caspase-9, which happens when these things happen. Artesunate
also stops the growth of Kaposi sarcoma tumours. This drug, which stops angio-
genesis, also stops the growth of the tumours. Reduced phosphorylation of the
vascular endothelial growth factor receptor-2 (VEGFR2) in renal cell carcinoma
has been shown to cut cell growth, migration, metastasis and angiogenesis, among
other things. Studies by Hamacher-Brady et al. (2011) have shown that artesunate
influences endolysosomal traffic and slows down the flow of autophagy in breast
cancer cells, which makes them more likely to die. Artesunate is also a radio-
sensitiser for lung cancer cells, and it works well with a lot of other medicines,
like sorafenib, doxorubicin, paclitaxel and cisplatin. Malaria medicine is used to treat
it. People who looked at this study say that mefloquine appears to influence a
parasite’s 80S-ribosome subunit, which could influence protein synthesis.
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14.11 Anthelmintic Agents

14.11.1 Mebendazole, Niclosamide, Albendazole
and Ivermectin

Mebendazole, niclosamide, albendazole and ivermectin are all common anthelmintic
medications, with the FDA having approved the latter two of them. Each of them has
a distinct method of treating worm infestations. Mebendazole and albendazole bind
to tubulin and reduce worm tubulin production, whereas ivermectin operates via
modulating aminobutyric acid receptors and glutamate-gated signalling pathways.
Niclosamide prevents the worm from digesting glucose, which results in the worm
becoming dehydrated and starving. By activating caspase-3, mebendazole inhibits
colony formation, reduces angiogenesis and increases cytotoxicity in meningioma
cells, all of which are detrimental to their survival. Mebendazole’s antitumour
properties are boosted when it is exposed to radiation. In the medulla blastoma
cells, mebendazole inhibits the production of primary cilia, which is a tubulin-based
organelle that serves as a signalling hub for the Hedgehog pathway, resulting in a
reduction in cell proliferation. Mebendazole also has an immunostimulatory effect,
enhancing T-cell activation as well as the ability of CD14+ myeloid cells to
eliminate tumour cells in the body. Mebendazole also has the additional effect of
increasing the body’s tumour necrosis factor (TNF) and interferon (IFN) levels.
Specifically, albendazole inhibits the formation and proliferation of ovarian cancer
cells by interfering with the production of tubulin, which results in a reduction in
malignant cells development and angiogenesis. Because of its limited solubility in
water, it has been investigated in vivo as a BSA-albendazole nanoparticle and
showed greater inhibitory effect on vascular endothelial growth factor.
Albendazole’s anticancer efficacy against advanced tumours was confirmed in a
phase I clinical trial. It is now being evaluated in a phase II clinical trial for the
treatment of neoplasms. Niclosamide also has synergistic effects with sorafenib, a
protein kinase inhibitor (Son et al. 2020).

14.11.2 Ivermectin

Ectoparasites and threadworms are effectively treated with ivermectin, an anthel-
mintic medication. It induces DNA damage in ovarian cancer by producing double-
strand DNA breaks, which results in the disease spreading. It also causes intrinsic
apoptosis by rupturing the mitochondrial membrane, which results in increased
BAX/BCL-2 production as well as the release of cytochrome C from the cell.
Patients with liver cancer who are treated with ivermectin have the same effects.
It’s not the same way that ivermectin causes leukaemia cells to die, though. It raises
intracellular chloride ions and reactive oxygen species (ROS) levels via
hyperpolarising plasma membranes. Ivermectin works by suppressing the WNT



pathway, which is dependent on T-cell factor (TCF), and hence prevents colon
cancer cells from growing and destroying. Moreover, it also stops the growth of
new blood vessels and stops the phosphatidylinositol-3-kinase (Akt/mTOR) signal-
ling pathway in glioblastoma when there is a lot of stress on the mitochondria and a
lot of ROS. Ivermectin, like glioblastoma, stops the growth of stem-like breast
cancer cells by lowering the number of self-renewal transcription factors. Studies
show that the anthelmintic medicines can fight cancer in both animals and humans
(Chai et al. 2021; Zaidi and Dehgani-Mobaraki 2021).
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14.11.3 Nitazoxanide

Nitazoxanide was initially developed as an anthelmintic drug due to its ability to
inhibit pyruvate-ferredoxin-oxidoreductase, which is required for parasites’ anaero-
bic metabolism. The primary target of nitazoxanide treatment in colon cancer cells
has been identified as glutathione-S-transferase P1 (GSTP1). Nitazoxanide has been
shown to inhibit both cell proliferation and chromatin condensation, as well as
genomic instability and cell cycle arrest. In colon cancer, the AMPK pathway is
activated, and the c-Myc, WNT and MTOR signalling pathways are downregulated
(Lokhande and Devarajan 2021). Nitazoxanide restricts autophagy modulation in
glioblastoma cells by upregulating the expression of inhibitor growth protein
1 (ING1), which inhibits late-stage lysosome acidification, reduces cell growth and
causes cell cycle arrest (ING1). It inhibits the c-Myc expression in breast tumour
cells, resulting in the suppression of tumour development and the induction of
apoptosis. An in-depth examination of nitazoxanide’s further anticancer capabilities
is provided by Di Santo and Ehrisman (2014) in their review.

14.11.4 Praziquantel

Praziquantel is an antiparasite medicine licenced by the FDA, although its mecha-
nism of action is yet unknown. There are still several possible pharmacological
synergistic targets that Thomas and Timson believe could be identified. Praziquantel
has been shown to cause worm muscle to spasm due to a rapid Ca2+ influx inside the
worm (Thomas and Timson 2020). Praziquantel’s anticancer properties have been
demonstrated in vitro and in vivo, and it is now being utilised in a clinical trial to
treat cancer. In colon (DLD-1) and lung (H1299) cancer cells, downregulation of the
apoptosis protein XIAP by praziquantel enhances paclitaxel’s ability to limit cell
growth.
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14.11.5 Levamisole

Levamisole inhibits male worm reproduction by binding to nicotinic acetylcholine
receptors. Depending on the concentration and time of application, levamisole can
either activate or suppress the human immune system. Additionally, it can either
activate or depress human immune systems. Levamisole is an effective treatment for
lung cancer, melanoma and myeloma, both in vivo and in vitro. CD138 is a heparin-
sulphate glycoprotein that is overexpressed in malignant cells, and levamisole
inhibits this transmembrane protein while increasing IL-6 production, which inhibits
myeloma cells. Inhibiting cJNK phosphorylation in lung cancer cells results in
TNF-induced cell death and cell cycle arrest (Martin et al. 2012; Nageshwari and
Merugu 2017).

14.12 Expanding Opportunities of Drug Repurposing

14.12.1 Treatment of COVID-19 Along with Cancer

The coronavirus disease 2019 (COVID-19) does not has any treatment option
accessible at this point. A significant amount of effort is being put forward to identify
effective medications and produce innovative vaccinations, which is a continuing
endeavour. According to the findings of the studies against COVID-19, several
FDA-approved pharmaceuticals that are currently in use for the treatment of other
disorders specially cancer could be repurposed for the treatment of COVID-19.
When it comes to the COVID-19 outbreak, repurposing has some merits. It is
considered to be a very effective strategy for drug discovery because it requires
less time and effort to discover a therapeutic agent when compared to the de novo
drug discovery process, which takes longer and makes it more expensive. Broadly
many FDA-authorised pharmaceuticals including antivirals, antimalarials, monoclo-
nal antibodies, statins, angiotensin-converting enzyme inhibitors and receptor
blockers are used in the treatment of various disorders, but these treatments are
now a days employed in the treatment of coronavirus (Fig. 14.2). These medications
are also being repurposed for the treatment of a variety of malignancies, including
breast, prostate, colon, colorectal, skin and other forms of leukaemia. In several
clinical investigations on COVID-19 patients, it has been observed that remdesivir,
arbidol, ribavirin, favipiravir, tocilizumab or combination of lopinavir and ritonavir
has demonstrated benefits; hence, these medications may be considered as prospec-
tive drug therapies in the future. Additionally, both Angiotensin-converting enzyme
and receptor blockers have the capability to be used as supportive therapy in said
treatment. A number of medications, including ivermectin and auranofin, are now in
the development phase against the COVID-19 virus. It is anticipated that molecular
docking would be the primary technique used to find potential therapeutic drugs for
COVID-19 patients as in anticancer therapy. The screened medicines will then be
evaluated for their efficacy in both in vitro and in vivo trials.
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Fig. 14.2 Depiction of well-known disease medications used in the COVID-19 and cancer therapy

14.12.2 Precision Medicines Development

Precision medicine considers a patient’s unique genetic, environmental and
behavioural variability when deciding on or continuing a treatment. Drugs that are
more effective or safer may be personalised to an individual’s genome,
transcriptome, proteome and metabolic activities or to specific disorders. For preci-
sion medicine, the repositioning technique has been extremely beneficial in identi-
fying previously unknown mechanisms of action for medications through the
investigation of novel metabolic pathways, off-targets and target-specific mecha-
nisms/genetic expression for even inherited disorders. Genomic and transcriptome
data have flooded our hands as a result of genomic advancements such as next-
generation sequencing, microarray data and transcriptomics. Network biology and
systems biology techniques may provide molecular or genetic insights into drug–
target interaction patterns, hence revealing novel mechanisms of action.
Repositioning pharmaceuticals demands a higher degree of understanding, which
can be attained only through the use of a combination of computational and
experimental methods. By contrast, drug repurposing can be used to find and
develop innovative medications with very precise and successful therapeutic indi-
cations for human diseases. As illustrated in Fig. 14.3, translational precision
medicine enables the integration of translational medicine, reverse translational
medicine and precision medicine.
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Fig. 14.3 Illustration the connection between the forward translation, reverse translation and
precision medicine

14.13 Conclusion and Future Prospects

The high expense of developing a new treatment in cancer drives the practice of
repurposing of existing drugs that have been approved for use in other disease or the
drug molecules which are failed in clinical trials during drug discovery or withdrawn
during post-marketing surveillance. As the application of repurposing, various
non-oncology drugs can target multiple cancer hallmarks and related cancer biology,
rather than merely killing cancer cells. This approach will be crucial in the estab-
lishment of a new paradigm of individualised and precision treatment. This review
identified significant prospects for pharmacological repurposing using publicly
available biological data.

It was concluded that establishment of new targets of existing drugs is feasible
through repurposing based on reverse translational approach. Further reverse trans-
lational research in repurposing, being an innovative approach, can be helpful to
investigate pharmaceutical combination therapy to improve clinical outcomes.
Targeting cancer-related behaviours like downstream off-target effects, parallel
pathways and compensatory signals is typical when utilising pharmaceutical com-
binations. A new route for pharmaceutical research has opened up due to
repurposing. Aside from cancer, drug repurposing has been used to treat a variety
of ailments, including tuberculosis, hepatitis, asthma, high blood pressure, etc.
Finally, despite several setbacks, repurposing has opened a new path for pharma-
ceutical development, including but not restricted to cancer therapy.
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Chapter 15
Therapeutic Targeting of Antineoplastic
Drugs in Alzheimer’s Disease: Discovered
in Repurposed Agents

Mini Dahiya, Anil Kumar , Monu Yadav, Pratibha Dhakla,
and Shiva Tushir

Abstract The heterogeneity and complexity of various pathological marker and
few therapeutics options make Alzheimer’s disease (AD) a prime perpetrator to
universal health that rationalize the requirement for new and effective drug discovery
approaches. Clinical trials of new drugs for AD have consumed more time and
resources with large failure of chances. Repurposing of drugs is developing
approaches that give a boost to the conventional drug discovery approaches by
exploring new therapeutic effects of available drugs. Drug repurposing already
verified by FDA for other disorders is a more frequent and exclusive method. The
mutual biological process and inverse tuning between cancer and AD give
weightage to the concept of repurposing antineoplastic agents as novel therapeutics.
Various studies revealed the successful use of antineoplastic drugs as a repurposed
approach. The purpose of this review, to study the possible repurposing role of
already approved antineoplastic drugs for AD treatment and shed light on the role of
various multiple protein kinases in AD. In this, limitation of anticancer drugs such as
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their neurotoxic effect are also highlighted. This chapter boosts further research to
decode the unseen potential of antineoplastic drugs to develop repurposed agents
with negligible toxicity for AD.

330 M. Dahiya et al.

Keywords Alzheimer’s disease · Antineoplastic drugs · Repurposed agents ·
MAPK pathway · Wnt pathway

15.1 Introduction

Alzheimer’s disease (AD) is one of the major alarming disorders which adversely
affect the nervous system and brain. Moreover, the present gap in the understanding
of the pathophysiology of AD and the slow pace of new drug development process
makes the limited choice of therapeutics draws the attention of research groups and
pharmaceutical companies toward exploring new alternatives. Moreover, cancer and
AD represent two of the leading causes of mortality and disability worldwide. Both
diseases have traditionally been associated with different pathological mechanisms
and phenotypic appearances, but researchers have recently been explored their
probable common relationship. Moreover, AD is defined as a CNS disorder charac-
terized by abnormal Aβ (amyloid-β) accumulation, tau hyperphosphorylation, oxi-
dative stress, and hyperactivation of microglial cells. Approximately, 35.6 million
people are persisting with dementia, and the number is assumed to be three times by
the next 30 years (Savva et al. 2019). TheWorld Health Organization (WHO) reports
show that in the next 20 years, a neurodegenerative disease affecting cognitive
dysfunction will be the second most prevalent reason for death in humans
(Rodriguez et al. 2021). The latest data by the Alzheimer’s association demonstrated
that only five drugs are FDA-approved which are currently used for AD. The failure
rate of AD drugs is >99%, and for the disease-modifying therapies, it is 100%.
Approximately, more than 20 years has been passed away, there are no novel
therapeutics is approved for AD. The development of new drugs is a lengthy and
expensive process with a low success rate, approx. 70% of projects probably failed
between phase II and phase III of clinical trials (Mottini et al. 2019). Furthermore,
various lead compounds are not fully developed to explore their potential due to lack
of funds (Kumar et al. 2019). The researchers are doing a continuous effort for
developing new therapeutics; one of the examples of this effort is drug repurposing.

Drug repositioning and repurposing is productive way to utilize already approved
drugs for different disease sharing common mechanisms of action. This method has
been successful in various conditions such as CVS diseases, Parkinson’s disease,
obesity, cancer, psychosis, irritable bowel syndrome, and AD (Kumar et al. 2017).
To promote the use of repurposed drugs, the National Institute of Aging provides
grants of $2.8 million to Case Western Reserve University School of Medicine to
recognize potential FDA-approved medicines as repurposed agents for AD. The
major benefit of drug repurposing is that the toxicology and pharmacokinetic
properties of the approved drugs have already been tested. It reduces the time of
drug development and cost factors. There are two main approaches adopted for
repurposing in which the first approach is to take the drugs for new therapeutic



purposes within the same mechanism for which they are marketed, whereas the
second more futuristic approach is to identify new therapeutic targets of the existing
drugs. Some repurposed drugs entered clinical trials for neurodegenerative disease
specifically for AD. Anticancer, antidiabetic, antimicrobial, antihypertensive, anti-
psychotic, and antiasthmatic drugs have shown promising results as AD therapeutics
(Appleby et al. 2013). Therefore, the chapter aims to indicate the repurposing of
approved antineoplastic drugs in clinical trials for AD.
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15.2 The Common Shared Link Between Cancer and AD

The major signaling mechanism explored in cancer pathology has considerable links
with neurodegenerative diseases. Cancer cells have the potential to grow uncontrol-
lably, whereas, in AD, neurons face premature cell death (Advani et al. 2020).
Extensive literature demonstrated that the commonly mutated genes in different
neurodegeneration diseases have crosstalk with other genes which are responsible
to cause cancer, for example, p53 is the most frequently altered gene in various types
of cancers, has also possessed neuroprotective functions (Lanni et al. 2012). More-
over, p53 expression is found to be downstream-regulated in different cancers,
whereas it is upstream regulated in AD, Parkinson’s disease (PD), and Huntington’s
disease (HD) (Checler and Alves Da Costa 2014). In the case of AD, amyloid
precursor protein (APP) expression is regulated by p53. The C-terminal of an
intracellular fragment of APP is found to activate the promoter region of the p53
gene which is responsible for tau phosphorylation. In the case of the cellular stress
situation, mouse double minute 2 homolog (MDM2) levels are low followed by
elevated levels of p53 and glycogen synthase kinase 3β (GSK3β), which phosphor-
ylates tau protein. Exciting crosstalk exists between p53 and Presenilin
(PS) isoforms. P53 expression was reduced by PS1 and increased by overexpressed
PS2 (Checler and Dunys 2014; Proctor and Gray 2010). The crosstalk between
cancer and AD unlocks new areas for the repurposing of anticancer drugs for
neuroprotective effect with some limitations. Various therapeutic are in clinical
trials, and some are on the experimental level (Table 15.1). Furthermore, kinase
inhibitors have shown the significant effects among other approved antineoplastic
agents indicate their potential therapeutic action in neurodegeneration also. Further-
more, the frequently mutated genes associated with AD are described as significant
relationships with oncogenes as mentioned in Table 15.2.

15.3 Pathophysiological Pathways Shared Between Cancer
and AD Cell Cycle

The cell cycle is a basic cellular process typically classified into four stages:



S. no. Study Year Results Status
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• G1 (Gap 1) phase.
• S (DNA replication) phase,
• G2 (gap 2) phase.
• M (cell division) phase.

The cell cycle is completely regulated by a series of proteins, i.e., cyclins and cdks
(cyclin-dependent kinases). Cancer is developed due to abnormal cell cycle events,
characterized by genetic mutation encoding cell cycle proteins (Otto and Sicinski
2017), whereas the neuron cells once differentiated remain in a dormant state for the
rest of their lives. In a case stress situation, the mature neurons can re-enter into the

Table 15.1 The list of antineoplastic drugs which are under clinical trial repurposing for neuro-
degenerative disease

Clinical
phase

1 Quercetin+
Dasatinib
NCT04063124

2020 Phase
I/II

Ongoing trial Recruiting

2 Trametinib
(NCT04326283)

2020 Phase
I/II

Ongoing trial Recruiting

3 Daratumumab
NCT04070378

2019 Phase II Ongoing trial Recruiting

4 Saracatinib
NCT03661125

2019 Phase I Trial is well tolerated at
Phase I and further
moved toward Phase
II. Final outcome is still
under experimentations

Recruiting

5 Bosutinib
NCT03888222

2019 Phase II Ongoing trial Recruiting

6 Rituximab
NCT03979456

2018 Phase
III

Ongoing trial Recruiting

7 Imatinib
NCT03674099

2018 Phase II Ongoing trial Recruiting

8 Nilotinib
NCT02947893

2017 Phase II Ongoing trail Recruiting

9 Bexarotene
NCTO1782742

2013 Phase II Completed No amyloid reduction
in ApoE4 carriers, the
reduction was found in
ApoE4 noncarriers.
Increased levels of
blood lipid levels were
found

10 Tamibarotene
NCT01120002

2010 Phase II Unknown A trial is still under the
experimental
approach. Phase III
still under
consideration.

11 Thalidomide
NCT01094340

2010 Phase
I/II

Unknown Result unavailable



cell cycle and it leads to cell death and neurodegeneration (Bonda et al. 2010).
Various evidence has demonstrated that the primary role of cell cycle adverse events
in various neurodegeneration disorders. The key genes which are indulged in the
pathology of AD, such as Presenilin 1 and Presenilin 2 (PS1/2), AβPP, are also
marked as the role players in cell cycle regulation. It has been proposed that cell
cycle alteration would lead to neurodegeneration and cancer (Seo and Park 2019).
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Table 15.2 Interlinked proteins which are commonly mutated in AD and cancer

Name of
protein Role in AD Role in cancer References

P53 Downregulation of PS1,
upregulation of GSK3β and
tau phosphorylation

Tumor suppressor Proctor and Gray
(2010)

Tau The major component of
neurofibrillary tangles in AD

Down expression in certain
tumors

Rossi et al. (2018)

PTEN Regulation of tau
phosphorylation

Tumor suppressor Domanskyi et al.
(2011), Ogino
et al. (2016)

APP Increased amyloid genic
processing of APP in AD

Increased nonamyloid genic
processing of APP

Kucheryavykh
et al. (2019)

ATM ATM inactivation causes
cerebellar neuronal loss,
reduced activity in AD brains

Tumor suppressor. Mutated in
many cancer types

Choi et al. (2016)

Presenilin Presenilin constitutes the
catalytic core of the
γ-secretase complex. Aids in
APP processing

PS1 leads to tumor invasion,
and metastasis in cancer, loss
of function of PS2 promotes
lung cancer development, reg-
ulation of PTEN

Li et al. (2016),
Zhang et al. (2018)

Pin1 Downregulated in AD. Aids
in tau dephosphorylation.
Regulates APP processing

Overexpressed, Induction of
multiple oncogenic pathways

Chen et al. (2018),
Xu et al. (2017),
Zhou and Lu
(2016)

CDK4 Increased expression in AD
brains

Expression in various human
cancers

Baker and Reddy
(2012)

CDK5 Causes AD-related patho-
physiology
hyperphosphorylation of tau
and APP

Associated with tumor prolif-
eration, angiogenesis, chemo-
therapy resistance, and
antitumor immunity

Kimura et al.
(2014), Liu et al.
(2016), Pozo and
Bibb (2016)

15.3.1 MAPK Pathway

Mitogen-activated protein kinases (MAPKs) regulate various cellular functions like
cell differentiation, growth, and cell death. MAPK signaling has three types of major
kinases: MAPK, MAPK2K, and MAPK3K. The role of MAPK kinases is widely
studied in cancer pathology. Furthermore, ERK kinases-B-Raf and K-Ras mutation



are commonly observed in various human tumors (Advani et al. 2020). Additionally,
MAPK has exciting roles in neurodegenerative disorders including AD in which
MAPK is responsible for tau phosphorylation which leads to the formation of tau
tangle. Mitochondrial dysfunction has a link with AD which is primarily caused by
extracellular signal-regulated kinase (ERK), and downregulation of this can restore
the mitochondrial alterations in AD (Kim and Choi 2015). Moreover, oxidative
stress stimulates JNK (c-Jun N-terminal kinase) and p38 activates the APP expres-
sion processing BACE1 enzyme.
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15.3.2 Wnt Pathway

Wnt is a key pathway for various cellular processes mostly studied in tumors such as
embryonic development, cellular differentiation, and tissue development. Wnt path-
way stimulation supports tumor growth and subsequently protects against
neurodegeneration (Behrens et al. 2009). Moreover, the Wnt pathway is abnormally
expressed in various cancers and is downregulated in AD. It has a protective role in
AD pathology by inhibiting Aβ induces neurotoxic effects. Wnt ligands and frizzled
receptors expression are found to be downstream-regulated inpatient brain having
AD (Folke et al. 2019; Palomer et al. 2019).

15.3.3 Redox Signaling Pathway

Redox homeostasis plays an important role in the cellular process, and any aberrant
change in the signaling processes leads to neurodegeneration, aging, and cancer.
Oxidative stress promotes cancer induction via DNA damage, DNA alteration, and
cancer metastasis. AD is positively linked with oxidative stress and altered redox
mechanisms, for example, oxidative stress stimulates BACE1 (β-secretase 1) release
and Aβ synthesis, which further causes oxidative stress. Various metals such as Fe
(iron), Cu (copper), and Zn (zinc) contents are found to increase in amyloid plaques
as compared to the surrounding tissues (Advani et al. 2020).

15.3.4 PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR signaling pathway is crucial for an array of cellular functions
such as cell survival, growth, and metabolism. PI3K family is consisted of catalytic
subunits (p110α, p110β, p110γ, and p110δ) and non-catalytic or regulatory subunits
(p87, p85, and p101) (Kobayashi et al. 2020). PI3K signaling is marked as the major
regulator of cancer and this pathway is altered in various human tumors via different
ways like PTEN inactivation, PI3K mutation, and activation of upstream regulator of



PI3K (Yang et al. 2019). PI3K/AKT/mTOR pathways are also important for neuro-
nal survival. In Alzheimer, the PI3K pathway controls cell survival, neurogenesis,
oxidative stress, Aβ metabolism, and tau phosphorylation. Aβ possesses a neuro-
toxic effect by inhibiting the PI3K signaling, whereas PI3K activator may provide
neuroprotection by activating the PI3K pathway (O’Neill 2013). A study proposed
the role of the PI3K/AKT/mTOR pathway in Aβ25–35-induced autophagy.
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15.3.5 Anticancer Agents Can Be Repurposed for AD

Various neurotoxins like glutamate, amyloid-β, rotenone, β-N-Methylamino-L-ala-
nine, 3-Nitropropionic acid, 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine,
1-methyl-4-phenylpyridinium, nitric oxide (NO), and ROS are responsible for
neuronal injury and toxicity via different ways like apoptosis, mitochondrial dys-
function, autophagy clearance, and oxidative stress. However, some antineoplastic
agents are recognized to date, which can overcome the adverse effects of these
neurotoxins and aids in neuroprotection. NO is a neurotransmitter, which is essential
for healthy brain functioning (Advani et al. 2020). But if it is excessively produced in
the brain, it leads to neurodegenerative disease. In AD, Aβ activates NO production,
which leads to mitochondrial dysfunction and neurotoxicity. Moreover, oxidative
stress caused by reactive oxygen species (ROS) releases free radicals that contribute
to disease by affecting various cellular functions (Niedzielska et al. 2016). The
intracellular accumulation of Aβ oligomers exerts their toxic effects via tau hyper-
phosphorylation, proteasome dysfunction, lipid peroxidation, and endothelial cell
damage (Lublin and Gandy 2010). Anticancer drugs such as bexarotene, nilotinib,
tamibarotene, thalidomide, carmustin dactolisib, epothilone D, lonafarnib, pacli-
taxel, sunitinib, and saracatinib can decrease toxicity induced by various patholog-
ical markers of AD as summarized in Table 15.3. Moreover, another factor
contributing to neuronal toxicity is the microglial cell which is phagocytic cells of
the brain but depending on the environmental situation they possess neurotoxic
effects. The microglial cell produced several ROS like NO, hydrogen peroxide,
peroxynitrite, and superoxide that leads to oxidative damage along with this these
cells are also responsible for excito-neurotoxicity by releasing glutamate (Bellozi
et al. 2019).

15.3.6 Bexarotene

The two retinoid X receptor (RXR) agonist like bexarotene and tamibarotene
exhibited neuroprotective properties. Bexarotene is a compound currently used to
treat cutaneous T-cell lymphomas and has shown promising results in AD mouse
models. Bexarotene’s mechanism of action is retinoid X receptor agonist, and it
induces changes in gene expression that is responsible for cellular differentiation,
suppress cell growth, apoptosis, and inhibition of tumor growth along with this it
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also affects the activation of apolipoprotein E (ApoE) expression via affecting liver
X receptor–retinoid X receptor complexes (Rodriguez et al. 2021). It has been
reported that oral administration of bexarotene in an AD model resulted in the
removal of amyloid-beta (Aβ) in an apolipoprotein E (ApoE)-dependent manner.
ApoE glycoproteins are primarily expressed in the brain and liver. In the brain,
microglia and astrocytes have an expression of ApoE protein. It has function as an
Aβ binding protein and also increases Aβ accumulation in amyloid plaques.
Bexarotene increases Aβ clearance via peroxisome proliferator-activated receptor
gamma-retinoid X receptor (PPARγ-RXR) and liver X receptor-retinoid X receptor
(LXR:RXR) and facilitate expression of ApoE, ATP-binding cassette transporter
1 (ABCA1), and ATP binding cassette subfamily G member 1 (ABCG1) genes. In
an in-vivo study, bexarotene (300 mg) was given to two different groups, for
example, ApoE noncarriers and ApoE carriers. It reduced Aβ plaque deposition in
apoE4 noncarriers. The authors reported that the Aβ plaques in the ApoE4 carriers
group are difficult to solubilize due to their compression (Cummings et al. 2016). A
study demonstrated that age-dependent critical concentration of bexarotene could
reverse brain cell damage in APP/PS1 mice (Rosenthal et al. 2016). Work on the
C. elegans model suggested that bexarotene interfered with the primary nucleation
of Aβ-42 aggregation (Habchi et al. 2016). Bexarotene is an excellent drug for
further drug development in AD treatment given its high blood–brain barrier (BBB)
permeability and safety profile.

338 M. Dahiya et al.

15.3.7 Tamibarotene (Am80)

It is a retinoic acid receptor (RAR) α/β agonist approved in Japan for the treatment of
acute promyelocytic leukemia (APL). Tamibarotene, a multiple-targeted drug, may
be proven as a potential agent for the treatment of AD. In-vivo study on mice
(APP23) identified that tamibarotene decreases extracellular insoluble Aβ, but no
effects were seen in the soluble Aβ levels. Reduction in extracellular Aβ may be due
to increased level of α-secretase transcription and phagocytosis process of microglia
(Advani et al. 2020).

15.3.8 Nilotinib

In-vivo study on nilotinib demonstrated that it activates autophagy and helps to
decrease Aβ and tau phosphorylation in AD brains. It blocked c-Abl tyrosine kinase
and helps to regulate parkin-beclin1 communication that leads to the removal of
phosphorylated tau and Aβ. Moreover, another study on embryonic stem cells of
human-derived AD models demonstrated that nilotinib has the potential to improve
synaptic dysfunction and elevate the expression of Ras-related protein Rab-3A
(RAB3A). Additionally, clinical trail have been held at georgetown university



(2017) to explore the mechanism of nilotinib in the removal of Aβ plaques and tau
tangles in the brain of the AD patient (Lonskaya et al. 2014; Nishioka et al. 2016).
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15.3.9 Thalidomide

Primarily this drug is utilized as a sedative and it is majorly known for its teratogenic
effects. It is approved for the treatment of severe erythema nodosum leprosum and
multiple myeloma. A study has shown that 3, 6′ dithalidomide (3, 6-DT) reduced
various markers of AD such as Aβ accumulation, tau phosphorylation, Aβ plaque
number, and cognitive deficits in AD mice. Co-administration of both drugs for
example thalidomide and 3, 6-DT decreases the activation of microglia cells as well
as the release of ROS and proteolytic enzymes produced by a microglial cell that
leads to increasing the processing of amyloid precursor proteins into insoluble Aβ
peptide (Tweedie et al. 2012). Furthermore, the in-vitro study of thalidomide
reported that thalidomide inhibits vascular changes such as cell growth, angiogen-
esis, and breakdown of BBB along with affecting cerebral microvasculature, thalid-
omide also blocked astrogliosis and decrease hippocampal neuronal loss via
inhibiting TNF-α. National institute of health has conducted 24-week, randomized,
double blinded, placebo-controlled phase II trial on 185 humans having mild-to-
moderate AD. The result has been shown that the thalidomide at the maximum dose
of 400 mg/day decreases the amyloidogenesis process. These data demonstrated that
there was no significant cognitive dysfunction in the thalidomide-treated group
(Decourt et al. 2017). Therefore, thalidomide may have anti-AD effects via
antiangiogenic, anti-inflammatory, and neuroprotective mechanisms.

15.3.10 Imatinib (Gleevec)

Imatinib decrease Aβ levels via inhibiting the γ-secretase enzyme indirectly and by
producing APP variants. It is an approved drug by FDA for the management of
chronic leukemia and gastrointestinal stromal cancer, targets the Bcr–Abl complex,
and binds with the ATP-binding site of c-ABL and other tyrosine kinases. Various
in-vitro and in-vivo studies have suggested that it may have a therapeutic effect in
AD. It reduced Aβ (β-amyloid) production in AD models when treated with imatinib
along with its neuroprotective effects. Although the mild cardiotoxic effect has been
demonstrated there have been no major adverse effects reported with imatinib’s use
in humans. The primary limitation of imatinib use for the treatment of AD is its low
cerebral penetrability so that it is readily removed from the CNS by glycoprotein-p
(Netzer et al. 2017). Therefore, acetylcholinesterase inhibitors are the majority of
explored drugs for the treatment of AD.
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15.3.11 Sunitinib

It is an antineoplastic agent approved by the FDA for the management of metastatic
carcinoma of renal cells and imatinib-resistant GIT cancer, which showed success as
an anti- Ach esterase drug. Furthermore, sunitinib may act as a potential drug for the
treatment of AD, moreover, sunitinib have shown the significant cognitive improve-
ment in tg2576 and 3xTgAD animal models of AD (Grammas et al. 2014). A study
has been shown that in the scopolamine-induced ADmouse model, sunitinib reduces
the acetylcholine esterase activity. Molecular docking analysis of sunitinib reveals
the interaction with the catalytic and peripheral anion site of acetylcholine esterase
(Huang et al. 2016). Moreover, it was also investigated in HIV models of neurotox-
icity that sunitinib inhibited CDK5 activity and tau hyper-phosphorylation (Wrasidlo
et al. 2014). Sunitinib is considered an antiangiogenic agent and can be used for AD
therapeutics for neo-angiogenesis and for hypervascularization which is associated
with pathological conditions of AD. Sunitinib can alter the levels of Aβ secreted
from endothelial cells by inhibiting VEGF signaling (Jefferies et al. 2013).

15.3.12 Pazopanib

Pazopanib is a tyrosine kinase inhibitor and also inhibits Ach esterase leads to
restoration of cognitive dysfunction that is similar to donepezil. A study has
shown that pazopanib suppresses tau hyperphosphorylation and also altered astro-
cytes activity in the AD mouse model (Javidnia et al. 2017; Yang et al. 2019).

15.3.13 Carmustine (BCNU)

Carmustine is a FDA-approved drug for various types of cancer such as metastatic
brain tumors, myelomas, and lymphomas. It is an alkylating agent, responsible for
cell cycle arrest, DNA disruption, and apoptosis. A study revealed that carmustine
reduced the Aβ level by altering APP trafficking and cleavage. In vivo and in vitro
study of carmustine is independent of the α, β, and Υ secretase enzymes. The prime
benefit of carmustine is that there are no side effects observed with its secretase
inhibitors property, and it has also a good blood–brain barrier (BBB) permeability
and therefore, carmustine can be a potential anti-Aβ drug (Hayes et al. 2013).
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15.3.14 Paclitaxel (Taxol)

It is a microtubule-stabilizing agent, FDA approved for the treatment of breast
cancer, ovarian carcinoma, AIDS-related Kaposi’s sarcoma, and non–small-cell
lung cancer. Studies reported its therapeutic potential in AD and tauopathies. It
altered the stability of the microtubule via binding to the β subunit of tubulin.
Researches have revealed that it blocks the cell division process and induces
apoptosis in cancerous cells (Brunden et al. 2011). A study by Angiotech Pharma-
ceuticals reported that paclitaxel has favorable effects on movement disorders.
Moreover, a group of researchers conducted a study to confirm the Taxol role in
neuroprotection. Additionally, further study revealed that paclitaxel decreases Aβ
toxicity via preventing Aβ-induced stimulation of calpain, which decreases the
proteolysis of p35 to p25 and suppresses activation of CDK5/p25 complex. The
suppression of CDK5/p25 complex activity helps reduce tau phosphorylation and
disease prognosis (Li et al. 2003). Phosphorylated tau (p-tau) protein decreases tau’s
potential to bind microtubules and increase fibrillization. Like imatinib, paclitaxel is
also a glycoprotein-p substrate and has poor CNS penetration. Paclitaxel’s
neuroprotective effect is related to microtubule stabilization, decreasing tau phos-
phorylation, and improving its function along with inhibition of Aβ-induced stimu-
lation of the cystolic cdk5–p25 complex (Advani et al. 2020)

15.4 Conclusion and Future Perspective

AD and cancer share a common mechanism of protein and genes involved in various
signaling pathways. This chapter has been focused on those genes and signaling
pathways that shared common pathways in the two most threatening disorders. Drug
repurposing is an electrifying opportunity for a new drug development approach for
AD. Recently, antineoplastic agents are seeking more attraction from researchers for
drug repositioning for AD. Based on available data, antineoplastic drugs have
potential neuroprotective effects using various ways such as removal of the aggre-
gated toxic protein, inhibits neuroinflammation, and immunomodulatory effects.
Some classes of drugs exhibit excellent repurposing activity for example kinase
inhibitors, alkylating agents, antimetabolites, and antibodies among these, kinase
inhibitors are more gaining focus to date. Additionally, repurposing of drugs signif-
icantly reduced the time and cost of drug development process because they have
already been explored for their safety; therefore, there is no need of the further
preclinical studies. Protein kinases have been recognized to play a central role in
various pathophysiology related to AD. Moreover, animal model and cellular studies
have reported the accomplishment of these for AD and have fortified their
repurposing effects. Although the complete molecular pathways of these drugs in
CNS disorder are still unknown and demand further investigations. Furthermore,
there is a need for certain neurotoxic effects of antineoplastic drugs taken into



consideration are the biggest challenge in the drug repurposing process. But there is
a need for further in vitro and in vivo studies to explore the exact mechanistic
pathways, along with their adverse effect when they are used for repurposing.
Furthermore, the dual nature of some antineoplastic agents is also a matter of future
research to explore the neurotoxic as well as neuroprotective effects. Therefore, the
repurposing of chemotherapeutic agents for AD opens new doors in context with the
urgent need for drug development. There are 53 clinical trials included 58 FDA-
approved agents acting on various therapeutic targets like neuroprotection,
neuroinflammation, neurotransmission alteration were registered in the
ClinicalTrials.gov, accounting for 39% of the overall AD pipeline. Furthermore,
since 2019, the number of phase III studies targeting Aβ decrease by 20%. There-
fore, there is a need of using animal as well as computational techniques along with
effective clinical trial to explore the safety, tolerability and therapeutic potential of
antitumor agents for AD in the nearby future.
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Chapter 16
Repurposing of Drugs for the Treatment
of Microbial Diseases

Kushal Kumar Bansal, Rajat Goyal, Archana Sharma,
Prabodh Chander Sharma, and Ramesh K. Goyal

Abstract The looming threat of rising antimicrobial resistance (AMR) is one of the
major threats to public health, and there is an immediate unmet need of discovery
and development of new antimicrobial agents. Traditional drug discovery and
development involves several stages for the discovery of a new drug and to obtain
marketing approval. Drug repurposing also referred to as drug repositioning has
been influential in identifying new therapeutic uses for already-approved drugs.
Different categories of FDA-approved drugs such as antineoplastic, anti-
inflammatory, anthelmintic have been explored for their possible use as anti-
infective agents. Among several anticancer drugs active against microbes, gallium
nitrate has been found very effective chemical mimic to disrupt iron metabolism in
microbes specially Pseudomonas aeruginosa. Similarly, toremifene an
FDA-approved anticancer agent for treatment of advanced breast cancer is found
to be effective antimicrobial candidate by preventing biofilm formation. Further,
several anticancer topoisomerase inhibitors have found applications in the develop-
ment of novel antibacterial drugs that are valuable against fluoroquinolone-resistant
microbial pathogens. Antibiofilm activity of nonsteroidal anti-inflammatory drugs
renders these agents as promising candidates for further exploration as antimicrobial
agents. Closantel, a veterinary antihelminthic drug, has been found effective against
antibiotic-resistant (VRSA strain VRS1) Staphylococcus aureus. Similarly, numer-
ous cardiovascular agents have been reported to exhibit antimicrobial activities
through different mechanisms. In this chapter, we have summarized the already-
approved drugs of different categories along with possible mechanism of action for
their possible use as anti-infective agents.
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16.1 Introduction

New and re-emerging contagious infections pose a severe threat in the twenty-first
century and are dominant cause of deaths among humans worldwide (Kharb et al.
2011). The deadly microbial infections insensitive to the antimicrobial chemother-
apy claimed nearly 700,000 lives per year globally and are estimated to cause
mortality pace of ten million people annually by 2050. Infections associated with
antimicrobial resistance raise healthcare costs as a result of extended hospital
admittances, enhance costs in treatment and many time treatment failures. As per a
report, more than 2.8 million multidrug-resistant microbial infections occur per year
in the USA only that leads to at least 35,000 deaths and $20 billion in healthcare
expenditures (de Kraker et al. 2016; Dadgostar 2019). Though some marked
improvements in treatment and disease management have been made in recent
years, the AMR pathogens and emerging diseases are ongoing challenges. In order
to combat AMR, multiple drug therapy or combinations of antimicrobial drugs are
being prescribed for severe clinical infections such as, Mycobacterium tuberculosis,
bacteremias (Cheng et al. 2019). A series of studies have revealed the synergistic
effects of two or more antibiotic combination to overcome the complex problem of
antimicrobial resistance. Consequently, the persistent use of antimicrobial agents has
led to the development of multidrug resistance (MDR), which is even more serious
challenge regarding the optimal use of multidrug therapy (Perron et al. 2012). Since
medicinal choices to manage and cure infections are increasingly being limited, the
research is now being directed toward new types of antimicrobials such as peptides,
nanoparticles, and combinatorial therapies. Each of these approaches has faced
significant difficulties as a result of escalating microbial resistance; this increases
the morbidity and mortality related with microbial diseases. Therefore, new prom-
ising alternatives to fight infections and to mitigate the spread of antimicrobial
resistance have become imperative caused by MDR-resistant pathogens (Leon-
Buitimea et al. 2020).

A possible solution to tackle the problem of antimicrobial resistance is drug
repurposing (also known as drug repositioning). The term drug repurposing/drug
repositioning has been interchangeably used with drug re-profiling, drug re-cycling,
drug rescuing, drug re-tasking, drug redirection, and therapeutic switching. Drug
repurposing has gained exceptional devotions recently as a result of persistent high
failure rates and essential costs in new drug development process. The field has been
emerged as a promising field in drug discovery that involves establishing new
therapeutic use for already-known drugs, including approved, discontinued, aban-
doned, and experimental drugs (Pushpakom et al. 2019; Rudrapal et al. 2020). A
series of studies revealed several non-antimicrobial agents that are not intentionally
used as antimicrobial agents but have one or more antimicrobial properties. Some
noteworthy classes of drugs such as anthelmintics, anticancer drugs, anti-inflamma-
tory/immunomodulatory drugs, antipsychotic, and antidepressant drugs are
approved for their well-defined clinical indications with reported antimicrobial



properties in preclinical and clinical studies and could be utilized successfully for
drug repurposing in treatment and management of microbial infections (Miro et al.
2019). This promising approach offers numerous advantages such as enhancement
in portfolio of pharmaceutical companies by reducing the time and money required
for producing new antimicrobials, and also being able to utilize compounds with
known pharmacological properties (Rangel-Vega et al. 2015). The conventional
approach to develop a new low molecular weight antimicrobial agent usually takes
around 10–12 years and costs about hundreds of millions of dollars. Moreover,
process of development of novel broad-spectrum antimicrobial is growingly diffi-
cult. The development of new antimicrobial risk has been greatly amplified by the
ominous threat of antimicrobial resistance; therefore, alternative approaches, such as
drug repurposing, are needed to meet the challenges and resolve the complex
problems of emergence of drug-resistant microbial diseases (Zheng et al. 2017).
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This chapter focuses on understanding the mechanism of antimicrobial resistance
and need of repurposing of drugs for the treatment of microbial diseases. The chapter
also emphasizes on the current status of information on repurposing of drugs for
microbial pathogens, their mechanism of action, efficacy, extent of activity against
microbial agents, as well as their possible clinical use in treatment of microbial
infections.

16.2 Antimicrobial Agents: Mechanism of Resistance

Antimicrobial agents are generally classified according to their molecular structure
and their mechanism of action on cell components of microbial cells. These cell
components are also referred to as bio-targets which comprise cell wall synthesis,
protein synthesis, ribonucleic acid synthesis (RNA), deoxyribonucleic acid (DNA)
synthesis, and intermediary metabolism (Tenover 2006). Figure 16.1 summarizes
the cellular sites of action along with approved antimicrobial agents. Since devel-
opment of resistance to many drugs has reduced their use, other synthetic derivatives
have gained increasing attention in recent years. The microbes such as bacteria,
viruses, fungi, and parasites have evolved a special mechanism to overcome the
action of medicines for their survival. Consequently, the infection becomes chal-
lenging to treat with the risk of spreading of disease, severe illness, and death. There
are many reasons that promote the antimicrobial resistance,

which can be described as increased consumption, improper or unnecessary
prescription, overuse, and misuse of various common antimicrobials agents by
medical practitioners on account of their choice of combination having low cost
and toxicity to the patients. Knowingly or unknowingly, all these factors contribute
to emergence of resistant micro-organisms that can vary depending upon the strain
and susceptibility. Microbial resistance is categorized as natural (intrinsic or
induced) and acquired resistance. The common source of microbial resistance is
intrinsic as microbes have stable genetic property encoded in the chromosomal DNA
and shared by all members of the genus. On the other hand, a change in the bacterial



DNA so that a new phenotypic trait can be expressed contributes to acquired
resistance. Microbes have a well-elaborated machinery to replicate DNA, correct
errors, and repair damage to the chromosomes. This signifies that microbes have low
frequency of mutation in gene, otherwise the corrective mechanisms cannot be
performed since mutations are often deleterious to the cell. Despite the low fre-
quency, resistance mutations do survive and usually result in an altered protein that
is less susceptible to the antimicrobial agents. Therefore, a mutation that confers
resistance is a multistep process; the one-step mutations are relatively rare and are
well documented for certain agents, such as quinolones, rifampin, streptomycin,
sulfonamides, and trimethoprim. New resistance genes are transferred among bac-
teria from generation to generation, or stored in extra-chromosomal state on a
bacterial plasmid. Plasmids carrying resistance genes are transferred via sex pili
and are considered an extremely important mechanism for spreading antimicrobial
resistance. Another less common mode of spreading is transduction, in which
resistant genes of plasmid or chromosomal origin are carried by bacteriophages.
The phenomenon of microbial resistance can be promoted by different mechanisms
(Reygaert 2018). The possible mode of microbial resistance to the broad-spectrum
antimicrobial agents has been described in Table 16.1 (Dever and Dermody 1991).
There are different ways that microbes protect themselves and withstand with the
antimicrobial agents. Most known method is to modify the antibiotic which is
accomplished by introducing different chemical groups to antibiotics. On account
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Fig. 16.1 Diagram of bacterial cell showing principle targets for approved drugs



of production of certain enzymes by microbes, they are capable of changing the
nature of antimicrobial agents so that they cannot penetrate into cell wall. Second,
the antibiotic penetrates the cell wall and reaches the target site but is unable to
produce the activity due to modification in structure of the target or alterations in the
primary site of action (due to mutations in microbial DNA). Expression of alterna-
tive proteins, reprogramming of target also render the drug to bypass the target.
Genes located on chromosomes, plasmids, or transposons encode specific resistance
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Table 16.1 Antimicrobial agents: Site of action and mode of resistance

Sr.
no. Class of drug Site of action Mode of resistance

1 Penicillin and
cephalosporins

Inhibition of bacterial cell-wall
synthesis

Enzymatic inactivation by
ß-lactamase

2 Monobactams Inhibition of peptidoglycan syn-
thesis process

3 Carbapenem Inhibition of bacterial cell-wall
synthesis

4 Vancomycin Inhibition of bacterial cell-wall
formation by the inhibition of
peptidoglycan synthesis

Inhibition of glycopeptide access

5 Trimethoprim Inhibition of dihydrofolate reduc-
tase by blocking sequential steps
in the folate synthesis pathway

Increased production of
dihydrofolate reductase

6 Sulfonamides Increased production of p-
aminobenzoic acid; increased
production of pteridine; increased
production of sulfonamide-
insensitive dihydropteroate
synthetase

7 Aminoglycosides Inhibition of initiation of protein
synthesis and disrupt polypeptide
chain elongation by inducing the
incorporation of incorrect amino
acids

Enzymatic modification by acet-
ylation, phosphorylation, and
nucleotidylation; ribosomal
alteration

8 Chloramphenicol Inhibition of protein synthesis by
binding to the 50s ribosomal
subunit

Enzymatic inactivation by acety-
lation; decreased drug
permeability

9 Macrolides Enzymatic modification by ester-
ase; alteration of 23 s ribosomal
RNA

10 Lincosamide Enzymatic modification by
nucleotidylation or phosphoryla-
tion; alteration of 23 s ribosomal
RNA

11 Tetracyclin Inhibition of bacterial protein
synthesis by binding to the 30s
ribosomal subunit

Active efflux preceded by chem-
ical modification

12 Quinolones Inhibition of DNA gyrase Alteration of subunit A of DNA
gyrase



to a variety of antimicrobial agents. Above all, mutation is a spontaneous event that
occurs regardless of whether antibiotic is present and allows bacteria to survive in
the face of selection. Thus, it is evident that microbes develop resistance by either
new mutations or the exchange of genetic information from generation to genera-
tions (Tenover 2006; Hawkey 1998; McManus 1997).
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16.3 Need of Repurposing of Drugs for Microbial Diseases

Antimicrobial agents have been the fundamental allies in the treatment and man-
agement of microbial infections for almost 80 years. As discussed earlier, microbes
are widely acknowledged to develop antimicrobial resistance and are continue to
threaten the public health in every geographic region. With the emergence of
multidrug-resistant microbial strains have created an urgent need for the develop-
ment and discovery of robust antimicrobials. Development of new antimicrobial
agents and vaccines usually takes 10–15 years and utilizes immense sources. This
seems to be a critical situation in hand and creates deep necessity for the identifica-
tion of novel strategies to develop antimicrobials to deal with this challenging health
issue (Kamurai et al. 2020; Zheng et al. 2018). The ultimate goal of antimicrobial
drug development is to identify molecules with the desired effect in the human body
and to establish its quality, safety, and efficacy for treating patients. The conven-
tional drug discovery or de novo approach involves stimulating the 3D structure of a
ligand and protein receptor via computational aid. The process is usually time-
consuming, laborious, high-risk that costs an average of US$2.6 billion and it
takes a molecule to market in nearly 17 years. While, new technologies such as
recombinant DNA, genomics and combinatorial chemistry, drug discovery offers
considerable decrease in the time, and overall cost of new drug development. The
above factors have rendered the medicinal chemists to practice drug repurposing as
an alternative approach for new drug development. For example the existing drug
auranofin has been approved as antirheumatic agent and has been repurposed for
complex infectious disease amoebiosis. Another example comprises amphotericin B
recommended for visceral leishmaniasis, whereas it was initially developed for
management of fungal infections. Some other examples include dapsone, doxycy-
cline which is recommended for malaria, whereas these were approved for pulmo-
nary tuberculosis and as antibacterial activities, respectively (Thangamani et al.
2015a). Most recently, commercially available drugs used to treat other diseases
such as HIV and malaria are being carefully evaluated as treatments for COVID-19.
Multiple types of drugs such as antimalarials, antivirals, and antibiotics are being
considered as potential treatments for COVID-19 either individually or in combina-
tion. Many are undergoing clinical trials to be evaluated for safety and efficacy in
humans. An early example in research was the use of hydroxychloroquine (HCQ) in
combination with azithromycin, which generated deep interest in the potential of
chloroquine (CQ) and its derivatives for consideration as a potential treatment for
COVID-19. There are several examples of drugs that can be employed as alternative



approach for treatment and management of diseases previously meant for other
diseases. The approach is gaining popularity since it leads to significant improve-
ment in patients and reduces side effects and is called drug repositioning. As the
Nobel laureate pharmacologist James Black once said: “The most fruitful basis for
the discovery of a new drug is to start with an old drug.” Drug repositioning
advocates for shorter development timeline, no need to repeat the safety assessment,
use of already formulation development protocols and offers a positive outcome in
orphan drug development. At present, medical fraternity lacks successful drugs for
treatment and cure of severe diseases such as many types of cancer, life-threatening
multi-resistant microbial infectious, neurodegenerative diseases, and many others.
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16.4 Repurposing of Drugs as Antimicrobial Agents

This has been well accepted that most small-molecule drugs interact with more than
one target protein. Taking the advantage of the situation, new technologies such as
drug repurposing could be the major tool in order to accelerate the drug discovery
process by keeping overall fruitful outcomes related to process advancing the
progress in drug discovery field (Low et al. 2020; Gil and Martinez 2021; Nishimura
and Hara 2018). Thus, alternative approaches, such as drug repurposing, are needed
to meet the challenges of outbreaks and the emergence of drug-resistant infectious
diseases. A systematic approach has revealed (Fig. 16.2) that many representatives
drugs originated from the class of anticancer, anthelmintic, antihyperlipidemic, anti-
inflammatory, cardiovascular, psychoactive, etc. are credited with antimicrobial
potential.

16.4.1 Repurposing of Anticancer Drugs for Microbial
Diseases

Both cancer cells and microbes share some common features in terms of fast
proliferation, high metabolic rates, capability to metastases, cell-to-cell communi-
cation behavior, resistance against medicinal agents, and reliance for eradication on
an active immune system. Cancer cells instead of dying multiply continuously to
reproduce more and more abnormal cells. While microbes possess complex outer
structures which, enables the microbe to escape from the immune system to improve
survival rate. For instance, Gram-negative bacteria namely Escherichia coli,
Haemophilus influenzae, Streptococcus pneumoniae, and Neisseria meningitidis
have been enclosed with polysaccharide capsule which acts like shield on the
membranes against the immune system and prevent them from phagocytosis. Unfor-
tunately, most of the drugs employed in treatment and management of cancer and
infection are incapable of penetration into cells and complete eradication of these



cells (Al-Hilu and Al-Shujairi 2020; Quezada et al. 2020). Hence, it is expected that
at least some drugs specifically designed to inhibit cancer progression are also
functional as antimicrobials, as it has been found for several anticancer compounds
(Table 16.2).
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Fig. 16.2 Drug repurposing as an alternative approach for treatment of microbial infections

Chemotherapeutic agent namely mitomycin C has been approved by the FDA for
treatments of wide range of cancers such as bladder, gastric, and pancreatic cancers.
The drug is a prototype which is converted into a highly reactive bis-electrophilic
intermediate, passively diffuses into cells that alkylates cellular nucleophiles and
causes cross-linking of DNA. The mitomycin C has been produced by



sp. Streptomyces caespitosus and proven effective in killing a broad-range of
bacterial persister cells including spirochete Borrelia burgdorferi, causative patho-
gen of Lyme disease which results in formation of biofilms and wounds (Kwan et al.
2015). Like mitomycin C, cisplatin is another FDA-approved chemotherapeutic
agent that also acts by cross-linking DNA but primarily on the same strand of
DNA with intrastrand cross-linking between purines at adjacent guanines, at AG
sequences, and at GNG sequences where N can be any nucleotide. Cisplatin
(cis-diamminodichloroplatinum (II) is recommended in treatment of testicular, ovar-
ian, bladder, and head and neck cancers and eradicates Escherichia coli K-12
persister cells through a growth-independent mechanism. In comparison to
mitomycin C, cisplatin is more effective at killing Pseudomonas aeruginosa per-
sister cells and against clinical isolates of S. aureus via forming interstrand DNA
cross-linking (Chowdhury et al. 2016). The other examples of alkylating agents
those found to possess antimicrobial properties include nitrogen mustards such as
busulfan, chlorambucil, mechlorethamine, nitrosoureas such as, carmustine,
lomustine, streptozotocin, and thiotepa.
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Table 16.2 Some anticancer drugs, their mode of action, and indications in treatment of diseases

Class of Drug Mechanism of Action Indication

Alkylating Agents; Alkylates DNA
Examples; Busulfan, to form crosslinks, Chronic myelogenous leukemia

Carmustine, this DNA damage Brain tumors, Hodgkin's and
Chlorambucil, interferes with non-Hodgkin's lymphomas
Diaziquone, DNA synthesis Multiple myeloma
Lomustine, and transcription Metastatic cancer in pancreatic

Mechlorethamine, islet cells, Bladder,
Mitomycin C, breast, and ovarian cancers,
Streptozotocin, malignant pleural, Apericardial
ThioTEPA and peritoneal effusions

Antimetabolites; Impairing purine and
Examples; Azacitidine, pyrimidine synthesis Myelodysplastic syndromes

5-Fluorouracil, Multiple myeloma
Gemcitabine, Breast, ovarian, and pancreatic

Mercaptopurine, Acute lymphoblastic leukemia
Methotrexate, Acute lymphoblastic leukemia
Thioguanine Acute non-lymphocytic leukemia

Antibiotics;
Examples; Dactinomycin, Inhibit DNA replication Hodgkin's & non-Hodgkin's lymphoma

Daunorubicin, and synthesis testicular cancer, ovarian cancer
Doxorubicin, breast cancer, bladder cancer,
Bleomycin Kaposi's sarcoma and cervical cancers
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All are recommended for treatment of cancer and have been proven to cause
interruption of DNA synthesis and stimulate eradication of microbial cells (Soo et al.
2017). Antimetabolites being indicated in cancer treatment affect the DNA synthesis
by acting as a substitute to the actual metabolites which is required in normal
metabolism. Among them 3-bromopyruvate has been recently identified as a potent
and selective antistaphylococcal agent. This chemotherapeutic agent demonstrated
bactericidal activity against Staphylococcus aureus (20 μg/ml) and several human
and veterinary strains (MIC; 20 and 80 μg/ml), including MDR isolates. Most
notably, 3-bromopyruvate exhibited synergistic effect with gentamicin (Visca et al.
2018). The other chemotherapeutic agent from antimetabolites such as 5-fluorouracil
(5-FU) previously approved for treatment of human colon cancer has demonstrated
biofilm inhibitory activity against the isolate of P. aeruginosa through interfering
with quorum-sensing (QS) pathways, and was found nontoxic to P. aeruginosa



(Kang et al. 2019). FDA-approved anticancer drugs such as streptozotocin
(recommended in pancreatic islet cell cancer) and floxuridine (mostly recommended
in colorectal cancer) are also known for their antimicrobial activity. The drugs were
reported as antivirulent against important Gram-positive human pathogen Staphylo-
coccus aureus USA300 (the SaeRS two-component system). In vivo data showed
that a single administration of the drugs was sufficient to protect mice from staph-
ylococcal intraperitoneal infection. Among both anticancer drugs, floxuridine was
effective in comparison to streptozotocin in repressing SaeRS promoters and
protecting human neutrophils from S. aureus-mediated killing at a dose of 0.5 and
0.4 μM (Dylag et al. 2013).
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In another study, Kang et al. reported in vitro and in vivo inhibitory activity of
3-bromopyruvate on NDM-1 (New Delhi metallo-β-lactamase-1) target. The cata-
lytic activity studies demonstrated that the scaffold was capable of inhibiting
NDM-1 (IC50; 2.57 μM) in a dose and time-dependent manner. Additionally, the
analog effectively restored the activity of β-lactam antibiotics resulting in two- to
eightfold reduction in MIC (Ueda et al. 2009). By taking the same pyruvic analog
namely 3-bromopyruvate (3-BP), Dylag et al. inspected antifungal activity against
on several strains of yeast and filamentous fungi. The lowest possible minimal
inhibitory concentration and low toxicity was found against the human pathogenic
strain Cryptococcus neoformans (MIC; 0.12–0.15 mM) (Yeo et al. 2018).

3-Bromopyruvic Acid
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Tamoxifen has been approved as a selective estrogen receptor modulator and
recommended in the treatment of breast cancer. Besides anticancer activity



tamoxifen also promotes biosynthesis of sphingolipid, resulting essentially in acti-
vation of pro-inflammatory pathways via regulation of neutrophil activity. The
production of neutrophil extracellular trap (NET) occurs via a ceramide/PKCϚ--
mediated pathway, and NET synthesis can be promoted with treatment of synthetic
ceramide. Conversely, in vitro pretreatment of neutrophils with tamoxifen improves
neutrophil bactericidal activity against virulent human pathogens and enhances
clearance of the methicillin-resistant Staphylococcus aureus in vivo (Corriden
et al. 2015).
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A structurally similar analog of tamoxifen is toremifene widely known
FDA-approved anticancer agent for treatment of advanced breast cancer in post-
menopausal women. Recently, toremifene has been identified for antibacterial
capacity against oral bacteria namely Porphyromonas gingivalis and Streptococcus
mutans. The drug toremifene depicted inhibitory activity and prevent biofilm for-
mation at a dose range from 12.5 to 25 μM. Additionally, the drug was able to
eradicate previously form biofilms at 25–50 μM dose (Gerits et al. 2016).

The other drug candidate raloxifene approved for prevention of osteoporosis and
reduction of the risk of breast cancer in postmenopausal women is known to have
anti-inflammatory properties and associated with production of neutrophil extracel-
lular trap (NET) similar to tamoxifen. Raloxifene prevents neutrophil cell death in
response to the classical activator phorbol 12-myristate 13-acetate (a mediator that
increase DNA-based neutrophil extracellular traps). Thus, raloxifene inhibited
PMA-induced, NET-based killing of human pathogen methicillin-resistant Staphy-
lococcus aureus (Flores et al. 2016).
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One of the most promising anticancer drugs to become repurposed as an
antibacterial is gallium nitrate. Microbes such as bacteria require iron as essential
constituent for enzymes-mediated DNA synthesis, electron transport, oxidative
stress defense, and other functional processes. The iron can be successfully replaced
with identical property carrying metal gallium that in turn disrupt iron metabolism in
such microbes. The study indicated that gallium can act as a chemical mimic to
disrupt P. aeruginosa iron metabolism at μM of gallium in sputum samples from
patients with cystic fibrosis. Gallium showed synergistic effect with certain antibi-
otics but resistance developed slowly; however, gallium did not diminish the
antibacterial activity of host macrophages (Goss et al. 2018).

Napabucasin occurs as natural compound and known orally available Stat3 and
cancer cell stemness inhibitor. Napabucasin demonstrated good antimicrobial



activity against oral streptococcal planktonic isolates (Streptococcus mutans, Strep-
tococcus gordonii, and Streptococcus sanguinis) in MIC range from 0.49 to 3.91 μg/
ml and MBC range from 0.98 to 15.63 μg/ml than chlorhexidine (MIC range;
0.49–1.95 μg/ml, MBC range; 3.91–7.81 μg/ml). However, the natural compound
napabucasin demonstrated lower cytotoxicity as compared to the reference drug
(Kuang et al. 2020).
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Song et al. identified a potent indigoid derivative; 5-nitro-3-phenyl-1H-indol-2-
yl-methylamine hydrochloride (NPIMA) that kills Escherichia coli persister cells
more effectively than DNA-cross-linker cisplatin by damaging their membranes.
NPIMA exhibited excellent eradication capability toward Pseudomonas aeruginosa
and carry moderate eradication of Staphylococcus aureus persister cells at MIC
values of 0.1–0.25 μg/ml as compared to cisplatin (MIC; 0.15–1 μg/ml). NPIMA on
several wound models was also proved to be effective in reducing P. aeruginosa and
S. aureus cell with no resistance found after 1 week (Song et al. 2019).
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Cisplatin has been recommended in plethora of cancers including testicular,
ovarian, cervical, breast, bladder, head–neck, esophageal, lung, mesothelioma,
brain tumors, and neuroblastoma. The drug shows binding with DNA and interfere
with normal transcription or replication and results in cytotoxicity. Yuan et al.
repurposed antineoplastic drug cisplatin for its potential antimicrobial activity
against the nosocomial pathogen Pseudomonas aeruginosa. Cisplatin exhibits anti-
microbial activity against P. aeruginosa PAO1 lab strain MIC) of 6.25 μM
P. aeruginosa lab strain PA14 and a P. aeruginosa mucoid multiple drug-resistant
(MDR) CF 57388A at MIC 6.25 μM (Yuan et al. 2018) (Fig. 16.3).
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Fig. 16.3 Mechanism of action of cisplatin

A naturally occurring pyrimidine nucleoside analog of cytidine, azacytidine was
approved for acute myelogenous leukemia. It has been well documented that
introduction of azacytidine into the DNA of human or pathogenic cells such as
Escherichia coli results in hypomethylation of DNA and inhibits DNA
methyltransferase (MTases) which causes inhibition of protein and DNA synthesis.
The antimicrobial effect of azacytidine was demonstrated by Yadav et al. against
S. pneumoniae (a pathogen causing pneumonia, otitis media, meningitis, and sepsis).
At 15 mM concentration, the analog caused inhibition up to 7.5% with a 13%
decrease in biomass of biofilms. At 100 mM concentration, 23% inhibition was
observed with 54% less biomass, while at 500 mM concentration, 34% cells were
inhibited and 70% of the biofilms were detected (Yadav et al. 2012).

From the class of antimetbolites, gemcitabine is a known cytotoxic nucleoside
analog approved for treatment of numerous cancers including testicular cancer,
breast cancer, ovarian cancer, non–small-cell lung cancer, pancreatic cancer, and
bladder cancer. Jordheim et al. demonstrated antimicrobial activity of this cytotoxic
analog against multi-resistant Staphylococcus aureus strains. Gemcitabine and its
analog namely CP-4126 have shown significant antimicrobial activities against
S. aureus (MSSA), methicillin-resistant S. aureus (MRSA) and glycopeptide-
intermediate S. aureus (GISA) at MIC values between 0.06 mg/L and 4.22 mg/L.
The analogs showed bactericidal activity and exhibited synergistic effect with
gentamicin. Moreover, mutations in the nucleoside kinase gene SadAK have been
observed indicating its role in gemcitabine activity (Jordheim et al. 2012).
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Kruszewska et al. assayed several nonantibiotic drugs for their antimicrobial
activity against microbial strains: S. aureus, E. coli, P. aeruginosa, and
C. albicans. Among the screened analogs, methotrexate (A folate analog approved
for antineoplastic and immunosuppressant activities) demonstrated noteworthy anti-
microbial properties against S. aureus (MSSA strain) at MIC range 10–20 μg/ml. On
the other hand, S. aureus (MRSA strains), MIC range was found 10–<100 μg/ml
(Kruszewska et al. 2000).
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Beside the antineoplastic agents, another nonantibiotic drug sorafenib has been
approved as a tyrosine protein kinase inhibitor for cancer therapy and exhibits a
strong cytotoxic effect. Chang et al. developed several sorafenib-based analogs and
evaluated for anti-MRSA (Staphylococcus aureus and Staphylococcus epidermidis)
potency. SC5005 has been identified as most potent lead compound as anti-MRSA
with an MIC90 of 0.5 mg/L and with low cytotoxicity against all human cancer cells
with the IC50 ranging from 15 to 20 mg/L by increased selectivity ratios of up to
40 (Chang et al. 2016). Crunkhorn et al. suggested that sorafenib-based analogs
target two essential bacterial proteins namely demethylmenaquinone
methyltransferase and signal peptidase IB that killed S. aureus, reduced persisters,
and established biofilms and did not induce in vitro resistance (Crunkhorn 2020).
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Chemotherapeutic agents such as bleomycin and doxorubicin are known to exert
their cytotoxic activity through the oxidative cleavage of DNA and recommended in
Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, testicular cancer, ovarian cancer,
breast cancer, bladder cancer, Kaposi’s sarcoma, and cervical cancers. These cancer
medicines have been reported to inhibit growth of microbial pathogens including
enterobacteriaceae, Staphylococcus aureus, and Corynebacterium spp. Bleomycin
showed inhibition of both S. pseudintermedius and E. coli, while doxorubicin
inhibited only staphylococcal isolates (Campbell et al. 2019).

In a similar study, Andros et al. revealed antimicrobial properties of bleomycin
and tallysomycin S10b against B. subtilis, K. pneumoniae, and E. coli with an
average zone of inhibition of 14.92 ± 7.88 mm and 15.17 ± 7.88 against Gram-
negative bacteria, and for Gram-positive strains 18.93 ± 6.83 mm and
2.36 ± 7.74 mm, respectively (Andros et al. 2015).
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In the past decades, protein kinase inhibitors have been identified as novel
antimicrobial candidates in treatment and management of HIV, tuberculosis, and
malaria. Tyrosine kinases include wide varieties of enzymes that activate many
proteins by signal transduction. Tyrosine kinases inhibitors are typically anticancer
drugs that are recommended in chronic myelogenous leukemia and other diseases,
such as idiopathic pulmonary fibrosis. Imatinib (targets ABL1/2), gefitinib (targets
EGFR), and ibrutinib (targets BTK) are some examples of tyrosine kinases inhibitors
that exhibit indirect anti-infective activities possibly improving the host cell capacity
to fight against infections (Cheng et al. 2017; Sharma et al. 2020). Of different
analogs, imatinib demonstrated synergistic effects in combination with first-line
antitubercular drugs like rifampicin and rifabutin (Napier et al. 2011).
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Nuclear DNA topoisomerases essential human enzyme that regulates transcrip-
tion, replication and recombination processes. Inhibitors of DNA topoisomerases
such as anthracyclin derivatives (daunorubicin, doxorubicin, epirubicin, and
idarubicin) are widely used cancer chemotherapy and known to stimulate DNA
cleavage (Binaschi et al. 1995). Recently topoisomerase inhibitors found applica-
tions in the development of novel antibacterial drugs that are valuable against
fluoroquinolone-resistant microbial pathogens (Hiasa 2018; Biswas et al. 2013).
Gajadeera et al. suggested that daunorubicin and idarubicin showed Mtb DnaG
inhibitory activity at low IC50 values 7.2 ± 0.3 μM and 8.2 ± 1.1 μM, respectively.
Aloe-emodin, a plant origin compound with cathartic and mild anticancer activities



demonstrated inhibition of Mtb DnaG enzyme with IC50 value 19 ± 2 μM. Another
DNA intercalator namely mitoxantrone (a derivative of an anticancer drug) inhibited
Mtb DnaG about twofold more weak potency with IC50 value of 38 ± 1 μM than
aloe-emodin (Gajadeera et al. 2015). Mitoxantrone (an anthraquinone derivative)
itself demonstrated inhibitory activity against Mycobacterium tuberculosis PknB
(an essential receptor-like protein kinase involved in cell growth control) and
capable of preventing mycobacterial growth. The drug showed antimycobacterial
activity against M. tuberculosis H37Rv, M. smegmatis, and M. aurum in MIC range
25–400 μM (Wehenkel et al. 2006; Ali et al. 2018).
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16.4.2 Repurposing of Anti-inflammatory Drugs
for Microbial Diseases

Nonsteroidal anti-inflammatory drugs (NSAIDs) are recommended in the treatment
of inflammation and known to act through inhibition of cyclooxygenases thereby



decreasing the synthesis of the pro-inflammatory mediator prostaglandin. A series of
studies have revealed antibiofilm activity of nonsteroidal anti-inflammatory drugs
(NSAIDs). Some known approved anti-inflammatory drugs such as ibuprofen,
diclofenac, and acetylsalicylic acid can be employed as adjunctive therapies against
infections related to formation of biofilm. It has been anticipated that NSAIDs exert
an antimicrobial or antibiofilm action by inhibiting hemolysis, blocking AgrA-
regulated virulence, disrupting staphyloxanthin synthesis, low expression of biofilm
formation genes fnbA and icaA (Leme and da Silva 2021).
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Among NSAIDs, carprofen, bromfenac, and vedaprofen showed antibacterial
activity against Escherichia coli by inhibiting DNA polymerase IIIb subunit.
Besides E. coli, the drugs were also screened for their antibacterial activities against
acinetobacter baylyi, Staphylococcus aureus, and Bacillus subtilis. MIC values of
these NSAIDs are given in Table 16.3. The S. aureus and B. subtilis (Gram-positive)
demonstrated higher susceptibility toward NSAIDs used in study than against E. coli
and A. baylyi (Gram-negative) (Yin et al. 2014).
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Table 16.3 MIC values of some NSAIDs

NSAID
E. coli (MIC;
μg/ml)

A. baylyi (MIC;
μg/ml)

S. aureus (MIC;
μg/ml)

B. subtilis (MIC;
μg/ml)

Carprofen 680 340 85 85

Vedaprofen 1410 705 44 44

Bromfenac 835 1670 835 418

Flufenamic
acid

>1400 1400 175 88

Tolfenamic
acid

>1300 1300 163 82
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Kroesen et al. pointed beneficial effect of NSAIDs as adjunct to TB therapy,
mediated by host-immune reaction (Kroesen et al. 2017). To evaluate the effect of
anti-inflammatory agents, Vilaplana et al. showed anti-TB effect of ibuprofen in an
experimental animal model. The treatment of animals with ibuprofen demonstrated
statistically significant reduction in the size and number of lung lesions, significant
reduction in the bacillary load, and increased survival of animals in comparison to
untreated animals. The results encouraged that incorporation of ibuprofen in the
standard tuberculosis therapy for the treatment of the humans infected with Myco-
bacterium tuberculosis could produce better results in resolution of TB. It is also
anticipated that administering ibuprofen in case of MDR or XDR strains could also
contribute to effective treatment of TB (Vilaplana et al. 2013).

On the other hand, a popularly known salicylic acid derivative aspirin was found
to induce antibiotic resistance in various bacterial species. Aspirin (anti-
inflammatory drug) demonstrated antagonistic effect on isoniazid treatment of
murine pulmonary tuberculosis, whereas the nonsalicylate ibuprofen did not show
this effect (Byrne et al. 2007). Schaller et al. analyzed the effect of salicylate on the
on a range of antituberculosis (anti-TB) drugs such as isoniazid, rifampin, etham-
butol, streptomycin, and p-aminosalicylate. Salicylate-induced resistance was more
pronounced for p-aminosalicylate, streptomycin, and ethambutol but was not appar-
ent for isoniazid and rifampin when salicylate and the anti-TB agents were incorpo-
rated simultaneously (Schaller et al. 2002).
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In addition to the potent anti-inflammatory activity, diclofenac sodium was found
to possess effective antibacterial activity against clinical isolates of Staphylococcus
aureus, Listeria monocytogenes, Escherichia coli, and Mycobacterium spp. (both
drug-sensitive and drug resistant). Noteworthy, the drug showed inhibitory activity
against the different isolates ofMycobacterium tuberculosis, and other mycobacteria
at a dose range between 10 and 25 μ/ml concentrations. Diclofenac sodium demon-
strated bactericidal activity against both E. coli and L. monocytogenes by inhibiting
the DNA synthesis. The drug was found to possess antiplasmid activity and identi-
fied as helper compound that act synergistically with streptomycin against E. coli
and Mycobacterium or in combination with gentamicin against Listeria (Dutta et al.
2004; Mazumdar et al. 2009). AL-Janabi et al. also reported antibacterial activity of
diclofenac, indomethacin, and mefenamic acid. Staphylococcus aureus was found
susceptible toward diclofenac and mefenamic acid. Notably, diclofenac showed
lowest MIC value at 2.5 mg/ml against seven isolated strains (E. coli, Sal. Typhi,
Ent. Cloacae, Ent. Aerogenes, S. aureus, B. subtilis, P. yeei), while all the isolates
were observed to exhibit resistance to indomethacin up to 5 mg/ml (AL-Janabi
AAH. 2009).

Sukul et al. screened metal complexes of indomethacin with cobalt, copper,
manganese, and zinc for their analgesic, antimicrobial, cytotoxic, and antioxidant
activities. In particular, indomethacin and its complexes with cobalt, copper, and
manganese exhibited mild-to-moderate antimicrobial activity (zone inhibition diam-
eter 8–9 mm) and the indomethacin–manganese complex also displayed highest
cytotoxicity (Sukul et al. 2014).
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Another propionic acid derivative naproxen has been approved for the cure of
many injuries or pain associated with inflammation. Recently, naproxen except for
anti-inflammatory activity has been identified as anticancer and antimicrobial agent.
Diclofenac, aspirin, and naproxen showed inhibitory activity on fungal growth.
Diclofenac revealed significant antifungal activity against dermatophyte strain
T. mentagrophytes at MIC 700 μg/ml for and against E. floccosum at 280 μg/ml.
Aspirin and naproxen also showed significant activity against dermatophytes, but
less than diclofenac. Celecoxib exhibited 50% of inhibition against
T. mentagrophytes at MIC value of 500 μg/ml than meloxicam at MIC 1000 μg/ml
(Hussein and AL-Janabi 2011). A series of study has also reported the antimicrobial
properties of celecoxib. Celecoxib showed inhibitory activities against Histoplasma
capsulatum, Francisella tularensis, F. novicida, S. aureus, and S. epidermidis.
Beside antimicrobial activity, celecoxib contributed to the sensitivity of bacteria to
various antibiotics, such as ampicillin, kanamycin, ciprofloxacin, and chloramphen-
icol by inhibiting multidrug efflux pumps in Mycobacterium smegmatis and
S. aureus. In particular, celecoxib sensitizes intracellular S. aureus to antibiotic
through modulation of SIRT1 in macrophages infected with S. aureus, thereby



limiting bacterial survival and infection (Thangamani et al. 2015b; Annamanedi and
Kalle 2014).
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Mishra et al. demonstrated antimicrobial activity of etoricoxib at a dose range of
20–100 μg/ml. This broadly used anti-inflammatory drug has been screened against
the isolates of S. aureus, P. aeruginosa, E. coli, S. typhi, C. albicans. Among the
isolates, S. aureus showed comparable sensitivity toward etoricoxib and exhibited
zone of inhibition of 10, 15, 18 mm at MIC value of 100 μg/ml (Mishra et al. 2010).

Etodolac (a nonsteroidal anti-inflammatory drug, NSAID) was reported to show
antibacterial and antibiofilms formation activities against ESKAPE (E. faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, Enterobacter sp.) and
E. faecalis and E. coli pathogens at 10 and 1 mM concentrations. The drug
demonstrated biological activity against all tested Gram-positive bacterial isolates
and antibiofilm activity particularly against E. faecium, while the Gram-negative
isolates have null influence except A. baumannii regarding inhibition of biofilm
formation (Pereira et al. 2018).
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16.4.3 Repurposing of Anthelmintic Drugs for Microbial
Diseases

Anthelmintics are some of the most widely used drugs in treatment and management
of infections caused by helminths (the parasitic worms). Some commonly known
parasitic worms include roundworms (nematodes), flukes (trematodes), and tape-
worms (cestodes). An anthelmintic drug exhibits its action either by killing the
worms or by causing their eradication from the host body without any significant
side effects (Abongwa et al. 2017; Partridge et al. 2020).

Anthelmintics depict their actions through different modes such as rapid and
selective neuromuscular transmission thereby causing spastic paralysis or acting as
GABA agonist on nematode muscles thereby causing flaccid paralysis. Some drugs
are also known to act by opening of glutamate-gated chloride (GluCl) channels
(results in paralysis) or increasing permeability of calcium or binding selectively to
beta-tubulin thereby inhibiting microtubule formation (Martin 1997). Besides their
actions as anthelmintics, some drugs have also been investigated for their antimi-
crobial properties against the microbial pathogens. Niclosamide (an FDA-approved
drug recommended in tapeworm infestations) and oxyclozanide (a veterinary med-
icine) were reported to show antimicrobial activity by Rajamuthiah et al. Both drugs
demonstrated strong in vivo and in vitro antimicrobial activities against methicillin-
resistant S. aureus at MIC values 0.125 and 0.5 μg/ml, respectively, with
MEC ≤ 0.78 μg/ml. Against Gram-positive isolate namely E. faecium, both
niclosamide and oxyclozanide showed activity at MIC values 0.25 and 2 μg/ml,
respectively. On the other hand, against Gram-negative isolates namely
K. pneumoniae, A. baumannii, P. aeruginosa, and E. aerogenes, no antimicrobial
activity was observed. In vitro antimicrobial activity results showed that niclosamide
and oxyclozanide exhibited activity at MICs at 0.0625–0.5 and 0.125–2 μg/ml,
respectively, against methicillin-resistant vancomycin, linezolid, or daptomycin
S. aureus isolates (Rajamuthiah et al. 2015).



372 K. K. Bansal et al.

Cl

HO

NH

OCl

O2N

Cl

OH

HN

O HO

Cl

Cl

Cl

Cl

Niclosamide
(Niclocide) Oxyclozanide

Many studies have documented antihelminthic properties of closantel
(a veterinary antihelminthic drug). Recently, closantel was found active against
vancomycin-resistant Staphylococci. The drug depicted in vitro activity against
other bacteria namely E. coli, B. subtilis, E. faecalis, and Enterococcus faecium at
a very low MIC. Against antibiotic-resistant (VRSA strain VRS1) S. aureus isolate,
the drug exhibited lowest MIC value at 0.78 μg/ml in comparison to oxacillin or
vancomycin (MIC >256 μg/ml) (Hlasta et al. 1998; Rajamuthiah et al. 2014).
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Avermectins are class of macrolides widely recommended in treatment of
helmintic infections in humans and animals. Some approved drugs from this class
such as ivermectin, selamectin, and moxidectin have been reported to show bacte-
ricidal activity against multidrug-resistant and widely drug-resistant clinical isolates
of M. tuberculosis. Ivermectin, selamectin, and moxidectin demonstrated
antimycobacterial activity against M. tuberculosis isolates at MIC90 range from 0.5
to 8 μg/ml (Lim et al. 2013). Similarly, Omansen et al. showed that ivermectin and
moxidectin exhibited dose-dependent killing and inhibition of growth ofM. ulcerans
at MIC value range 4–8 μg/ml. Rifampicin (0.1 μg/ml) and ivermectin (8 μg/ml)
combination demonstrated synergistic killing effect (Omansen et al. 2015).



16 Repurposing of Drugs for the Treatment of Microbial Diseases 373

O

H3C O
CH3OH

O
H

O

O
CH3

O

CH3

CH3

H3C

O
O

CH3

CH3
H3C

H

H

H

O

HO

H

OH

H CH3

H

O
O

Ivermectin
(Stromectol)

O

HO

H3C H

O
H3C

O

CH3
O

O

H

H

CH3

OO

O

H3C

H

OH

CH3
N OH

H

Selamectin
(Revolution)

CH3
O

O

H
CH3

OO

O

H3C

H

OH

CH3

H

Moxidectin
(Cydectin)

CH3

CH3
CH3

CH3

OH

Miro-Canturri et al. reported antifungal activity of mebendazole (indicated in
number of parasitic worm infestations) against Cryptococcus neoformans and Cryp-
tococcus gattii and antibiofilm properties against C. neoformans. Mebendazole in
combination with amphotericin B demonstrated twofold fungicidal activity against
C. neoformans than single-dose administration of amphotericin B. Additionally,
quinacrine (antiprotozoal, antirheumatic) in combination with caspofungin or
amphotericin B depicted synergistic antifungal activity against C. albicans (Miro-
Canturri et al. 2019).
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16.4.4 Repurposing of Cardiovascular Drugs for Microbial
Diseases

Cardiovascular drugs are indicated widespread incidences of cardiovascular diseases
such as hypertension, hyperlipidemia, arrhythmias, heart failure, and coronary artery
disease. Antiplatelets and anticoagulants are also included in cardiovascular drugs to
prevent cardiogenic embolism. Among these therapeutics, calcium channel blockers
are approved for treating angina or cardiac dysrhythmias and known to act by
reducing calcium flux into cells thereby causing dilation of arteries, and lowering
of blood pressure. Numerous cardiovascular agents have been reported to exhibit
antimicrobial activities (Patil et al. 2016). As per the recent findings, amlodipine
which is employed as calcium channel blockers in treatment and management of
high blood pressure and coronary artery disease also revealed antimicrobial proper-
ties (Kelly 2021; Elliott and Ram 2011).

Kumar et al. demonstrated antimicrobial activity of amlodipine against several
Gram-positive and Gram-negative bacterial strains. The drug showed sensitivity
against screened clinical isolates in MIC range 50–200 μg/ml earlier which was
found at 1–5 mg/ml on treatment with common antibiotics. The activity follows the
decreasing order S. aureus, V. cholerae, V. parahemolyticus, Shigella spp., Salmo-
nella spp., Bacillus spp. The drug revealed bactericidal properties when studied
against S. aureus, V. cholerae, and Sh boydii. Additionally, amlodipine showed
resistance toward E. coli, Klebsiella spp., and P. aeruginosa at low concentration
(Kumar et al. 2003).

A vasodilator and β adrenoreceptor agonist oxyfedrine approved for angina
pectoris showed inhibitory activity against several strains of Gram-positive and
Gram-negative isolates in MIC range from 50 to 200 μg/ml. Furthermore, the drug
depicted significant activity against enterobacteria at MIC at 25–100 μg/ml and
possessed insignificant activity against E. coli and Klebsiella spp. (Mazumdar
et al. 2003).
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Statins are also known as 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase
inhibitors that find applications in treatment of hyperlipidemia. Besides their action



as antihyperlipidemic, these are also acknowledged with immunomodulatory,
antioxidative, and anticoagulant activities. Beyond well-known antihyperlipidemic
effect, a series of studies have also revealed their antimicrobial action against a range
of standard bacterial strains. Simvastatin approved for treatment of hypercholester-
olemia and atherosclerotic cardiovascular disease and demonstrated broad-spectrum
antibacterial activity against methicillin-resistant S. aureus (MRSA). Thangamani
et al. suggested that simvastatin exhibited MIC90 and MIC50 at concentration of
32 μg/ml against Gram-positive bacteria except Streptococcus pneumoniae (MIC90

&MIC50 of 64 μg/ml) and against Bacillus anthracis (MIC90 &MIC50 of 16 μg/ml).
On the other hand, against the Gram-negative bacteria, the MIC range was found
8–32 μg/ml (Thangamani et al. 2015c).
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Masadeh et al. compared the antimicrobial effect of atorvastatin, simvastatin, and
rosuvastatin. Atorvastatin and simvastatin depicted significant antimicrobial proper-
ties against methicillin-sensitive S. aureus (MSSA), methicillin-resistant S. aureus
(MRSA), vancomycin-susceptible Enterococci (VSE), vancomycin-resistant
Enterococcus (VRE), A. baumannii, S. epidermidis, and E. aerogenes. Atorvastatin
also depicted activity against E. coli, P. mirabilis, and E. cloacae (Masadeh et al.
2012).

Graziano et al. also reported antimicrobial activity of atorvastatin, pravastatin,
and simvastatin against the isolates of S. aureus, P. aeruginosa, E. coli, and
E. faecalis. Among them, simvastatin depicted lowest MIC value for S. aureus at
15.65 μg/ml and 31.25 μg/mL for the other strains of S. aureus (Graziano et al.
2015).

Gupta et al. have reported potentiating killing effect of verapamil (calcium
channel blocker) when given as adjunctive with bedaquiline and clofazimine on
M. tuberculosis by 8- to 16-fold. By potentiating the killing of bedaquiline and
clofazimine, verapamil allows shorter duration of treatment and may accelerate
clearance of M. tuberculosis of both drug-susceptible and drug-resistant strains
(Gupta et al. 2013, 2015).

Similarly, Haschka et al. reported bacteriostatic activity of nifedipine (calcium
channel blocker) against intracellular bacterium Salmonella typhimurium and found
to show synergistic antimicrobial potential when used in combination with antibi-
otics (Haschka et al. 2021). The drug showed in vitro and in antibacterial activity
against Gram-positive and Gram-negative isolates by exhibiting MIC in range
25–200 μg/ml (Dutta et al. 2006).
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Some other cardiovascular agents, nonantibiotic molecules have also been
reported as novel treatments against microbial pathogenic strains namely Mycobac-
terium abscessus and Mycobacterium chelonae. Levobunolol (β-adrenoceptor
blocker), capobenic acid (coronary vasodilator), ramipril (ACE inhibitor), labetalol
(α-adrenergic blocker), diltiazem (calcium channel blocker) exhibited antimicrobial
activity againstMycobacterium chelonae, at MIC values 4.1, 4.07, 1.3, 0.3, 0.18 mg/
L, respectively (Chopra et al. 2011).
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16.4.5 Repurposing of Antipsychotic and Antidepressant
Drugs for Microbial Diseases

Patients affected by mental illness or mood disorders are often under treatment with
various classes of psychotropic drugs which include antipsychotics, antidepressants,



mood stabilizers, and anticonvulsants. Some psychotropic drugs are known to act by
blocking specific receptors in the brain such as anticholinergics or β-blockers
(Schulz and Steimer 2000; Frank et al. 2005).
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It has been well documented that many known psychotherapeutic drugs other
than antibiotics and chemotherapeutic agents demonstrated antimicrobial activity at
high concentrations. The antimicrobial effect of these drugs was found independent
of their antidepressant, antihistaminic, neuroleptic, and antihypersecretory effect
(Kristiansen 1990).

Munoz-Bellido et al. have described antimicrobial activity of selective serotonin
re-uptake inhibitors (SSRI), namely sertraline, fluoxetine, and paroxetine. SSRIs act
by modifying the 5-HT (serotonin) in the synapse cleft. SSRIs have a significant
antimicrobial activity against H. influenzae,M. catarrhalis, and C. jejuni. The drugs
showed synergistic effect in combination with antibiotics against resistant isolates
such as Corynebacterium urealyticum (Munoz-Bellido et al. 2000).

Sertraline demonstrated antimicrobial activity against S. aureus, E. coli, and
P. aeruginosa at MIC values of 20, 40, and 60 μg/ml, respectively, while 55.5%
inhibition of S. aureus and 50% inhibition of E. coli observed at 20 and 60 μg/ml,
respectively. On the other hand, 60% inhibition of A. niger and A. fumigatus were
observed at 40 and 80 μg/ml, respectively (Ayaz et al. 2015a).

Fluoxetine demonstrated antibacterial activity against standard and resistant
strains of S. aureus at MIC values 256 and 102 μg/ml, respectively. Against both
standard and resistant isolates of P. aeruginosa (MIC value at 161 μg/ml) and
against E. coli (MIC value at 102 μg/ml) fluoxetine depicted significant antibacterial
activity. A combination of fluoxetine with gentamicin and erythromycin revealed
synergistic effects against P. aeruginosa and E. coli (de Sousaa et al. 2018).

Sertraline and fluoxetine demonstrated significant time- and dose-dependent
antifungal activity against Aspergillus fumigatus, Aspergillus flavus, Aspergillus
terreus, and Candida parapsilosis (Lass-Florl et al. 2001).

In another study by Costa Silva et al., fluoxetine showed the antifungal activity
against fluconazole-resistant Candida spp. In MIC ranges of 20–160 μg/ml, for
sertraline MIC in range 10–20 μg/ml, and for paroxetine the MIC range from 10 to
100.8 μg/ml (Table 16.4) (Costa Silva et al. 2017).
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Table 16.4 Activity of fluoxetine, paroxetine, and sertraline against fluconazole-resistant
Candida spp.

Fungal isolates
Fluoxetine (MIC;
μg/ml)

Paroxetine (MIC;
μg/ml)

Sertraline (MIC;
μg/ml)

Candida albicans
AB861478

40 63.5 20

Candida albicans
AB861479

127 80 20

Candida albicans
KJ740174

63.5 80 20

Candida tropicalis
AB861493

40 80 20

Candida tropicalis
AB861490

80 80 20

Candida parapsilosis
AB861486

80 40 20

Candida parapsilosis
AB861488

80 80 10

Candida parapsilosis
AB861485

20 10 10

Candida glabrata
AB861484

80 63.5 15.9
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A series of studies have reported antimicrobial effect of antidepressants on the gut
microbiome (McGovern et al. 2019; Caldara and Marmiroli 2021). Ait Chait et al.
described antimicrobial activity of antidepressants namely phenelzine, venlafaxine,
desipramine, bupropion, aripiprazole, and (S)-citalopram against common isolates of
human gut microbiota. The test analogs from antidepressants class depicted note-
worthy activity against Akkermansia muciniphila and Clostridium leptum, while



Lactobacillus rhamnosus was most resistant against tested drugs. Desipramine
(tricyclic antidepressants) and aripiprazole being most effective against all the tested
strains exhibited inhibition zone range from 13 to 35 mm and 15 to 31 mm,
respectively, followed by phenelzine and (s)-citalopram (inhibition zone range
9–19 mm) (Ait Chait et al. 2020).
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Citalopram also exhibited intrinsic activity against Gram-positive bacteria
(S. aureus) with an inhibition zone of 5, 8, and 14 mm at doses 1250, 2500, and
5000 μg/ml, respectively. Against E. coli at doses 2500 and 5000 μg/ml zone
diameters of 5 and 12 mm, while against P. aeruginosa at 5000 μg/ml exhibited
inhibitory zone of 13 mm. The drug depicted minimum inhibitory concentrations
(MICs) at 4, 5, and 4 mg/ml against S. aureus, E. coli, and P. aeruginosa, respec-
tively (Ayaz et al. 2015b).
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Anticonvulsant drugs are recommended in seizures in patient with epilepsy.
Some approved drugs namely carbamazepine, primedase, lobazam, lonazep,
gabapentine, valproic acid, lametec and valparin alka have been assayed for their
antimicrobial activities by Nathiya et al. Among the tested drugs, valproic acid was
found to be effective in vitro against Staphylococcus aureus and Proteus vulgaris at
MIC concentration of 100 μg/ml (Nathiya et al. 2015). Valproic acid also demon-
strated potent activity against the yeast strains in a dose-dependent manner by
exhibiting MIC values in range 10–20 μg/ml (Esiobu and Hoosein 2003).
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16.4.6 Repurposing of Antihistaminic Agents for Microbial
Diseases

Antihistaminics are referred to the drugs that antagonize the actions of histamine
(a key mediator in allergic reactions) at H1 receptor. This class of drug includes a
number of aminoalkyl ethers: ethylenediamines, piperazines, propylamines, pheno-
thiazines, and dibenzocycloheptene. The clinical efficacy, safety, and pharmacology
of antihistaminics have been well documented. H1 antihistaminics are choice of
drugs in the treatment of allergic rhinitis, allergic conjunctivitis, urticaria, etc. (Block
and Beale 2004; Simon and Simons 2008).

Antihistaminics are employed for various indications in microbial infection.
El-Nakeeb et al. inspected bacteriostatic activity of 10 antihistaminics against
multi-resistant Gram-positive and Gram-negative strains. A new generation
phthalazinone derivative, azelastine showed significant bacteriostatic activity against
the test Gram-positive strains. Furthermore, the study reported that screened drugs



azelastine, cyproheptadine, mequitazine, and promethazine demonstrated significant
bacteriostatic activity against S. aureus, S. epidermidis, E. faecium, E. coli, Klebsi-
ella spp. in a MIC range of 62.5–250 μg/ml (El-Nakeeb et al. 2011).
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The antiallergic drug cetirizine depicted moderate in vitro antimicrobial activity
against Gram-positive and Gram-negative strains at MIC ranged from 200 to
2000 μg/ml (Maji et al. 2017).
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Other antihistamine terfenadine was reported to exhibit antimicrobial efficacy
against the isolates of S. aureus and other bacterial pathogens, including Mycobac-
terium tuberculosis probably through inhibition of the bacterial type II
topoisomerases. The terfenadine and its analogs showed antibacterial activity against
methicillin-resistant (MRSA), vancomycin-intermediate (VISA), vancomycin-
resistant (VRSA) S. aureus, and flouroquinolone-resistant strains at MIC 16 μg/ml
(for terfenadine) and 1–4 μg/ml (for analogs), respectively (Perlmutter et al. 2014).

Mepyramine (a first generation antihistamine) in combination with colistin anti-
biotic exhibited reduction in MIC from 8.0 to 1.0 μg/ml against E. coli and in
combination with florfenicol MIC value decreased from 8.0 to 2.0 μg/ml (Bruer
et al. 2019).
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16.4.7 Other Drugs Repurposed Against Microbial Infections
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The drug repositioning for microbial infections has gained exceptional devotions in
recent years due to the looming threat of antimicrobial resistance and lack in
development of new antimicrobial drugs. The drugs other than those mentioned
above are also known to exhibit antimicrobial properties against microbes and are
well documented. Bupivacaine, a local anesthetic depicted marked antibacterial
activity against S. epidermidis, S. pyogenes, and S. pneumonia at MIC value
2.5 mg/ml, while morphine (opioid analgesics) showed no activity at same concen-
tration against any of the strains (Rosenberg and Renkonen 1985). Robenidine
(recommended for treatment of coccidiosis) in combination with
ethylenediaminetetraacetic acid (EDTA) or polymyxin B nonapeptide (PMBN)
showed enhanced antimicrobial activity with 2- to 2048-fold against Gram-negative
and Gram-positive strains. Robenidine exhibited bactericidal action against
Acinetobacter baumannii (MIC value 8 μg/ml) and Acinetobacter calcoaceticus
(MIC 2 μg/ml) (Khazandi et al. 2019). Amoxapine belongs to a tricyclic antidepres-
sant and approved for treatment of symptoms of depression. This nonantibiotic drug
showed marked antimicrobial activity against Y. pestis, C. difficile, and
K. pneumonia. In vivo infection models also showed activity against
K. pneumoniae and A. baumannii (Andersson et al. 2017). Recently, pentamidine
(antiprotozoal drug) has been used in clinics for trypanosomiasis, antimony-resistant
leishmaniasis, and pneumocystis carinii pneumonia (Sands et al. 1985). Pentamidine
in combination with gentamicin, tobramycin, amikacin, tigecycline, rifampicin, or
doripenem exhibited synergistic action against carbapenemase-producing Klebsiella
pneumoniae, one carbapenemase-producing Escherichia coli, and two colistin-
resistant Enterobacter cloacae. The MIC range for pentamidine was 200–800 μg/
ml (Cebrero-Cangueiro et al. 2018). Pentamidine with antibiotics produced effective
drug combination against a wide range of Gram-negative pathogens and
Acinetobacter baumannii in vivo (Stokes et al. 2017). Ebselen (organoselenium
compound), though not a FDA-approved drug, has investigated in clinical trials
for the treatment of bipolar disorder and ischemic stroke. The drug exhibited potent
antibacterial and significant antibiofilm activity against multidrug-resistant Staphy-
lococcus aureus, methicillin- and vancomycin-resistant S. aureus (MRSA and
VRSA) at MIC values <1 mg/L (Miro et al. 2019; Thangamani et al. 2015d).
Most notably, ebselen was most active against A. baumannii at MIC 32 μM b
inhibiting its TonB-dependent transport processes (Nairn et al. 2017). Vitamin D or
calcitriol is a steroid hormone that can modulate the innate and adaptive immune
responses to fight against bacterial infections. Calcitriol significantly increased M1
macrophage polarization and their bactericidal activity against P. aeruginosa
(Nouari et al. 2015). Metformin being an oral antidiabetic drug used as first-line
drug of choice for the treatment of type 2 diabetes. Metformin showed antibacterial
activity with a zone inhibition diameter 12–15 mm with a maximum zone inhibition
against Escherichia coli at a dose 500 μg ml. At the same dose, drug exhibited zone
inhibition diameter 17 mm against fungal strain Aspergillus niger (Meherunisa and



Seth 2018). Metformin in combination with antibiotic such as levofloxacin, chlor-
amphenicol, rifampicin, ampicillin, and doxycycline exhibited potent antimicrobial
activity against highly resistant bacteria (MRSA and P. aeruginosa) having low
cytotoxicity on mammalian cells (Masadeh et al. 2021).
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16.5 Conclusion

The global burden of life-threatening microbial infection is exacerbated by the lack
of safe, effective antibiotics vital to their prevention and treatment. The usefulness of
current antimicrobial therapies is being increasingly threatened by newly emerging
pathogens and widely spread microbial resistance. Therefore, the need for effective
therapeutic strategies to combat old emergent and re-emergent microbial pathogens
has become the prime task for the medicinal researchers. Among anticancer drugs,
several approved drugs namely 5-fluorouracil, gallium nitrate, DNA cross-linker
mitomycin C, azacitidine, gemcitabine, mercaptopurine, methotrexate, hormonal
modulators raloxifene, tamoxifen, radiomimetic compounds bleomycin, topoisom-
erase inhibitors daunorubicin, doxorubicin, etoposide, etc., have found to possess
clinical efficacy to combat bacterial and fungal infections. Independent of antimi-
crobial activity, some approved drugs from categories such as anti-inflammatory
(ibuprofen, aspirin, carprofen, bromfenac, vedaprofen, etc.), antipsychotic, antide-
pressant (fluoxetine, paroxetine, sertraline, etc.), and cardiovascular drugs
(amlodipin, verapamil, nefidepin, etc.) also have the ability to interfere with micro-
bial pathogenesis and alter host immune response to enhance pathogen killing and
clearance. These findings suggested that drug repurposing can be successfully
utilized in the discovery and development of new antimicrobial drugs with novel
and effective therapeutic indications. For better drug repositioning, more in-depth
understanding are required to be executed with integrated approaches between



computational and experimental methods to ensure high success rates of
repositioned drugs.
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Chapter 17
Repurposing Anti-inflammatory Agents
in the Potential Treatment of SARS-COV-2
Infection

Ansab Akhtar, Jaspreet Kaur, Mei Nee Chiu, and Sangeeta Pilkhwal Sah

Abstract SARS-Cov-2 is the novel coronavirus with predominantly inflammatory
pathogenesis. The inflammation can be initiated and finally aggravated through a
number of interconnected inflammatory pathways such as NF-κB, JAK-STAT,
MAPK TLRs, iNOS, COX, etc. In the current chapter, these signaling pathways
which instigate inflammation in SARS-Cov-2 are discussed. Moreover, drugs
inhibiting these pathways in other inflammatory conditions or diseases are either
in clinical use as COVID-19 therapy, or have been proposed as potential future
therapeutic interventions in this chapter. These repurposing strategies can halt the
COVID-19 symptoms as well as disease progression. This was demonstrated by
establishing a link between the regulatory actions of these molecules or drugs in the
inflammatory pathway like cytokine release against the COVID-19-related inflam-
matory havoc. Hence, the chapter will provide profound insights in the inflammatory
control pertaining to COVID-19 severity and complications.

Keywords SARS-Cov-2 · COVID-19 · Inflammation · Cytokines · Anti-
inflammatory drugs
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ACE2 Angiotensin-converting enzyme-2
ALRs AIM2-like receptors
AP-1 Activator protein-1
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CLRs C-type lectin receptors
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COX-2 Cyclo-oxygenase-2
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DAMPS Damage-associated molecular patterns
DMARDs Disease-modifying antirheumatic drugs
ERK Extracellular-signal-regulated kinase
G-CSF Granulocyte- Colony stimulating factor
IKK IκB kinase
IL-1R Interleukin-1 receptor
iNOS Inducible nitric oxide synthase
IRF3 Interferon regulatory factor 3
JAK Janus Kinase
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein
MIP-1α Macrophage inflammatory product 1 alpha
NF-κB Nuclear factor κ light chain enhancer of activated B cells
NIK NF-κB-inducing kinase
NLRs NOD-like receptors
NSAIDs Non-steroidal anti-inflammatory drugs
PAMP Pathogen-associated molecular pattern
PGG2 Prostaglandin G2
PLA2 Phospholipase-A2
PRRs Pattern recognition receptors
RANK Receptor activator for nuclear factor kappa B
RCT Randomized controlled trial
RLSs RIG-I-like receptors
ROS Reactive oxygen species
SARS-Cov-2 Severe acute respiratory syndrome Coronavirus-2
STAT Signal Transducer and Activator Protein
TLRs Toll-like receptors
TNFR Tumor necrosis factor receptor
TXA2 Thromboxane

17.1 Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-Cov-2) is the novel and
one of the most infectious categories of coronaviruses emerged in Wuhan, China in
December 2019, hence the disease is named as COVID-19. The virus has crown-
type appearance over their surface and spread through respiratory tract primarily
affecting the lungs. Fever, cough, sore throat, fatigue, etc. are the major symptoms.
Loss of smell and taste can be the additional symptoms. The virus binds to ACE2
receptors to propagate its invasive chain (Luan et al. 2020). The inflammatory
cascade is the first and foremost response following SARS-CoV-2 entrance in the
human body through respiratory tract (Fu et al. 2020). Storm of pro-inflammatory
cytokines, chemokines, inflammasomes, etc. constitute the core picture which could



be pathological endpoint of several overlapping and connected pathways (Fu et al.
2020) such as NF-κB overactivation, JAK-STAT pathway, MAPK dysregulation
and involvement of TLRs, iNOS, COX, etc. (Masiello et al. 2020; Talukdar et al.
2020). Hence, modulating these systems and pathways in a corrective way to
minimize the deteriorating influence of inflammation can overwhelmingly be
adopted in potential COVID-19 therapy. The major categories of the anti-
inflammatory drugs which can be repurposed to combat the inflammatory pathogen-
esis of COVID-19 are counted as NF-κB inhibitors like dexamethasone, JAK-STAT
pathway regulator tofacitinib, MAPK inhibitor pirfenidone, COX inhibitor NSAIDs
(ibuprofen, aspirin), and iNOS inhibitor L-arginine. Hence, the current chapter gives
an overview that the strategies by targeting inflammatory cascade through numerous
pathways can be the useful alternatives and potential future symptomatic relief
options or curative measures for the treatment of COVID-19.
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17.2 Epidemiology of COVID-19

The cases of disastrous COVID-19 pandemic were initially reported in the Chinese
city of Wuhan, which kept spreading almost to the every corner of the globe like a
wildfire. By now, almost 250 million cases and over 5 million deaths have occurred
worldwide with a slight proportion remaining unreported. Several variants and
subvariants named as alpha, beta, gamma, delta, delta-plus, and most recently
omicron (McIntosh 2021) with variable infectious rate and severity kept coming
into the picture, out of which delta plus and omicron are regarded as variant of
concern. Even though its origin was suspected to be China, either from bat or
accidental leak from laboratory with no confirmatory evidence, still in initial phase
it dominated in European countries such as Italy, Germany, and Spain. Later, USA,
UK, and Brazil become the epicenter with 2–3 waves. India also grappled with two
waves in which the second one was deadlier and far more catastrophic. Even though
mortality rate due to COVID-19 is around 2–3%, still containment was thought to be
extremely essential due to its exceptionally high contagious feature, comorbidity,
and possible long-lasting damage incurred in the human body and mind (Kiang et al.
2020).

17.3 Inflammatory Reaction in Pathophysiology
of COVID-19

In terms of inflammatory reaction, SARS-CoV-2 first binds to ACE2 receptors
present in pulmonary cells, instigating the series of cytokine bombardment in the
form of interleukins and TNF-α. Interleukins predominantly include IL-1, IL-6, and
IL-8. Additionally, chemokines, interferons, and C-reactive protein can also lead the



way to inflammation (Fu et al. 2020). These cytokines and other pro-inflammatory
factors generate the signals to attract defensive cells like T-helper cells and neutro-
phils, which becomes the basis of inflammatory damage in the pulmonary tissue.
G-CSF, MCP-1, and MIP-1α further exacerbate the phenomenon. Types of CD cells
present in the lungs get sequestered with these inflammatory markers to induce lung
injury (Yang et al. 2020). The spread of the injury can often extend to length and
breadth of other vital organs like heart, kidney, and even brain.
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17.4 Pathways Involved in Inflammation

There are several pathways which play a critical role in the generation of inflamma-
tion in the body through diverse mechanisms. These pathways can be intertwined
and influence each other’s upregulation or downregulation depending on the trigger
they receive (Fig. 17.1). At the end, they can be the potential targets of various anti-
inflammatory agents which are already been utilized against numerous other

Fig. 17.1 Involvement and interlinkage of different inflammatory pathways with each other



inflammatory conditions or diseases. A few worth-mentioning pathways in this
category as potential targets in COVID 19 are as follows.
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17.4.1 JAK/STAT Pathway

The Janus kinase signal transducer and activator transcription (JAK/STAT) pathway
constitutes the main regulatory signaling pathways involved in cytokine activation
and progression to cytokine storm (Satarker et al. 2021). Recently, it is also called
the IL-6 signaling pathway due to its stimulation by IL-6 cytokine. This pathway
plays a significant role in the regulation of multiple cellular processes, such as
immune responses, differentiation, apoptosis, and cell proliferation, such that any
abnormalities in the pathway can lead to inflammatory, autoimmune diseases, and
cancer growth (Montero et al. 2021). The JAK cytokine-receptor-bound tyrosine
kinase family chiefly comprises of four members: JAK1, JAK2, JAK3, and TYK2,
whereas the STAT family located in the cytoplasm consists of seven members:
STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 (Banerjee et al.
2017). The JAK/STAT mechanism involves intracellular transduction in response to
extracellular signals received in the form of various cytokines, growth factors,
interferons, and growth hormones. The stimulation of receptor-associated JAKs
begins with the attachment of extracellular factors to receptors, followed by the
tyrosine autophosphorylation of the intracellular tail of receptors, which in turn
serves as docking sites for STATs. These STATs recruited are trans-phosphorylated,
dimerized, and translocated into the nucleus, where they trigger transcription of
various target genes including cytokines (Bagca and Avci 2020). The inhibition of
the JAK/STAT pathway can be a promising therapeutic strategy to control the
inflammatory and immune complications caused due to SARS-CoV-2 infection.

17.4.2 NF-κB Pathway

The nuclear factor κ light chain enhancer of activated B cells (NF-κB) constitutes a
transcription factor family present in nearly all animal cells. Performing significant
roles in different processes of inflammation, immune response, cell proliferation and
apoptosis, NF-κB signaling especially regulates the expression of inflammatory
cytokines involved in cytokine storm characterized by elevated levels of IL-6,
IL-10, IFN-γ, and TNF-α (Ahmed et al. 2017; Bhandari et al. 2021). The family
comprises of five related transcription factors, specifically, NF-κB1, NF-κB2, RelA
(p65), RelB, c-Rel, where NF-κB1 and NF-κB2 are proteolytically processed to p50
and p52, from their precursors, p105 and p100, respectively (Hoesel and Schmid
2013). The NF-κB activation involved in inflammatory and immune responses are
based on two separate pathways: the canonical and noncanonical (also named as an
alternative) pathways. The canonical pathway is stimulated through Toll-like



receptors (TLR), tumor necrosis factor receptor (TNFR), pattern recognition recep-
tors (PRRs) various cytokine receptors like the interleukin-1 receptor (IL-1R) and
antigen receptors. Initially, NF-κB present in the cytoplasm is inhibited by IκB
proteins (Chen et al. 2018). The stimulation of receptors results in the activation of
IκB kinase (IKK) complex, consisting of two kinase subunits, IKKα and IKKβ and a
regulatory subunit, IKKγ that eventually leads to the phosphorylation of IκB by
IKKβ. IκB phosphorylation causes its proteasomal degradation, resulting in nuclear
translocation of NF-κB members, mainly the p50/RelA and p50/cRel complexes as
well as the regulation of gene transcription (Liu et al. 2017). The noncanonical or
alternative pathway, on the other hand, is stimulated by a subset of TNFR family
members such as lymphotoxin β-receptor (LTβR), B-cell activation factor (BAFFR),
CD40, and receptor activator for nuclear factor kappa B (RANK). Alternative
pathway, in contrast to the canonical pathway, however, is independent of both
IKKβ and IKKγ activity and involves NF-κB-inducing kinase (NIK) that by acti-
vating IKKα, induces the phosphorylation of p100 targeting it for ubiquitination and
processing to p52 (Lawrence 2009). Hyperactivation of NF-κB pathway is involved
in the pathogenesis of the severe/critical COVID-19 phenotype (Hariharan et al.
2021).
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17.4.3 Toll-like Receptor Pathway

TLRs or toll-like receptors belong to a family of pattern recognition receptors
(PRRs) among receptors like NOD-like receptors (NLRs), RIG-I-like receptors
(RLSs), C-type lectin receptors (CLRs), AIM2-like receptors (ALRs), and
inflammasomes (Mohan and Gupta 2018). These regulatory receptors play an
important role in the innate immune system by recognizing the pathogen-associated
molecular pattern (PAMP) as well as damage-associated molecular patterns
(DAMPS). Eleven types of TLRs are identified in humans, which are able to
recognize a distinct PAMP, are either membrane-bound or intracellular in nature
(Manik and Singh 2021). TLRs such as TLR1, TLR2, TLR4, and TLR6 are present
in the cell membrane, while TLR3, TLR7, TLR8, and TLR9 are endosomal (Kumar
2020). Triggering of TLR pathway gives rise to inflammatory responses in the form
of production of inflammatory cytokines including TNFα, IL-6, chemokines like
IL-8, MIP-2, and type 1 interferons. TLR signaling is also involved in the regulation
of the adaptive immune response through the stimulation of costimulatory mole-
cules, T cell, and B cell, resulting in the release of inflammatory cytokines such as
IL-6, IFN-γ, IL-12, and TNF. Myeloid differentiation primary response 88 (MyD88)
mediates the transmission of PAMPS and DAMPS for the transduction of TLR’s
signals. It results in the nuclear translocation of transcription factors, like nuclear
factor-kB (NF-kB), activator protein-1 (AP-1) and interferon regulatory factor
3 (IRF3) and activation of MAPK phosphorylation, and the subsequent production
of type 1 IFN and pro-inflammatory cytokines including IL-1, IL-6, TNF-α, and
IL-12 (Khanmohammadi and Rezaei 2021; Manes and Nita-Lazar 2021).
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17.4.4 MAPK Pathway

Another pathway with a vital role in inflammatory responses is the mitogen-
activated protein kinases (MAPK) pathway. Belonging to a family of protein kinases
which are serine/threonine protein kinases that communicate intracellular signaling
on receiving various extracellular stimuli, like osmotic stress, mitogens, heat shock,
and inflammatory cytokines (including IL-1, TNF-α, and IL-6) (Chen et al. 2018).
The MAPK signaling also plays a critical role in the regulation of different processes
such as cell proliferation, differentiation, stress response, immune function, and
apoptosis. In mammalian cells, the MAPKs cascade largely constitutes the
extracellular-signal-regulated kinase ERK1/2, p38 MAPK, and c-Jun NH2-terminal
kinases (JNK1/2/3) (Mohanta et al. 2020). The initiation of the MAPK cascade
occurs in successive phosphorylations, where each MAPK signaling module is
composed of: MAPK, MAP2K, and MAP3K. The activation of the cascade involves
the MAP3K to phosphorylate and activate MAP2K, which in turn phosphorylate and
activate MAPK.While mitogens or growth factors, hormones, and pro-inflammatory
stimuli are responsible for activating ERKs1/2, different stresses along with
pro-inflammatory stimuli play the part in the activation of JNK1/2/3 and p38
MAPK (Soares-Silva et al. 2016). Therefore, MAPKs activation, including acti-
vated ERK1/2, JNK, results in the phosphorylation and activation of p38 transcrip-
tion factors, found in the cytoplasm or nucleus, and induction of pro-inflammatory
cytokines (IL-6, TNF-α, and IL-1β) that can lead to cytokine storm in COVID-19
(Grimes and Grimes 2020; Asiedu et al. 2021).

17.4.5 COX Pathway

A crucial part of the inflammation responses in COVID-19 disease is the cycloox-
ygenase (COX) pathway, where COX enzymes catalyze the synthesis of
prostanoids. Activated by various physical, chemical, and biological stimuli,
arachidonic acid (AA), a polyunsaturated fatty acid released from membrane phos-
pholipids through phospholipase-A2 (PLA2), is the predominant substrate in pros-
taglandin or thromboxane (TXA2) synthesis in the COX pathway (Mahesh et al.
2021). First, COX catalyzes the oxidation of AA to form unstable prostaglandin G2
(PGG2), followed by its reduction via peroxidation into stable prostaglandin H2
(PGH2). Consequently, PGH2 is isomerized by terminal synthases or isomerase
enzymes into a range of prostanoids including PGE2, PGD2, PGI2, PGF2α that play
a role in the inflammation cascade (Ripon et al. 2021). There are two isoforms
of COX: constitutive COX-1 and inducible COX-2, out of which COX-2 plays a
vital part in the synthesis of PGs present in inflammation (Mitchell and Kirkby
2019). It is also proposed that COX-2 has an important role in the
hyperinflammatory and immune process in COVID-19 pathophysiology and can
be assessed in patients with COVID-19 (Smeitink et al. 2020). Since the COX



pathway is an integral component in the inflammatory response, it can also be a
promising therapeutic target for anti-inflammatory drugs.
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17.4.6 Inflammasome

Pattern recognition receptors (PRRs) particularly, nucleotide-binding oligomeriza-
tion domain (NOD)-like receptor family proteins (NLRs) and absent in melanoma
2 (AIM2), respond to specific pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs) like lipopolysaccharide (LPS) in the
form of macromolecular multiprotein complexes called as inflammasomes (Lee et al.
2020). The multimeric complex, in turn, stimulates the maturation of
pro-inflammatory cytokines such as IL-1β and IL-18 and also leads to inflammatory
cell death or pyroptosis. Inflammasome comprises of an NLR sensor, the adaptor
protein apoptosis-associated speck-like protein containing a CARD domain (ASC)
and caspase 1 protein. On its activation, caspase-1 causes cleavage of pro-IL-1β and
pro-IL-18, leading to the production of their matured forms as well as the cleavage of
gasdermin D (GSDMD) that induces pyroptotic cell death (Platnich and Muruve
2019). There exists five canonical inflammasomes: NLRP1, NLRP3, NLRC4,
PYRIN, and AIM2 inflammasome and a noncanonical inflammasome, caspase
4 (caspase 11 in mice) that recognizes the presence of cytosolic LPS. Inflammasome
activation is a two-stage process involving priming step and activation step (Carty
et al. 2021). In the first step, priming leads to the transcription of pro-IL-1β and
NLRP3, through activation of PRRs like toll-like receptors (TLRs) or NOD2,
followed by NF-κB signaling activation. The second step involves the activation
of sensory protein and varies for all five inflammasomes. NLRP3 inflammasome
activation, in particular, is associated with an array of PAMPS, DAMPS, or patho-
gens via molecular or cellular events such as K+ or Cl- efflux, Ca2+, mitochondrial
dysfunction, and reactive oxygen species (ROS) production (Zhao et al. 2021).

17.5 Inhibitors/Targeting Agents of Inflammatory
Pathways of JAK-STAT, NF-κB, MAPK, COX,
iNOS, etc.

For the sake of checking the deteriorating consequences of inflammation arising
from the overactivation or dysregulation of inflammatory pathways, there are anti-
inflammatory agents used for other diseases that can be repurposed in the therapeutic
interventions of COVID-19. Hence, we gathered some of them which can potentially
halt the havoc created by SARS-CoV-2.
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17.5.1 JAK-STAT Inhibitors/Targeting Agents

17.5.1.1 Tofacitinib

Tofacitinib, the first JAK inhibitor which got licensed for use in humans to treat
autoimmune disorders (Kotyla 2018). It primarily inhibits JAK1 and JAK 3, with
JAK2 and TYK 2 being inhibited to a lesser extent. JAK inhibition, particularly
JAK1 and JAK3, inhibits the signaling of various interleukins, resulting in a
reduction in the inflammatory cascade (Dowty et al. 2014). Tofacitinib has been
approved for the treatment of adults with moderate-to-severe rheumatoid arthritis
(RA) who have had a poor response or intolerant to methotrexate (MTX), disease-
modifying antirheumatic drugs (DMARDs), or biologics, like TNF-inhibitors. For
the treatment of moderate-to-severe RA, it can be used alone or in combination with
MTX or other nonbiologic disease-modifying antirheumatic medications (Azevedo
and Torres 2018). Tofacitinib is now being studied in clinical trials for COVID-19
because of its efficacy as a JAK inhibitor (Satarker et al. 2021).

17.5.1.2 Baricitinib

With IC50s of 5.9 and 5.7 nmol/L, respectively, baricitinib is an ATP competitive
kinase inhibitor that inhibits JAK1 and JAK2 selectively, efficiently, and reversibly
(Fridman et al. 2010). In patients with moderate COVID-19, baricitinib is certainly
the safer option, with inhibitory effects on cytokine release as an anti-inflammatory
drug and SARS-CoV-2 virions endocytosis. It also helps to prevent viral reproduc-
tion by inhibiting proteins in the host cell, and as an anti-inflammatory medication, it
helps to reduce inflammation in ARDS patients (Satarker et al. 2021).

17.5.1.3 Ruxolitinib

Ruxolitinib, the first FDA-approved jakinib, is a strong inhibitor of JAK1 and JAK2
(O'Shea et al. 2015). The drug ruxolitinib was developed to treat polycythemia vera
and intermediate- and high-risk primary myelofibrosis (Banerjee et al. 2017).
Ruxolitinib inhibits cytokine signaling and can be used to treat severe COVID-19
disease associated with ARDS. Several clinical trials are currently being conducted
to determine the role of ruxolitinib in COVID-19 patients (Satarker et al. 2021).

17.5.1.4 Other Jakinibs

Other jakinibs are peficitinib, fedratinib, upadacitinib, filgotinib, etc. In cellular
experiments, oclacitinib mostly inhibits the function of JAK1-dependent cytokines
while simultaneously inhibiting the function of JAK2-dependent cytokines



(Gonzales et al. 2014; Gonzales et al. 2016). Filgotinib (GLPG0634) is an oral JAK1
inhibitor that is powerful and highly selective (Nakayamada et al. 2016; D'Amico
et al. 2018) and is being studied for the treatment of RA and inflammatory bowel
disease (Namour et al. 2015; Namour et al. 2016; Taylor et al. 2017). Upadacitinib
(ABT-494) is a selective JAK1 inhibitor being developed as an oral disease-
modifying medication to treat RA and other autoimmune and inflammatory diseases
(Mohamed et al. 2016; Klunder et al. 2018). Peficitinib (also known as ASP015K) is
a once-daily JAK inhibitor that is currently being developed for the treatment of RA
(Takeuchi et al. 2016). Fedratinib (SAR302503/TG101348) is a JAK2 (as opposed
to other JAK family kinases)-specific inhibitor (Zhou, Georgeon et al. 2014).
Pacritinib is a JAK2 and fms-like tyrosine kinase-3 inhibitor that also inhibits
interleukin 1 receptor-associated kinase 1 to suppress the IL-1-triggered inflamma-
tory pathway (Singer et al. 2016). In humans and mice, momelotinib (MMB;
GS-0387; CYT387), a JAK1 and JAK2 inhibitor has therapeutic activity in myelo-
fibrosis (Pardanani et al. 2013; Tefferi 2016; Tefferi et al. 2018). The mechanisms,
side effects, and uses of jakinibs are discussed in Table 17.1.
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17.5.2 COX Inhibitors/Targeting Agents

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most widely pre-
scribed medications, with a wide range of applications. Nonselective cyclooxygen-
ase (COX) inhibitors such as ibuprofen, aspirin (acetylsalicylate), diclofenac, and
naproxen, as well as selective COX2 inhibitors such as celecoxib, rofecoxib,
etoricoxib, lumiracoxib, and valecoxib are examples of NSAIDs (Organization
2020). NSAIDs inhibit the synthesis of inflammatory mediators by blocking the
cyclooxygenase enzymes (COX-1/COX2). Concerns have been raised that using
NSAIDs in individuals with acute viral respiratory infections, such as COVID-19,
may increase the risk of severe effects (Russell et al. 2020). While studying the
severity of COVID-19 symptoms in individuals with asthma and hypertension, Fang
et al. linked the SARS-CoV-2 to the downregulation of angiotensin-converting
enzyme-2 (ACE2), which instead is upregulated by ibuprofen (Fang 2020). As
reported by Amici et al., at a concentration of 1 mg/kg, indomethacin, which is
commonly used to treat gout and arthritis, inhibited human virus SARS-CoV
multiplication (Amici et al. 2006). However, some studies have cast doubt on the
efficacy of NSAIDs, particularly ibuprofen, in COVID-19 patients. The justification
for this is that long-term use of NSAIDs has been linked to a variety of side effects,
including gastrointestinal and cardiovascular problems, nephrotoxicity, and so
on. According to Voiriot et al., NSAIDs were linked to serious consequences such
as respiratory tract infection and peritonsillar abscess after a respiratory tract infec-
tion (Voiriot et al. 2019). Some authors and even governments objected to the use of
NSAIDs during the early stages of the current pandemic, claiming that they could
worsen the sickness and further recommending the use of paracetamol, a non-anti-
inflammatory NSAID (Little 2020; Willsher 2020). Some studies have
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recommended paracetamol because it has a lower risk of side effects and because
other NSAIDs have been linked to delayed diagnosis and a higher rate of conse-
quences in patients with respiratory tract infections (de Girolamo et al. 2020; Little
2020; Sestili and Stocchi 2020). This creates a paradox between COVID-19 treat-
ment modalities and pathophysiology, because over-the-counter medications that
can be used to alleviate symptoms in stages 1 and 2 of the disease (e.g., paracetamol)
have no benefit in halting disease progression because they lack anti-inflammatory
action, which is critical for keeping the inflammatory state under control. Although
paracetamol may provide symptomatic relief for patients, it has little effect on
disease development in COVID-19, and without anti-inflammatory effects, it risks
masking symptoms. A rising number of researches are contradicting this approach,
including a recent cohort that suggests their simultaneous usage may be possibly
hazardous (FitzGerald 2020; Lund et al. 2020). COX1 inhibition may not be a good
idea because it reduces antiviral immunity and has no effect on cytokine storm.
Celecoxib's therapeutic potential has also been demonstrated in studies using molec-
ular library searches (Gimeno et al. 2020; Ke et al. 2020). The findings from an
experimental study suggested that Celebrex medication at a standard dose (0.2 g
twice a day) could help people recover from COVID-19 in both mild and severe
cases (Hong et al. 2020). There is no evidence currently of severe adverse events,
long-term survival, acute health care utilization, or quality of life in patients with
COVID-19, as a consequence with the use of NSAIDs (Organization 2020).
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17.5.3 MAPK Inhibitors/Targeting Agents

The MAPK pathway is well known to be activated in viral infections, because
viruses are ultimately dependent on the host cell for their life cycle. Viruses require
cellular signaling pathways for replication, translation, transport across the nuclear
membrane, capsid assembly, and dissemination, as well as the reactivation of virus
latency (Kumar et al. 2018). Intriguingly, the MAPK cascade is also involved in
immune response regulation (Gaur et al. 2011) and apoptosis (Bian et al. 2011) in
virus infected cells. Previous research has revealed that the coronavirus SPIKE
protein can activate the MAPK pathway and subsequent inflammatory responses
via ACE2 (Chen et al. 2010). Other evidence suggests that MAPK controls ACE2
(Gallagher et al. 2008). SB203580, a p38 MAPK inhibitor, decreased the effective
phosphorylation of HSP-27, CREB, and eIF4E in SARS-CoV-infected cells, indi-
cating that it could be a new class of antiviral medicines (Mizutani et al. 2004). A
number of direct p38 MAPK inhibitors are now in clinical trials for various reasons
and could be repurposed for randomized clinical trials in individuals at risk of
serious COVID-19 infection (Grimes and Grimes 2020). Losmapimod is clinically
the most well-studied p38 inhibitor with a good safety profile. A single IV infusion
of 3 mg of losmapimod followed by a 15 mg oral dose was shown to be safe and well
tolerated in 12 healthy volunteers. The only side effect that was mentioned more than
once was headache. Nausea, lethargy, dry mouth, neuralgia, and nasopharyngitis



were also reported. The sole adverse event thought to be linked to the medication
was nausea (Barbour et al. 2013). Another p38 inhibitor, dilmapimod, was previ-
ously evaluated in 77 patients at risk of acute lung injury after trauma in a clinical
trial, with no significant safety findings (Christie et al. 2015). Findings from a study
by Zhou et al. suggest that MEK inhibitors as a class suppress host SARS-CoV-2
infectivity factors such as ACE2 and TMPRSS2, and that there is innate immune
system activity, as well as suppression of inflammatory cytokines and stimulation of
natural killer cell activity, when used alone or in combination with remdesivir (Zhou
et al. 2020). MEKi has previously been shown to lower systemic inflammation and
improve immunological response in vivo, according to earlier studies. For example,
MEKi inhibits endotoxin-induced kidney damage in mice in the setting of sepsis
(Smith et al. 2015). In a cecal puncture-sepsis model, MEKi trametinib decreased
cytokines as well as kidney, liver, and muscle injuries in vivo (Smith et al. 2016). In
a Lewis lung cancer model, MEKi selumetinib was found to lower IL-6 levels
however did not protect against cachexia (Au et al. 2016).
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17.5.4 NF-κB Inhibitors/Targeting Agents

NF-κB is a master regulator of a variety of signaling pathways involved in devel-
opment, cellular physiology, neuroplasticity, cell survival mechanisms, and immune
functions (Mattson and Camandola 2001; Lawrence 2009; Oeckinghaus and Ghosh
2009).

The use of dexamethasone as a treatment for COVID-19 patients has been shown
to have a high rate of recovery (Kaddoura et al. 2020; Tomazini et al. 2020).
Dexamethasone is a corticosteroid used to reduce fever and block the release of
pro-inflammatory molecules in a variety of clinical situations (Bunim et al. 1958;
Barnes 2006; Ramamoorthy and Cidlowski 2016). Dexamethasone has also been
shown to upregulate IκBα, which is a potent NF-kB signaling blocker (Auphan et al.
1995; Scheinman et al. 1995; Oeckinghaus and Ghosh 2009). Dexamethasone has
also been shown to prevent p65 from moving into the nucleus (Scheinman et al.
1995; Yamamoto and Gaynor 2001). Considering the facts mentioned above, the
therapeutic benefits of dexamethasone in COVID-19 conditions may be largely due
to NF-κB signaling inhibition. While abnormal NF-κB signaling was previously
identified during a prior SARS-CoV outbreak, its activation could possibly be linked
to the current SARS-CoV-2-induced cytokine storm and tissue damage (Liao et al.
2005; DeDiego et al. 2014; Hirano and Murakami 2020). The complex of three
subunits known as IKKβ, IKKα, and NF kappa B essential modulator (NEMO) are
the key downstream effectors of the NF-kB (Solt and May 2008; Oeckinghaus and
Ghosh 2009). Activation of NF-kB signaling pathways is aided by the phosphory-
lation of IKKβ followed by its breakdown (Santoro et al. 2003; Gilmore and
Herscovitch 2006; Lawrence 2009; Oeckinghaus and Ghosh 2009; Li et al. 2020).
As a result, preventing IKKβ-phosphorylation has been viewed as a critical step in
inactivating NF-kB and so giving therapeutic benefit against a variety of



inflammatory conditions. PS-1145, SAR113945, IKK-16, TPCA-1, BAY11-7082,
BAY11-7085, SC-514, TBK-1, ML-120B, BMS-345541, vinpocetine, and resver-
atrol are only a few of the pharmacological inhibitors that have been discovered to
prevent the phosphorylation of IKK-β. (Gilmore and Herscovitch 2006; Jeon et al.
2010; Ren et al. 2013; Bhatti et al. 2019).
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17.5.5 iNOS Inhibitors/Targeting Agents

Nitric oxide (NO) is an important molecule in the immunological defense against
pathogens (Stamler et al. 1997; Saxena et al. 2001; Akerstrom et al. 2005;
Klingstrom et al. 2006; Greaves and Chamberlain 2007). iNOS-produced NO is a
toxic agent and an essential immunoregulatory mediator of the host's immune
system against infectious organisms. NO can also control the function, proliferation,
and death of immune cells like macrophages, neutrophils, T cells, and natural killer
(NK) cells (Coleman 2001). Several substances, including microbial lipopolysac-
charides and cytokines, promote iNOS expression (Asano et al. 1994; Sarawar and
Doherty 1994; Guo et al. 1995). Unlike eNOS and nNOS, iNOS remains active after
it has been expressed. As a result, iNOS produces high levels of NO indefinitely to
chemically neutralize invading pathogens, and this level of synthesis lasts for hours
or days, depending on how long the enzyme is present in cells or tissue (Coleman
2001). NO can freely move through cell membranes to neighboring cells and viruses
without the use of a receptor (Burrack and Morrison 2014). NO also inhibits viral
replication by acting on a range of viral targets, and cell specificity is determined by
its concentration, chemical reactivity, proximity to target cells, and the way target
cells are programmed to respond (Coleman 2001). Moreover, unlike antiviral lym-
phocytes, the NO effect is independent of immune recognition of the infected cell.
This impact could be crucial in virus-infected cells where the major histocompati-
bility complex, which is required for adaptive immunity, is limited and/or under-
regulated (Burrack and Morrison 2014). The quest for effective antivirals against
SARS-CoV-2 is critical in light of the recent global CoV outbreak. In vitro, NO
donors were found to suppress the SARS-CoV replication cycle by impacting spike
(S) protein and ACE2 fusion or by reducing viral RNA load in the early stages of
replication (Akerstrom et al. 2005). Although the antiviral benefits of NO against
SARS-CoV-2 have yet to be determined, data suggest that it has a lot of potential
(Guimaraes et al. 2021).

Although NO protects against viral infection, it can potentially contribute to
COVID-19 immunopathology. NO production is a regulated process, however
pathophysiological circumstances that disrupt this regulation result in the production
of reactive oxygen species (ROS) (Davis et al. 2001; Westphal et al. 2008; Kellner
et al. 2017). ROS produced by the endothelium and epithelium, as well as leuko-
cytes, plays a key role in the pathogenesis of ARDS and lung damage. ROS
increases oxidative stress in pulmonary duct tissues and airways, further altering
the inflammatory state. ROS also positively regulates the expression of



pro-inflammatory cytokines and adhesion molecules, causing endothelial and epi-
thelial dysfunctions, as well as increasing oxidative stress in pulmonary duct tissues
and airways, further altering the inflammatory state (Kahn et al. 2012; Kamiyama
et al. 2014; Kellner et al. 2017). During the ARDS process, lung cells release a high
amount of inflammatory substances, which stimulate iNOS synthesis in alveolar
macrophages, neutrophils, and the bronchial epithelium, resulting in excessive NO
for release into lung tissues (Matsuo 1999; Wallet et al. 2013). Furthermore, in
ARDS patients, airway stress can cause bronchial obstruction and increase inflam-
mation, causing lung tissues to release more NO (Ciprandi et al. 2013). Excessively
produced NO when reacts with superoxide, it damages cell components and pro-
motes the development of peroxynitrite, which can nitrate and oxidize proteins,
lipids, and nucleotides (van der Vliet et al. 1999). When plasma NO levels rise, the
interaction between NO and superoxide to create peroxynitrite speeds up to nearly
three times the rate of superoxide breakdown by superoxide dismutase (Korhonen
et al. 2005). Elevated peroxynitrite generation can impair mitochondrial respiration,
cause protein malfunction, deplete cellular energy, and damage cell membranes and
DNA (van der Vliet et al. 1999), as well as contribute to anti-inflammatory drug
resistance (Barnes 2016). Although reactive nitrogen species (RNS) are more com-
monly mentioned, both ROS and RNS can oxidize or nitrose proteins, DNA, or
lipids (Rehberg et al. 2010). The pathogenesis of lung damage is complicated by
NO-mediated oxidative stress. High levels of NO, as measured by a rise in its stable
metabolites nitrate and nitrite, can exacerbate lipid peroxidation, promote lung
epithelial cell necrosis and denaturation, aggravate inflammation, and trigger the
onset of ARDS (Tang et al. 2017). High concentrations of NO, nitrate, and nitrite
metabolites in the bronchoalveolar lavage were found in a clinical study, not only in
ARDS patients but also in patients at risk for ARDS, suggesting that the oxidative
stress detected at the start of ARDS begins when patients are at risk, before the
clinically defined syndrome is recognized (Sittipunt et al. 2001). ARDS
intrapulmonary diseases should be mitigated by specific iNOS inhibitors
(Enkhbaatar et al. 2003).
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17.6 Conclusion

In a nutshell, the entire chapter can be concluded that anti-inflammatory drugs
already showing effectiveness in other inflammatory diseases can be brought about
with advanced research to elicit some responses in relation to anti-inflammatory
mechanisms of the drugs. These agents could further be investigated in preclinical
and clinical studies to find out whether or not they are eliciting any reliable impacts.
However, other factors involved in the infection and pathogenesis of COVID-19
could not be ruled out and merely targeting the inflammatory pathways would not
suffice the complete eradication of the virulence and severity and hence utilization of
these medicines could be limited, which further enforces the necessities of the
exposure of other avenues pertaining to the COVID-19 pathology.
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Chapter 18
Repurposing Drugs for Viruses and Cancer:
A Novel Drug Repositioning Strategy
for COVID-19
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Abstract The high infection capacity and rapid mutations in coronavirus disease
2019 (COVID-19) has been no stranger to many. The etiological agent that contrib-
uted to this global health crisis is by no means the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). COVID-19 is characterized by an episode of immune
fluctuations, followed by hyperactivation of inflammatory responses, known as the
cytokine storm. The rapid progression of the COVID-19 pandemic calls for new and
promising antiviral therapeutics. Repositioning anticancer drugs against the virus is
very much explored due to the common similar pathways or targeting structures,
opening new windows for many possibilities. As such, the repurposing of zidovu-
dine for Friend leukemia virus and ouabain for Ebola virus are among the successful
examples. Other potential FDA-approved anticancer drugs to be repositioned for
COVID-19 include imatinib, saracatinib, and homoharringtonine, which have been
studied for other coronaviruses in the past. Furthermore, current anticancer drugs
like carmofur, carfilzomib, zotatifin, plitidepsin, and toremifene have gained inter-
esting outcomes with respect to SARS-CoV-2. It is well recognized that to achieve
viral replication, viruses antagonise or hijack host proteins and signaling pathways to
gain productive infection, with SARS-CoV-2 indeed being no exception. This
review aims to discuss the drug repositioning approaches concerning previously
established anticancer drugs on viruses, especially on SARS-CoV-2. We accentuate
this idea with specific examples of how potential anticancer inhibitors can effectively
be used against SARS-CoV-2 as well as the limitations and future perspectives of
drug repositioning.
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18.1 Introduction

Affecting more than 490,000,000 individuals accompanied by 6,150,000 deaths
worldwide, COVID-19 has been a significant threat to global health (Worldometer
2022). The etiological agent behind this disastrous episode is termed the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2), well associated with the previ-
ous SARS-CoV and Middle East respiratory syndrome (MERS-CoV) (Low et al.
2021). Falling under the Coronaviridae family, coronaviruses are a group of
positive-sense single-stranded RNA viruses with club-shaped spike projections on
the virion surface (Shereen et al. 2020). Coronaviruses can be subdivided into four
different genera: alpha, beta, gamma, and delta (Wu et al. 2020). Falling under the
beta-coronavirus genus, SARS-CoV-2 closely resembles SARS-CoV with 94.4%
similarity in amino acid sequence (Low et al. 2021). To date, the exact origin of
SARS-CoV-2 remains undefined, though the evidence is pointing toward bats
(Andersen et al. 2020). It is to note that patients infected with SARS-CoV-2 may
experience severe symptoms such as acute respiratory distress syndrome (ARDS),
multiple organ failure, septic shock, and pneumonia (Wehbe et al. 2020). Despite the
lower estimated case fatality rate (3.4%), the enhanced infection capacity and rapid
emergence of diverse SARS-CoV-2 variants have led to fear and anxiety among the
public. To better monitor and facilitate research, the World Health Organization
(WHO) has categorized existing variants into variants of concern (VOC), variants of
interest (VOI), and variants under monitoring (VUM), in which the VOCs [Delta
(B.1.617.2) and omicron (B.1.1.529)] are expressed with a higher degree of signif-
icance toward global public health in contrast to the VOIs, which entail the Lambda
(C.37) and Mu (B.1.621) variants (World Health Organization 2022).

In such a dire need, drug repositioning is especially crucial to provide a swift and
effective antiviral therapy against COVID-19. Drug repositioning, also termed drug
repurposing or drug reprofiling, is an alternative route to provide new uses to an
already established drug aside from its intended purposes. The advantages of drug
repositioning include shorter and cheaper development stages accompanied by a
well-established ADMET (absorption, distribution, metabolism, excretion, and tox-
icity) data of the existing drugs (Low et al. 2020). For instance, tenofovir, a
nucleotide analog used in HIV treatment, can hinder the binding of SARS-CoV-2
spike (S) protein to the host ACE2 receptor via the interaction with papain-like
protease (PLpro

) and Mpro, resulting in the reduction of nonstructural protein (NSP)
production required for viral replication. Tenofovir also acts on the SARS-CoV-2
RNA-dependent RNA polymerase (RdRp), a replicase essential for viral replication,
to reduce the viral load (Zanella et al. 2021). Another exciting example would be
ivermectin, an antiparasitic drug that showed antiviral activity against SARS-CoV-2.
Recently, ivermectin was revealed to bind with 3CLpro and S protein, disrupting viral
attachment and replication. Moreover, ivermectin hinders the importin heterodimer



complex, attenuating the cytoplasmic-nuclear shuttling of viral proteins, resulting in
a decreased cytokine storm (Low et al. 2022).
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Several clinically approved drugs are now being considered in the conquest for an
effective antiviral treatment against SARS-CoV-2. Interestingly, it has been
suggested that several anticancer drugs may possess such properties. In light of
that, this chapter presents classic examples of anticancer drugs repurposed for
viruses and investigates their potential inhibitory mechanism against SARS-CoV-2
replication; thereby, allowing us to repurpose anticancer drugs for SARS-CoV-2
antiviral therapy, especially in such urgent needs.

18.2 Classic Examples of Anticancer Drug Repositioning

Drug repositioning has opened many possibilities for disease treatment, particularly
in providing rapid responses to highly mutated and novel disease outbreaks. Anti-
cancer drugs are now gaining traction for drug repositioning against viruses due to
the similar pathways or structures targeted. For instance, the close structural resem-
blance between viral RdRp and the cancer-contributing human telomerase reverse
transcriptase (hTERT) suggests that anticancer drugs can be a potential antiviral drug
(Machitani et al. 2020). Given those above, discussed below are some examples of
potential anticancer drugs that have demonstrated antiviral properties in the past,
shedding some light on an effective antiviral drug for COVID-19.

18.2.1 Zidovudine

Zidovudine, also known as azidothymidine (AZT), is a thymidine analog originally
developed to thwart cancer. It was later disregarded due to its lack of anticancer
activity and high concentration toxicity (Chow et al. 2009). The anticancer proper-
ties of zidovudine were revisited in 1989 when it was discovered to restore cisplatin
sensitivity in resistant human colon carcinoma cells by incorporating itself into
tumor cell DNA (Scanlon et al. 1989). Yet, the lack of favorable outcomes on
such mechanisms in humans under normal circumstances means the need for
co-administration with other anticancer agents. Additionally, zidovudine has suc-
cessfully re-sensitized gemcitabine-resistant pancreatic cancer cells by inhibiting
Akt-GSK3β-Snail1 pathway and restoring downregulated human equilibrative
nucleoside transporter 1 (hENT1), all of which contribute to gemcitabine resistance
(Namba et al. 2015). The antiviral properties of zidovudine were firstly discovered in
1960 in the Friend leukemia virus (Ostertag et al. 1974). Since then, it is now
repositioned as an antiretroviral drug for HIV treatment, which selectively inhibits
the reverse transcriptase of HIV and subsequent production of cDNA from viral
RNA. The combination of zidovudine and other agents, such as lamivudine, has also
exhibited a synergistic effect on HIV compared to either agent alone (Eron et al.



1995). The repurposing of zidovudine is especially important due to the emergence
of HIV drug resistance. This tends to occur across the same class of drugs due to the
same mode of inhibition, limiting the efficacy of existing drugs (Clouser et al. 2010).
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18.2.2 Cardiac Glycosides

Plant-derived compounds contribute to 20–30% of existing drugs and more than
60% of clinically approved cancer drugs. One of the many is cardiac glycosides, a
group of organic compounds that are often used as an antiarrhythmic agent via the
inhibition of sodium–potassium pump activity (Na+/K+ ATPase). Some well-known
cardiac glycosides include ouabain, oleandrin, digoxin, and digitoxin. Since human
cancer cells express certain isoforms of subunits that make the Na+/K+ ATPase, it
was then postulated that cancer cells are susceptible to cardiac glycosides (Kepp
et al. 2012). Indeed, this is prominent in lung cancer where cardiac glycosides
exhibit anticancer activity against the growth and proliferation of lung cancer cells
that overexpress the α-subunit of Na+/K+ATPase (Kim et al. 2016; Kaushik et al.
2017). Apart from anticancer activities, some cardiac glycosides possess antiviral
properties. Digitoxin, g-strophanthin, and ouabain were demonstrated to inhibit the
viral gene expression and protein synthesis of the herpes simplex virus (Dodson et al.
2007; Amarelle and Lecuona 2018). These cardiac glycosides and a few others can
also inhibit HIV-1 gene expression via the inhibition of MEK1/2-ERK1/2 signaling
and alteration of viral pre-RNA splicing (Wong et al. 2013, 2018; Laird et al. 2014).
Additionally, ouabain, digoxin, and lanatoside C can inhibit the viral protein trans-
lation of the influenza A virus (Amarelle et al. 2019). In particular, ouabain atten-
uates the viral entry of coronaviruses (feline, murine, and MERS-CoV) and Ebola
virus via the inhibition of ATPA1-mediated Src signaling and interruption of cellular
interacting proteins, respectively (García-Dorival et al. 2014; Burkard et al. 2015;
Dowall et al. 2016).

18.3 Anticancer Drug Candidates for Previous SARS-CoV
and MERS-CoV

Prior to the SARS-CoV-2 pandemic outbreak, coronaviruses, specifically SARS-
CoV, were not considered significant human pathogens as they were mainly reported
to cause mild respiratory infections or simply low numbers of cases (Dyall et al.
2014). Nevertheless, many lives were lost due to the SARS-CoV and MERS-CoV
epidemics, which urgently called for treatment options. Drug repositioning became a
viable option as US Food and Drug Administration (FDA)-approved drugs required
less time to be permitted for repositioning as compared to the development of novel
drugs (Aherfi et al. 2021). Among many FDA-approved drugs, anticancer drugs



were considered and studied for repositioning potential. Anticancer drugs target an
array of cellular pathways, including those manipulated during viral infection,
making them ideal candidates to reposition for SARS and MERS (Dyall et al.
2014). Drugs that target protein synthesis, for example, were hypothesized to be
potentially valuable candidates. In this section, we will explore approved anticancer
drugs identified for their potential in inhibiting SARS-CoV or MERS-CoV infec-
tions and considered for repositioning (Table 18.1).
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18.3.1 Imatinib

Imatinib is a tyrosine kinase inhibitor commonly used to treat several diverse cancers
as an apoptosis inducer and antineoplastic agent (PubChem 2022a). Imatinib spe-
cifically inhibits Abelson kinase receptors and is classified as a benzamide drug
(PubChem 2022a). Many cellular processes are regulated independently of tran-
scription/translation and are instead regulated through kinase-mediated signaling
pathways. Kinase inhibitors like imatinib were granted FDA approval in
2012–2015 and are now considered among the most common classes of target
gene therapy in cancer (Dyall et al. 2017). It was identified that imatinib and another
kinase inhibitor, dasatinib inhibit MERS-CoV and SARS-CoV through in vitro
assays. Imatinib interferes with SARS and MERS-CoV infection after viral inter-
nalization and endosomal trafficking by not allowing the fusion of virions to the
cellular endosomal membrane (Coleman et al. 2016). Research revealed that SARS
and MERS-CoV specifically require the Abelson tyrosine-protein kinase 2 (Abl2)
for efficient replication; thus, imatinib’s action on this target significantly inhibits
viral replication (Coleman et al. 2016).

18.3.2 Saracatinib

Saracatinib is a drug that AstraZeneca originally developed as an anticancer agent. In
2019, saracatinib was granted orphan drug designation by the FDA for the treatment
of idiopathic pulmonary fibrosis (IPF). Saracatinib is classified under quinazolines,
which potently inhibit the Src-family of tyrosine kinases (SFK) and is used to
manage cancer as an antineoplastic agent, apoptosis inducer, radio-sensitizing
agent and autophagy inducer (PubChem 2022b). In the search for inhibitors of the
highly infectious MERS-CoV, one study in 2018 screened 2334 approved drugs and
identified saracatinib (AZD0530) (Shin et al. 2018). This was achieved using a high-
throughput screening (HTS) method, and the drug was then evaluated for antiviral
effects through in vitro experiments. Saracatinib was identified through a cell-based
antiviral screening assay that contains data based on the protection of cells from viral
cytopathic effects (CPE); thus, exhibiting significant antiviral activity against
MERS-CoV. The drug was tested against several MERS-CoV strains by infection
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of human hepatoma (Huh-7) cells. Viral progeny titer was measured via plaque assay
from the supernatant of saracatinib-treated Huh-7 cells followed by infection with
MERS-CoV. As expected, a marginal reduction of progeny virus titer was observed
(Shin et al. 2018). In addition, saracatinib was found to have synergistic and
enhanced antiviral activity in combination with gemcitabine, a deoxycytidine analog
anticancer drug. Gemcitabine was first evaluated for its anti-MERS-CoV potential
using the same cell-based assay at a noncytotoxic concentration for the combination
study. In vitro plaque assay, post-treatment with gemcitabine resulted in a complete
absence of MERS-CoV virus particle production. The combination of saracatinib-
gemcitabine also reduced cellular toxicity compared to gemcitabine alone,
suggesting the suitability of use in low-dose combination therapy (Shin et al. 2018).
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18.3.3 Homoharringtonine

Homoharringtonine (HHT) is a plant benzazepine alkaloid and a cyclic acetal with
known anticancer properties (PubChem 2022c). HHT is a protein synthesis inhibitor
that prevents the initial elongation step of protein synthesis in eukaryotic cells.
Protein synthesis inhibitors function as anticancer agents by inducing differentiation
and apoptosis of some cancer cell types. HHT has been widely used in many
countries to treat chronic and acute myeloid leukemia (CML and AML) (Lü and
Wang 2014). Omacetaxine mepesuccinate is a semi-synthetic form of HHT with
enhanced bioavailability and was approved for anticancer therapy usage by the FDA
in 2012 for CML (Lü and Wang 2014). In a screening study of small molecules that
have potential anticoronavirus activity, it was found that HTT inhibits MERS-CoV
(Cao et al. 2015; Dyall et al. 2017). However, the drug was not reported to have any
antiviral activity against SARS-CoV.

18.4 The General Life Cycle and Pathogenesis

18.4.1 Viral Entry and Membrane Fusion

Viruses are transmitted between individuals via respiratory droplets and aerosols
(El Bairi et al. 2020; Parasher 2021). It enters exposed individuals’ bodies and binds
to the host receptors located on cell membranes, such as the angiotensin-converting
enzyme 2 (ACE2) (Parasher 2021). Viral entry and membrane fusion are mediated
by the viral surface glycoproteins, the S protein. Within the host, virus infection is
initiated by the recognition and binding of S to host ACE2. The S protein consists of
two subunits—spike protein subunit 1 (S1) and spike protein subunit
2 (S2) (Parasher 2021). The receptor-binding domain (RBD) located on the S1
subunit binds to the host cell receptor, while the S2 subunit is responsible for viral
and host membrane fusion (Wang et al. 2020). Upon host entry, the S protein is



cleaved by host serine protease at the site between S1 and S2 to undergo an
irreversible conformational change that activates the S protein for membrane fusion
(Huang et al. 2020; Parasher 2021). Among serine proteases such as furin and
cathepsin L, the transmembrane protease serine protease 2 (TMPRSS2), a
co-expressed protease by ACE2 on nasal epithelial cells, lungs and bronchial
branches, may also be involved in the cleavage of S protein (Queirós-Reis et al.
2021). Given that the host cell receptors are highly expressed on human pulmonary
epithelial cells, it is no stranger that we are highly susceptible to SARS-CoV-2
infection (El Bairi et al. 2020). Considering that virus–host cell membrane fusion
marks the success of virus–host cell invasion, several studies have shown that it may
be inhibited by targeting host serine proteases like TMPRSS2 (El Bairi et al. 2020).
For example, the drug camostat which inhibits prostate cancer metastasis in vivo has
been associated with suppressing TMPRSS2, conferring potential as a druggable
target (El Bairi et al. 2020).
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18.4.2 Replication and Virus Assembly

Upon membrane fusion, the virus disassembles, releasing genetic material and viral
nucleocapsid (N) into the host cytoplasm via caveolae and clathrin-mediated endo-
cytosis (El Bairi et al. 2020). The genomic RNA released produces a replicase
transcriptase complex that synthesizes various NSPs, such as the RdRp and helicase,
which are vital for viral transcription, translation, and replication (El Bairi et al.
2020). Given the miniature and limited genetic material in viruses, SARS-CoV-2
also utilizes host-derived components to translate its proteins (Montero et al. 2019).
Following that, the N protein will bind to the newly synthesized viral genome and
assemble with other viral proteins to form new virions. Then, the Golgi vesicles
containing new virions will migrate towards the host membrane and be released by
exocytosis. Newly released virions will then be capable of infecting surrounding
healthy cells and exit the body to infect new hosts (Parasher 2021). This allows the
rapid transmission of COVID-19, causing a widespread pandemic.

18.5 Pathophysiology

COVID-19 has varying degrees of disease severity (Li et al. 2021). Individuals may
experience mild, moderate, severe symptoms, or asymptomatic (Parasher 2021). To
complicate things, there are also preasymptomatic (infectious before exhibiting
symptoms) and true asymptomatic (infectious without exhibiting symptoms) in
COVID-19 (Johansson et al. 2021). During the initial viral invasion, individuals
may remain asymptomatic for several days as the viruses undergo replication and
propagation, but are nonetheless infectious (Parasher 2021). Additionally, a short
immune response against the viruses may be elicited; albeit, temporarily during the



asymptomatic phase (El Bairi et al. 2020; Parasher 2021). As the virus migrates from
the nasal epithelium to the upper respiratory tract (URT) via the conduction airways,
symptoms like fever, malaise, and dry cough may start to manifest. In this phase, a
more robust immune response will be elicited as infected cells release various
immunomodulatory cytokines such as C-X-C motif chemokine ligand 10 (CXCL-
10) and interferons (IFNs) like IFN-β and IFN-λ to combat the virus and contain the
spread of infection. In contrast, virus infection spreading into the lower respiratory
tract (LRT) contributes to severe COVID-19 symptoms. This occurs in one-fifth of
COVID-19 infected patients (Parasher 2021). The virus replicates within the ACE2-
expressing type-2 alveolar epithelial cells upon LRT invasion, triggering the host
immune-inflammatory response against infected pneumocytes, mast cells, and mac-
rophages that release various pro-inflammatory cytokines such as IFN-β, interleu-
kins (IL-1, IL-6, IL-8, IL-12, IL-120), tumor necrosis factor-α (TNF-α), CXCL-10,
monocyte chemoattractant protein-1 (MCP-1), and inflammatory protein-1α
(MIP-1α). This sudden influx of pro-inflammatory cytokines is known as the
“cytokine storm.” Cytokine storm attracts various circulating immune cells such as
neutrophils, macrophages, CD4+ helper T-cells, and CD8+ cytotoxic T-cells to the
site of infection, leading to massive tissue damage due to capillary injury and diffuse
alveolar damage. Eventually, it may progress to acute lung injury, resulting in ARDS
and multiple organ failure, the key to mortality. In addition, leukopenia and
lymphopenia with lowered natural killer (NK) cell levels and abnormally elevated
C-reactive protein (CRP) levels are also observed in individuals with severe
COVID-19 (Cao 2020). Many studies have suggested the use of immunomodulatory
drugs to adequately suppress and control elevated cytokine levels in severe COVID-
19 patients, reducing the overexpressed immune-associated mortality rate (Mani
et al. 2019; Ciliberto et al. 2020; El Bairi et al. 2020; Aldea et al. 2021).
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18.6 Anticancer Drugs with Potential Antiviral Properties

Anticancer drugs have been suggested as an antiviral against SARS-CoV-2 via
several in silico or in vitro studies. Several anticancer drugs have now undergone
clinical trials against COVID-19. These drugs inhibit virus replication by targeting
viral protease (carmofur; carfilzomib), targeting transcription complex proteins
(zotatifin, plitidepsin), and inhibiting viral entry (toremifene) (Table 18.2).

18.6.1 Inhibition of Virus Replication by Targeting the Main
Protease (M pro)

Protease enzymes play an essential role in the maturation of viral proteins by
cleaving the proproteins after translation into the host cytosol (Mengist et al.
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Table 18.2 Summary of anticancer drugs with potential antiviral properties

Anticancer
drug

The original
purpose of the drug

Implicated
mechanism of
antiviral activity

Supporting
evidence

Carmofur Treatment for
colorectal cancer.
Also investigated
for gastric, blad-
der, and breast
cancer therapy

Inhibition of Mpro

to prevent virus
replication

In silico analysis
implicated high
inhibitory potential
of carmofur in
targeting Mpro of
SARS CoV-2
based on high
throughput screen-
ing
In vitro analysis
demonstrated
potent SARS-
CoV-2 inhibition
in Vero E6 cells

Jin et al.
(2020a, b), Ma
et al. (2020)

Carfilzomib Treatment for
relapsed or refrac-
tory multiple mye-
loma that one or
more lines have
previously treated
with therapy

Inhibition of Mpro

to prevent virus
replication

In silico analysis
showed high
potential of
carfilzomib in
targeting Mpro

based on docking-
screening results

Waxman et al.
(2018); Wang
(2020)

Zotatifin Clinical trial drug
candidate for the
treatment of
advanced solid
tumor malignan-
cies that are refrac-
tory or intolerant to
standard cancer
treatments

Prevents viral pro-
tein synthesis by
inhibiting the tran-
scription complex
protein eIF4A

Protein interaction
analysis of SARS-
CoV-2 showed
zotatifin as an
attractive antiviral
candidate with
lower cytotoxicity
than other
rocaglates against
SARS-CoV-2 by
inhibiting the tran-
scription complex
protein (eIF4A)
Currently, zotatifin
has advanced to
clinical trial studies
of patients with
mild and moderate
COVID-19

Obermann et al.
(2022)

Plitidepsin Clinical trial drug
candidate investi-
gated for multiple
myeloma treat-
ment, leukemia,
and lymphomas

Prevents viral pro-
tein synthesis by
inhibiting the tran-
scription complex
protein eEF1A2

In vitro assays
demonstrated
reduction in
subgenomic RNA
of SARS-CoV-2 N
protein in Vero E6
and hACE2-293 T
cells treated with

White et al.
(2021); Service
(2021)



2021). This allows the uncleaved and unassembled polyproteins to be converted into
mature proteins for new virions (Babé and Craik 1997). Moreover, it was found that
inhibition of the virus proteases reduces the assembly of viral particles; therefore,
conferring a great potential for pharmaceutical intervention. Currently, multiple
FDA-approved drugs targeting proteases have been developed and used for viral
infections (Mengist et al. 2021). For instance, saquinavir, atazanavir, lopinavir,
darunavir, amprenavir, tipranavir, and ritonavir are several drugs used in treating
HIV-1 infection (Wang et al. 2015).
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Table 18.2 (continued)

Anticancer
drug

The original
purpose of the drug

Implicated
mechanism of
antiviral activity

Supporting
evidence References

plitidepsin
In vivo mouse
models showed
reduced SARS-
CoV-2 infection
and lung inflam-
mation after
plitidepsin treat-
ment, comparable
to remdesivir.
Plitidepsin has
advanced to phase
2/3 clinical trials

Toremifene Nonsteroidal
selective estrogen
receptor modulator
(SERM) to treat
metastatic breast
cancer

Prevent viral entry
by inhibiting
membrane fusion
through interac-
tions with S pro-
tein or NSP14

In silico analysis
found that
toremifene may
inhibit entry and
replication of
SARS-CoV-2
through unfamiliar
pathways

Dyall et al.
(2014); Jeon
et al. (2020);
Martin and
Cheng (2020);
Zhou et al.
(2020a)

In SARS-CoV-2, the main protease (Mpro) is responsible for mediating the
maturation cleavage of important viral polyproteins during virus replication
(Mengist et al. 2021). To recap, the RNA genome is �29.9 kb, with two-thirds
containing the main open reading frame 1a and 1b (ORF1ab) replicase from the
5′-end, encoding for NSPs 1 to 16. The other one-third encodes the different
structural proteins, such as S, envelope (E), membrane (M) and N proteins. In
addition, variable ORFs alternate at the 3′-end of the genome, such as the ORF3a,
ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF14, and ORF10 to produce
accessory proteins. Here, Mpro is encoded by ORF1ab. During the initial phase of
infection, Mpro (nsp5) cleaves two functional polyproteins known as polyprotein 1a
and 1b (pp1a and pp1b, respectively) in ORF1ab into the above mentioned 16 NSPs,
including Mpro and papain-like protease. Due to the highly conserved Mpro among
coronaviruses and its significance in the viral life cycle, Mpro inhibitors are deemed



to work against other coronaviruses, making them a potential druggable target for
repositioning anticancer drugs, particularly those targeting proteases (Jin et al.
2020b; Mengist et al. 2021).

434 K. H. Wong et al.

18.6.1.1 Carmofur

A 5-fluorouracil (5-FU) derivative, carmofur, is an FDA-approved antineoplastic
drug used in colorectal cancer treatments and has been investigated for gastric,
bladder, and breast cancer therapy (Jin et al. 2020a; Cui et al. 2020). The anticancer
activity of carmofur involves the inhibition of thymidylate synthase, a catalytic
enzyme in thymidylate production (Dementiev et al. 2019; Ma et al. 2020). Thus,
the inhibition mentioned above can halt DNA biosynthesis as thymidylate is essen-
tial for DNA biosynthesis (Mengist et al. 2021). However, it was later found that
carmofur prevents the activity of human acid ceramidase by modifying the catalytic
C143 residue in the active site (Dementiev et al. 2019). As the upregulation of acid
ceramidase is often associated with cancer cell growth and survival, carmofur was
used to achieve anticancer therapeutic outcomes (El Bairi et al. 2020).

Recent studies have suggested many antiviral prospects of carmofur against
SARS-CoV-2 through the targeting of Mpro in an in silico analysis, potentially
inhibiting viral replication and transcription (Ma et al. 2017; Jin et al. 2020b, a;
Cui et al. 2020). Additionally, mass spectrometry data have demonstrated covalent
binding of carmofur to the catalytic component of SARS-CoV-2 Mpro, with an IC50

of 1.82 ± 0.06 μM. Similarly, another in silico study revealed that the carbonyl
reactive group of carmofur binds covalently to the catalytic Cys145 residue of
SARS-CoV-2 Mpro via X-ray crystallography (Jin et al. 2020b). Meanwhile, the
same study showed that carmofur inhibited SARS-CoV-2 replication (MOI = 0.05)
at various concentrations (0.4–100 μM) in Vero E6 cells based on the reduced
SARS-CoV-2 N levels post-treatment. Furthermore, carmofur was shown to have
a CC50 of 133.4 μM in cytotoxicity assays and an EC50 of 24.30 μM; hence, adding
great potential against SARS-CoV-2 (Jin et al. 2020b). Interestingly, Ma et al.
(2020) showed reduced viral inhibition by carmofur in the presence of
1,4-dithiothreitol (DTT) in contrast to without DTT. In common practice, DTT is a
reducing agent added to maintain the active form of enzymes and prevent
non-specific binding between thiol-reactive compounds and cysteine. Consequently,
this encounter suggested that carmofur may not bind specifically to Mpro, but also
toward other cysteine proteases, which may cause devastating effects. Therefore, a
further clinical evaluation must be done to evaluate the efficacy and safety of
carmofur, especially since it has been associated with drug-related
leukoencephalopathy (El Bairi et al. 2020).
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18.6.1.2 Carfilzomib

Carfilzomib is a modified epoxyketone, which is a selective and irreversible
proteasome inhibitor used in treating relapsed or refractory multiple myeloma
(MM) patients that had previously undergone ≤3 lines of therapy (Vij et al. 2009;
El Bairi et al. 2020). The associated mechanism of action for anticancer activity
involves the selective targeting of intracellular proteasome enzymes by carfilzomib,
in which it binds irreversibly to the active sites located on 20S proteasomes,
eventually inhibiting cell proliferation and subsequently inducing cell death in
malignant cells (Coux et al. 1996; Kortuem and Stewart 2013). Moreover,
proteasomes play essential roles in cellular mechanisms by maintaining optimal
intracellular proteins involved in cell cycle progression, cell apoptosis, and normal
cellular processes via ubiquitin-dependent or ubiquitin-independent protein degra-
dation (Jayaweera et al. 2021). Thus, disruption of proteasomal activity leads to cell
cycle arrest and apoptosis of malignant plasma cells. Apart from that, it may be used
as a monotherapy or combined with dexamethasone or lenalidomide to achieve a
more potent effect (Jayaweera et al. 2021).

According to virtual docking screening results, carfilzomib has recently shown
repurposed potential for SARS-CoV-2 antiviral. Like carmofur, a structure-based
virtual screening for approved and clinical trial drug candidates for Mpro at key
binding sites or domains has emerged with carfilzomib as the top candidate (Wang
2020). Besides that, other promising anticancer candidates, such as eravacycline,
valrubicin, lopinavir, and elbasvir, now find enormous antiviral potential against
SARS-CoV-2 (Wang 2020). Certainly, further in vitro and in vivo studies of
carfilzomib against SARS-CoV-2 must be done to validate this interaction. None-
theless, carfilzomib has been associated with adverse cardiovascular events, such as
severe hypertension, cardiac arrhythmia, and cardiac arrest (Waxman et al. 2018). A
meta-analysis involving 24 clinical trials has shown that 2594 patients experienced
all-grade (18.1%) and high-grade (8.2%) cardiovascular adverse events (CVAE)
(Waxman et al. 2018). Therefore, safety precautions and strict dosage should remain
in sight.

18.6.2 Inhibition of Viral Protein Synthesis by Targeting
Transcription-Complex Proteins

As viral proliferation is dependent on viral protein synthesis, disruption of the latter
will subsequently interrupt the viral life cycle, thereby preventing replication (Müller
et al. 2021; Taroncher-Oldenburg et al. 2021). Notably, eukaryotic factors that
initiate translation have received significant interest as an antiviral target (Gordon
et al. 2020). For instance, zotatifin and plitidepsin, two significant anticancer drugs
with potential antiviral activity against SARS-CoV-2, will be further discussed.



436 K. H. Wong et al.

18.6.2.1 Zotatifin

Zotatifin is a potent and selective synthetic rocaglate that inhibits eukaryotic initia-
tion factor 4A (eIF4A) (El Bairi et al. 2020). The eIF4A protein is a DEAD-box
RNA helicase central to the activity of the eukaryotic translation initiation complex
eIF4F (Müller et al. 2021). The DEAD-box helicases are ATP-dependent eukaryotic
RNA helicases involved in cellular RNA metabolism (ranging from biogenesis to
decay). Apart from its well-established role, it has also been postulated to modulate
viral infection by recognizing viral RNA and contributing to antiviral immune
signaling pathways (Taschuk and Cherry 2020; Taroncher-Oldenburg et al. 2021).
Altogether, this makes rocaglate a drug candidate for preclinical cancer studies
(Müller et al. 2021). To date, zotatifin has already progressed to clinical trials to
treat advanced solid tumor malignancies that are refractory or intolerant to standard
cancer treatments (in Phases 1/2) (Obermann et al. 2022).

The associated mechanism of action involved forming “stacking interactions”
between the compounds and polypurine sequences within 5′-untranslated regions
(UTR) of capped mRNAs. Zotatifin disrupts the unwinding of mRNA, leading to the
dissociation of the mRNA-eIF4A complex from other eukaryotic translation factors;
thus, disrupting the eIF4A-mediated translation in many oncogenes (eIF4E and
eIF4G) (Müller et al. 2021). Notably, RNA viruses were also found to utilize the
helicase activity of eIF4A to form the 43S-preinitiation complex that translates their
viral mRNA. For instance, the Ebola virus, hepatitis E, Zika virus, SARS-CoV,
MERS-CoV, and SARS-CoV-2 have utilized host eIF4A to translate its viral pro-
teins (Montero et al. 2019; Nebigil et al. 2020; Taroncher-Oldenburg et al. 2021).
Hence, rocaglates may be repurposed as a broad-spectrum antiviral candidate.

Multiple studies have demonstrated promising anticancer effects of zotatifin in
preclinical settings (Neveu et al. 2012; Chan et al. 2019; Thompson et al. 2021;
Gerson-Gurwitz et al. 2021). Furthermore, a study by Gordon et al. (2020) has also
suggested repurposing zotatifin for COVID-19 treatment in a protein interaction map
study for SARS-CoV-2. In that study, affinity-purification mass spectrometry iden-
tified 332 protein–protein interactions between hosts and SARS-CoV-2 with 69 com-
pounds, including 29 FDA-approved drugs that target 66 different human proteins,
entailing those that demonstrated antiviral activity against mRNA translation.
Hence, the proposal of zotatifin as a compelling candidate for disrupting protein
biogenesis through the inhibition of eIF4A presents an attractive antiviral strategy
against SARS-CoV-2 during the early infection stages (Gordon et al. 2020). Besides
that, an in vitro study conducted by Obermann et al. (2022) has demonstrated the
efficacy of zotatifin, natural rocaglate silvesterol, and other synthetic rocaglate, the
CR-1-31-B for RNA-clamping and antiviral activity against human coronavirus
229E (HCoV-229E) in Medical Research Council cell strain 5 (MRC-5 cells). It
was found that silvesterol and CR-1-31-B demonstrated more potent results than
zotatifin; however, the latter was less cytotoxic toward host immune cells. Currently,
zotatifin is being investigated in a dose-escalating study involving COVID-19
patients (mild and moderate disease severity) (Obermann et al. 2022).
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18.6.2.2 Plitidepsin

Plitidepsin (dehydrodidemnin) is a marine cyclic depsipeptide found in a Caribbean
marine organism known as Aplidum albicans (El Bairi et al. 2020; Papapanou et al.
2021). It was initially investigated for its antitumor properties; however, recent drug
screening studies found its potential antiviral use against SARS-CoV-2.

Plitidepsin exhibits antineoplastic effects through antiproliferation and
antiangiogenesis; hence, contributing to its antitumor properties (Papapanou et al.
2021). It was found to induce cell cycle arrest or apoptosis and inhibit vascular
endothelial growth factors (Alonso-Álvarez et al. 2017; Papapanou et al. 2021). The
primary target for plitidepsin is the eukaryotic translation elongation factor 1 alpha
2 (eEF1A2) which is responsible for the enzymatic delivery of aminoacyl tRNA to
ribosomes (White et al. 2021; Martinez 2021; Papapanou et al. 2021). As eEF1A2
facilitates noncanonical pro-oncogenic activity, inhibition of the protein by
plitidepsin alters cell activity, including controlling proteasomal degradation of
unfolded proteins, heat shock response, oxidative stress regulation, as well as actin
building and cytoskeleton reorganization (Papapanou et al. 2021). In addition, the
drug has an established safety profile in humans (White et al. 2021). Plitidepsin has
been investigated for multiple myeloma, leukemia, and lymphomas either as a
monotherapy or in combination with dexamethasone (El Bairi et al. 2020;
Papapanou et al. 2021). However, due to the arrival of competitive targeted agents
and poor enrolment of plitidepsin in clinical trials, the development of plitidepsin has
been discontinued (El Bairi et al. 2020).

On the contrary, plitidepsin has shown antiviral properties in several SARS-CoV-
2 in vitro and in vivo models. A recent study conducted by White et al. (2021)
showed that plitidepsin inhibited eEF1A in human cells and has demonstrated solid
antiviral activity against SARS-CoV-2 in Vero E6 and human ACE2 293 T (hACE2-
293 T) cell lines. The N protein subgenomic RNA was reduced as early as 4 h post-
SARS-CoV-2 infection, and the impact of plitidepsin on viral RNA and protein
production continued throughout the time course study. Furthermore, plitidepsin
significantly reduced SARS-CoV-2 infection and inflammation of lung tissues in
mouse models. The reduction of SARS-CoV-2 was comparable to the positive
control involving remdesivir-treated mice, which has been used to improve the
disease outcomes of COVID-19 patients. Therefore, plitidepsin is now being inves-
tigated in a Phase 2/3 trial by a Spanish pharmaceutical company, PharmaMar
(Service 2021).

18.6.3 Inhibition of Viral Entry into Hostspiepr146 Cells

18.6.3.1 Toremifene

Toremifene is an FDA-approved, first-generation nonsteroidal selective estrogen
receptor modulator (SERM) used to treat metastatic breast cancer (Zhou et al.



2020a). It has similar efficacy to tamoxifen in advanced breast cancer (Mao et al.
2012). In previous studies, toremifene has successfully inhibited virus infections
such as MERS CoV, SARS-CoV, and the Ebola virus (Johansen et al. 2013; Dyall
et al. 2014). A study of toremifene on the Ebola virus revealed toremifene prevented
membrane fusion of virus and host endosome through the interaction and destabi-
lization of the membrane glycoprotein (Zhao et al. 2016; Zhou et al. 2020a). This led
to the disruption of viral entry into host cells. Notably, it was determined that
toremifene inhibited virus entry and internalization of Ebola, regardless of the
estrogen-modulating activity in the following in vivo studies (Johansen et al. 2013).
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In many drug screening and molecular docking studies, toremifene has been
selected as a potential antiviral drug against SARS-CoV-2 (Jeon et al. 2020; Martin
and Cheng 2020). Although the exact antiviral mechanism of toremifene has yet to
be elucidated, it was suggested that toremifene likely interacts with the S glycopro-
tein or NSP14, which subsequently inhibits viral entry and replication, disrupting the
life cycle of SARS-CoV-2 (Martin and Cheng 2020). Furthermore, several network-
based analyses have suggested that using toremifene in combination with emodin, a
naturally occurring compound in Chinese traditional medicine used to prevent and
treat viral influenza, may enhance clinical efficacy compared to toremifene alone
(Dong et al. 2016; Zhou et al. 2020a, b). Moreover, toremifene may also interact
with other proteins such as ribosomal proteins RPL19, NPM1, EIF3E, HNRNPA1,
and EIR3F (Zhou et al. 2020a). Despite that, the addition of toremifene to Vero E6
cells prior to SARS-CoV-2 virus infection in a drug screening study has demon-
strated poor (little to none) virus inhibition according to immunofluorescence ana-
lyses (Jeon et al. 2020). Apart from that, the IC50 and CC50 of toremifene were
3.58 μM and 10.11 μM, respectively, suggesting potential adverse effects for the
user (Jeon et al. 2020). Therefore, further preclinical investigation of toremifene is
still warranted.

18.7 Targeting Cellular Pathway Mechanisms as a Strategy
for Drug Repositioning

Due to the nature of the diverse functions of proteins in the human body, many
signaling pathways inevitably partake in many different biological processes. There-
fore, a specific signaling pathway may play a role in several diseases or conditions.
Among the many, the Janus kinase signal transducer and activator of transcription
(JAK-STAT) pathway is notably involved in antiviral responses, cancer develop-
ment, autoimmune, and inflammatory responses (Fleming 2016; Banerjee et al.
2017; Owen et al. 2019). As such, repositioning drugs based on overlapping host
factors in different diseases or conditions is a legitimate strategy that has been
granted with great success, aspirin being one of the best examples (Jourdan et al.
2020). In addition, targeting host factors has an inherent advantage of circumventing
the development of drug resistance (Prudencio and Mota 2012). Thus, targeting host



factors presents itself as a desirable strategy. Here, we describe three common host
factors and signaling pathways that play a significant role in both antiviral responses
and cancer development.
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18.7.1 PI3K/AKT/mTOR

The phosphatidylinositol-3-kinase/Akt (PI3K/AKT) and mammalian target of
rapamycin (mTOR) signaling pathways are two crucial pathways in regulating
cellular proliferation and differentiation, apoptosis, and cellular metabolism. Despite
being two distinct pathways, both PI3K/AKT and mTOR pathways share many
cellular processes, and therefore is termed the PI3K/AKT/mTOR pathway (Porta
et al. 2014). As mentioned above, the PI3K/AKT/mTOR pathway is strongly
associated with cellular growth, which is no stranger that it has been studied
extensively in cancer therapeutics such as gain-of-function mutations that lead to
disrupted and dysregulated cell growth. This results in several classical hallmarks of
cancer, such as unlimited proliferation and angiogenesis (Porta et al. 2014). The
FDA has approved several PI3K/AKT/mTOR inhibitors, namely copanlisib,
duvelisib, and idelalisib, in addition to many others still in clinical trials (Yang
et al. 2019). SARS-CoV-2 can hijack and overexpress the PI3K/AKT/mTOR path-
way to facilitate its viral replication and growth (Fattahi et al. 2022). As PI3K/AKT/
mTOR pathway is also closely associated with the activation of pro-inflammatory
cytokines, an over-activation of the pathway by the virus leads to an overexpression
of such cytokines, resulting in cytokine storm and severe cellular damage (Khezri
et al. 2022). As such, this pathway gained attraction and was proposed as a potential
target for anti-SARS-CoV-2 therapy (Abu-Eid andWard 2021). Several studies have
already suggested the antiviral effects of dactolisib, a PI3K inhibitor (Khezri et al.
2022). Currently, numerous clinical trials are ongoing in evaluating the potential of
mTOR inhibitors like rapamycin, as antiviral agents against SARS-CoV-2 (Patocka
et al. 2021).

18.7.2 STAT-3

The signal transducer and activator of transcription-3 (STAT-3) is an essential key
player in mediating multiple cellular processes such as cellular proliferation,
immune responses, inflammation, and apoptosis (Yu et al. 2014). As such, STAT-
3 has been studied extensively. Dysregulation of STAT-3 is associated with many
diseases and conditions such as type 1 diabetes, arthritis, autoimmunity, and micro-
bial infections (Vogel et al. 2015). Among other pro-inflammatory cytokines, the
hyper-activation of STAT-3 is strongly associated with the cytokine storm during
SARS-CoV-2 infection (Jafarzadeh et al. 2021). The hyper-elevation of STAT-3
leads to downstream activation of multiple inflammatory pathways, including



JAK-STAT and NF-κB, resulting in an uncontrolled infiltration of inflammatory
cells such as monocytes and macrophages into the lung alveoli, causing ALI or
ARDS (Jafarzadeh et al. 2021). In contrast, the hyper-production of STAT-3 in
cancer is attributed to a gain-of-function mutation of the STAT-3 gene, akin to that
demonstrated during SARS-CoV-2 viral infection (Faletti et al. 2021). Recent
developments in cancer immunotherapy have resulted in several FDA-approved
drugs targeting STAT-3, such as BBI608 and celecoxib (Zou et al. 2020). Since
STAT-3 is associated with a wide range of inflammatory cytokines such as IL-6 and
JAK, STAT-3 inhibitors can act directly or indirectly. As the name suggests, the
direct inhibitors target STAT-3 specifically, while indirect inhibitors target STAT-3-
associated cytokines (Zou et al. 2020). Therefore, STAT-3 is a potential druggable
target for anticancer and antiviral development; thus, warranting more attention in
repurposing STAT-3 inhibitors from cancer therapeutics to SARS-CoV-2 therapies.
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18.7.3 VEGF

Vascular endothelial growth factor (VEGF) is a glycoprotein initially identified as a
permeability factor, and was later shown to possess mitogenic and angiogenic
properties (Barratt et al. 2014). Due to its angiogenic properties, VEGF became a
popular target in cancer therapeutics as it can promote endothelial cell growth and
survival. Multiple VEGF inhibitors have been approved against various cancers,
namely colorectal and breast cancer. These VEGF inhibitors include, but are not
limited to bevacizumab, sorafenib, sunitinib, and nilotinib (Escalante and Zalpour
2011). Furthermore, its role as a prime regulator in vascular permeability is often
associated with ALI, which is characterized by pulmonary edema, hypoxia, and
diffuse pulmonary infiltrates (Tomita et al. 2020). In the context of SARS-CoV-2, a
clinical study published in 2020 noted that COVID-19 patients possess elevated
levels of VEGF (Kong et al. 2020); therefore, presenting itself as a potential
biomarker for clinical diagnostics. As mentioned earlier, VEGF was identified by
its properties to increase pulmonary vascular permeability; hence, was strongly
linked to playing a pivotal role in the pathogenesis of ALI (Medford 2006). Com-
bining these literature data, targeting VEGF should consequently lead to clinical
improvements in COVID-19 patients. A single-armed clinical trial published in early
2021 successfully improved the outcome of COVID-19 patients using bevacizumab,
a VEGF inhibitor plus standard care compared to just standard care (Pang et al.
2021). The authors had a similar concept of inhibiting VEGF as hypoxia induces
VEGF expression, leading to increased vascular leakiness. Another clinical trial in
Bangladesh treated COVID-19 patients with bevacizumab and reported that 23 out
of the 25 patients had a favorable clinical outcome (Al-Mahtab et al. 2021).
Conclusively, this shows the potential of VEGF inhibitors to be repositioned against
SARS-CoV-2.
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18.8 Limitations and Future Perspectives of Drug
Repositioning

As discussed above, drug repositioning confers a plethora of benefits and
undiscovered potential for using readily available drugs for other indications. Par-
ticularly during a pandemic like COVID-19, there presents an urgent need for
antiviral drugs to reduce the mortality and morbidity rates within the global popu-
lation. Nonetheless, there remain a number of challenges that need to be addressed.

18.8.1 Accessibility to Data and Compound

Pharmaceutical industries’ shelved drugs hold various opportunities to discover a
medical miracle with indications that are even outside the industries’ core disease
area. Despite this, some are reluctant to share their chemical libraries, including a
record of their failed drugs. Should they choose to collaborate with other firms or
academic groups, administrative procedures pertaining to the compound distribution
and material transfer agreement are vital to be made flexible and clearly outlined.
Compounds that are derived from generic active pharmaceutical ingredients may
cause some trouble if they are suddenly removed from the international market.
Therefore, finding a reliable source for the compound of interest is imperative
(Talevi and Bellera 2020).

Open-source platforms are becoming an increasingly popular approach to drug
discovery and repositioning (Allarakhia 2013). Nevertheless, there is still limited
public access to valuable data such as clinical trial outcomes. Additionally, data
mining and manipulation are less feasible with some other types of data, more so for
those presented in a nonstandardized manner (Pushpakom et al. 2019). To integrate
them together would then require specialized experts and appropriate computational
resources to increase the power of analysis (Ritchie et al. 2015).

18.8.2 Drug Safety and Toxicity

Drugs that are readily available and have been approved by regulatory agencies have
undergone multiple phases of evaluation to determine the maintenance of their safety
and efficacy. Aspects that are looked into include whether the dosage being given is
within the well-defined safety margins, the ability of the drug to be delivered to the
target region and if the activity of the drug can be achieved for a minimal length of
time (Oprea et al. 2011). Particularly in anticancer research, the presenting challenge
is directing the drug action to specific cancer cells instead of nonspecific targeting to
normal, healthy cells (Senapati et al. 2018). Developing novel formulations or
delivery mechanisms are viable strategies for improvement. Unfortunately, it has



been observed that discovery teams often lack collaboration with pharmaceutical and
toxicological scientists to do so. Safety margins of novel drug–target interactions as
well as older drugs that have not been comprehensively profiled are often disclosed
in literature. Based on what is reported thus far, the potency is usually at the
micromolar level. Consequently, this creates a therapeutic window that poses con-
straints on prospective indications. Researchers are pressurized with the burden of
proof to demonstrate that clinical benefits may still be obtained for the treatment of
the disease of interest within the pre-established dose ranges. If the drug potency
falls outside those ranges, researchers will need to kickstart Phase 1 clinical trials. In
this case, the efforts are defeating the process of drug repositioning, rather, it is more
to de novo drug discovery (Oprea et al. 2011).
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18.8.3 Exhaustion of Conventional Drug Repositioning
Strategies

For any given disease, conventional drug repositioning strategies may rapidly
exhaust the number of potential candidates considering that the pool is limited and
only slowly expanding due to the financial burden of drug discovery. This raises the
question of whether drug repositioning itself may gradually cease upon full screen-
ing of already known drugs (Talevi and Bellera 2020). An answer to this question
may be to readjust the approach and look into other target disorders. For instance,
instead of the typical monotherapy, drug combinations can be evaluated to amplify
the possibility of drug repositioning (Sun et al. 2016). Another alternative which can
widen the range of drug candidates is precision and system medicine, whereby they
are personalized to patients for better delivery and advanced outcomes while poten-
tially covering lower healthcare costs. The disease signatures and accurate stratifi-
cation of patients based on their genomic component will need to be well understood
(Taylor et al. 2019). During drug development, pharmaceutical industries often
generate hundreds of other compounds sharing the same active scaffold as the lead
compound. They are intended to build structure–activity relationships in hit-to-lead
and lead-optimization programs. Upon identification of a suitable candidate with
successful activity against the target of interest, this whole set of compounds may be
retrieved to be further studied for other indications (Talevi and Bellera 2020).

18.8.4 Intellectual Property Protection

There are a number of reasons hampering the efforts of applying for intellectual
property (IP) protection over repositioned drugs. Although a majority of the phar-
maceutical industry allows for their protection, some national legislations are against
patenting the same drug for additional indications. Even if the latter carries on,



different countries have varying rulings (Talevi and Bellera 2020). For instance, the
European Union grants 8 years of data protection in addition to 2 years of market
exclusivity. Should another indication be discovered during the 8-year period, an
extra year of protection will be given (Sonia Ribeiro 2018). On the other hand, the
United States permits an initial period of 5 years, followed by another 3 years for a
new indication. In spite of that, as these additional years do not necessitate a
profitable return of investment, further financial incentives are required to ensure
the efforts are cost-effective (Talevi and Bellera 2020). Another concern is that many
potential repositioning uses have already been published or better yet, already
implemented as a clinical practice, albeit, are regarded as off-label, nonregistered
prescription. Only if the correlation between drug, target, and disease is truly unique
can protected marketing rights be favored. Considering that drug repositioning
remains to be a newly growing field, experts specializing in its legal issues are still
lacking; thus, various issues may arise, potentially resulting in the discovery team
not wanting to seek patent protection at all (Oprea et al. 2011).
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18.8.5 Challenges of Bioinformatics Approaches

Classical statistical approaches confer a number of limitations, including the inef-
fectiveness in identifying the molecular target of a drug against the abundant number
of genes. Furthermore, the other hundreds and thousands of gene products that
indirectly respond to the changes in the activity of the target are yet to be fully
considered. These approaches rely on small datasets and biological networks that
originate from experiments carried out on varying platforms. Resultantly, research
outcomes may be inconsistent or only provide partial knowledge of the studied area.
Hence, derived conclusions may not entirely be replicable (Jarada et al. 2020). In
response to that, multiple strategies like semantic technologies involving machine
learning, deep learning, and network analysis may be combined to attain a higher
success rate (Zeng et al. 2019; Rodriguez et al. 2021; Siminea et al. 2022). Their
advantages and disadvantages must certainly be weighed to achieve the most fruitful
data. For example, the use of deep neural network models through deep learning
requires adjustments to fit the data, causing the efforts to be time-consuming.
Additionally, decision-making over which machine learning technique or similarity
measure to opt for is not straightforward and dependent on the dataset (Jarada et al.
2020). Regardless, integrating data on drug candidates and how they target different
diseases and the host can provide a vast amount of enriching knowledge for the
modeling of computational drug repositioning.
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18.9 Conclusion

In such a dire need for an effective therapeutic approach for COVID-19, the potential
of drug repositioning cannot be overlooked. Given the many successes and studies
done in the context of anticancer for antivirals such as zidovudine for Friend
leukemia virus and ouabain for Ebola virus, to name a few, it is no doubt anticancer
may be the new paradigm for the treatment of the virus, saving cost, time, and
resources. Cancer and viruses share many cellular pathways and host proteins for
activation and propagation, making anticancer drugs a vital candidate to be evalu-
ated and considered for SARS-CoV-2. Notably, previously FDA-approved antican-
cer drugs have been studied for other coronaviruses, such as imatinib, saracatinib,
and HTT for SARS-CoV and MERS-CoV. In addition, the exciting outcomes of
SARS-CoV-2 inhibition contributed by current anticancer drugs like carmofur,
carfilzomib, zotatifin, plitidepsin, and toremifene, further affirm the importance to
study potential anticancer inhibitors. Apart from that, numerous cancers associated
with cellular pathways, such as the PI3K/AKT/mTOR pathway, JAK-STAT path-
way, and VEGF pathway, cross path with virus infection mechanisms, making
anticancer agents associated with these pathways a potential candidate for SARS-
CoV-2 viral inhibitors. While there are certain limitations to the drug repositioning
approach like data and compound accessibility, drug safety and toxicity for
repositioning purposes, narrow pools of potential candidates, IP protection, and
challenges arising from preliminary bioinformatics studies, the potential of antican-
cer agents for antiviral therapy, especially for SARS-CoV-2, remains of great
interest.

Author Contributions

KHW, CML, AJWP, IAF, NZZ, and ZYL contributed equally to the preparation and drafting of the
manuscript. Critical revisions, supervision and conceptualization of the article were done by SKL.
Conflict of Interest All authors have read and agreed to the published version of the manuscript.
All authors have declared that there is no conflict of interest.

References

Abu-Eid R, Ward FJ (2021) Targeting the PI3K/Akt/mTOR pathway: a therapeutic strategy in
COVID-19 patients. Immunol Lett 240:1–8. https://doi.org/10.1016/j.imlet.2021.09.005

Aherfi S, Pradines B, Devaux C et al (2021) Drug repurposing against SARS-CoV-1, SARS-CoV-2
and MERS-CoV. Future Microbiol 16:1341–1370. https://doi.org/10.2217/fmb-2021-0019

Aldea M, Michot J-M, Danlos F-X et al (2021) Repurposing of anticancer drugs expands possibil-
ities for antiviral and anti-inflammatory discovery in COVID-19. Cancer Discov 11:1336–1344.
https://doi.org/10.1158/2159-8290.CD-21-0144

Allarakhia M (2013) Open-source approaches for the repurposing of existing or failed candidate
drugs: learning from and applying the lessons across diseases. DDDT 753. https://doi.org/10.
2147/DDDT.S46289

https://doi.org/10.1016/j.imlet.2021.09.005
https://doi.org/10.2217/fmb-2021-0019
https://doi.org/10.1158/2159-8290.CD-21-0144
https://doi.org/10.2147/DDDT.S46289
https://doi.org/10.2147/DDDT.S46289


18 Repurposing Drugs for Viruses and Cancer: A Novel Drug. . . 445

Al-Mahtab M, Akbar SM, Huq AF et al (2021) Extraordinary survival benefits of severe and critical
patients with COVID-19 by immune modulators: the outcome of a clinical trial in Bangladesh.
Euroasian J Hepato-Gastroenterol 10:68–75. https://doi.org/10.5005/jp-journals-10018-1327

Alonso-Álvarez S, Pardal E, Sánchez-Nieto D et al (2017) Plitidepsin: design, development, and
potential place in therapy. DDDT 11:253–264. https://doi.org/10.2147/DDDT.S94165

Amarelle L, Lecuona E (2018) The antiviral effects of Na, K-ATPase inhibition: a min ireview. Int J
Mol Sci 19:2154. https://doi.org/10.3390/ijms19082154

Amarelle L, Katzen J, Shigemura M et al (2019) Cardiac glycosides decrease influenza virus
replication by inhibiting cell protein translational machinery. Am J Phys Lung Cell Mol Phys
316:L1094–L1106. https://doi.org/10.1152/ajplung.00173.2018

Andersen KG, Rambaut A, Lipkin WI et al (2020) The proximal origin of SARS-CoV-2. Nat Med
26:450–452. https://doi.org/10.1038/s41591-020-0820-9

Babé LM, Craik CS (1997) Viral proteases: evolution of diverse structural motifs to optimize
function. Cell 91:427–430. https://doi.org/10.1016/S0092-8674(00)80426-2

Banerjee S, Biehl A, Gadina M et al (2017) JAK–STAT signaling as a target for inflammatory and
autoimmune diseases: current and future prospects. Drugs 77:521–546. https://doi.org/10.1007/
s40265-017-0701-9

Barratt S, Medford AR, Millar AB (2014) Vascular endothelial growth factor in acute lung injury
and acute respiratory distress syndrome. Respiration 87:329–342. https://doi.org/10.1159/
000356034

Burkard C, Verheije MH, Haagmans BL et al (2015) ATP1A1-mediated Src signaling inhibits
coronavirus entry into host cells. J Virol 89:4434–4448. https://doi.org/10.1128/JVI.03274-14

Cao X (2020) COVID-19: immunopathology and its implications for therapy. Nat Rev Immunol 20:
269–270. https://doi.org/10.1038/s41577-020-0308-3

Cao J, Forrest JC, Zhang X (2015) A screen of the NIH clinical collection small molecule library
identifies potential anti-coronavirus drugs. Antivir Res 114:1–10. https://doi.org/10.1016/j.
antiviral.2014.11.010

Chan K, Robert F, Oertlin C et al (2019) eIF4A supports an oncogenic translation program in
pancreatic ductal adenocarcinoma. Nat Commun 10:5151. https://doi.org/10.1038/s41467-019-
13086-5

Chow WA, Jiang C, Guan M (2009) Anti-HIV drugs for cancer therapeutics: back to the future?
Lancet Oncol 10:61–71. https://doi.org/10.1016/S1470-2045(08)70334-6

Ciliberto G, Mancini R, Paggi MG (2020) Drug repurposing against COVID-19: focus on antican-
cer agents. J Exp Clin Cancer Res 39:86. https://doi.org/10.1186/s13046-020-01590-2

Clouser CL, Patterson SE, Mansky LM (2010) Exploiting drug repositioning for discovery of a
novel HIV combination therapy. J Virol 84:9301–9309. https://doi.org/10.1128/JVI.01006-10

Coleman CM, Sisk JM, Mingo RM et al (2016) Abelson kinase inhibitors are potent inhibitors of
severe acute respiratory syndrome coronavirus and Middle East respiratory syndrome corona-
virus fusion. J Virol 90:8924–8933. https://doi.org/10.1128/JVI.01429-16

Coux O, Tanaka K, Goldberg AL (1996) Structure and functions of the 20S and 26S proteasomes.
Annu Rev Biochem 65:801–847. https://doi.org/10.1146/annurev.bi.65.070196.004101

Cui W, Yang K, Yang H (2020) Recent Progress in the drug development targeting SARS-CoV-2
Main protease as treatment for COVID-19. Front Mol Biosci 7:616341. https://doi.org/10.3389/
fmolb.2020.616341

Dementiev A, Joachimiak A, Nguyen H et al (2019) Molecular mechanism of inhibition of acid
ceramidase by Carmofur. J Med Chem 62:987–992. https://doi.org/10.1021/acs.jmedchem.
8b01723

Dodson AW, Taylor TJ, Knipe DM, Coen DM (2007) Inhibitors of the sodium potassium ATPase
that impair herpes simplex virus replication identified via a chemical screening approach.
Virology 366:340–348. https://doi.org/10.1016/j.virol.2007.05.001

Dong X, Fu J, Yin X et al (2016) Emodin: a review of its pharmacology, toxicity and pharmaco-
kinetics: Emodin: pharmacology, toxicity and pharmacokinetics. Phytother Res 30:1207–1218.
https://doi.org/10.1002/ptr.5631

https://doi.org/10.5005/jp-journals-10018-1327
https://doi.org/10.2147/DDDT.S94165
https://doi.org/10.3390/ijms19082154
https://doi.org/10.1152/ajplung.00173.2018
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1016/S0092-8674(00)80426-2
https://doi.org/10.1007/s40265-017-0701-9
https://doi.org/10.1007/s40265-017-0701-9
https://doi.org/10.1159/000356034
https://doi.org/10.1159/000356034
https://doi.org/10.1128/JVI.03274-14
https://doi.org/10.1038/s41577-020-0308-3
https://doi.org/10.1016/j.antiviral.2014.11.010
https://doi.org/10.1016/j.antiviral.2014.11.010
https://doi.org/10.1038/s41467-019-13086-5
https://doi.org/10.1038/s41467-019-13086-5
https://doi.org/10.1016/S1470-2045(08)70334-6
https://doi.org/10.1186/s13046-020-01590-2
https://doi.org/10.1128/JVI.01006-10
https://doi.org/10.1128/JVI.01429-16
https://doi.org/10.1146/annurev.bi.65.070196.004101
https://doi.org/10.3389/fmolb.2020.616341
https://doi.org/10.3389/fmolb.2020.616341
https://doi.org/10.1021/acs.jmedchem.8b01723
https://doi.org/10.1021/acs.jmedchem.8b01723
https://doi.org/10.1016/j.virol.2007.05.001
https://doi.org/10.1002/ptr.5631


446 K. H. Wong et al.

Dowall SD, Bewley K, Watson RJ et al (2016) Antiviral screening of multiple compounds against
Ebola virus. Viruses 8:277. https://doi.org/10.3390/v8110277

Dyall J, Coleman CM, Hart BJ et al (2014) Repurposing of clinically developed drugs for treatment
of Middle East respiratory syndrome coronavirus infection. Antimicrob Agents Chemother 58:
4885–4893. https://doi.org/10.1128/AAC.03036-14

Dyall J, Gross R, Kindrachuk J et al (2017) Middle East respiratory syndrome and severe acute
respiratory syndrome: current therapeutic options and potential targets for novel therapies.
Drugs 77:1935–1966. https://doi.org/10.1007/s40265-017-0830-1

El Bairi K, Trapani D, Petrillo A et al (2020) Repurposing anticancer drugs for the management of
COVID-19. Eur J Cancer 141:40–61. https://doi.org/10.1016/j.ejca.2020.09.014

Eron JJ, Benoit SL, Jemsek J et al (1995) Treatment with lamivudine, zidovudine, or both in
HIV-positive patients with 200 to 500 CD4+ cells per cubic millimeter. N Engl J Med 333:1662–
1669. https://doi.org/10.1056/NEJM199512213332502

Escalante CP, Zalpour A (2011) Vascular endothelial growth factor inhibitor-induced hypertension:
basics for primary care providers. Cardiol Res Pract 2011:1–8. https://doi.org/10.4061/2011/
816897

Faletti L, Ehl S, Heeg M (2021) Germline STAT3 gain-of-function mutations in primary immuno-
deficiency: impact on the cellular and clinical phenotype. Biom J 44:412–421. https://doi.org/
10.1016/j.bj.2021.03.003

Fattahi S, Khalifehzadeh-Esfahani Z, Mohammad-Rezaei M et al (2022) PI3K/Akt/mTOR path-
way: a potential target for anti-SARS-CoV-2 therapy. Immunol Res 70:269. https://doi.org/10.
1007/s12026-022-09268-x

Fleming S (2016) Viral inhibition of the IFN-induced JAK/STAT signaling pathway: development
of live attenuated vaccines by mutation of viral-encoded IFN-antagonists. Vaccine 4:23. https://
doi.org/10.3390/vaccines4030023

García-Dorival I, Wu W, Dowall S et al (2014) Elucidation of the Ebola virus VP24 cellular
Interactome and disruption of virus biology through targeted inhibition of host-cell protein
function. J Proteome Res 13:5120–5135. https://doi.org/10.1021/pr500556d

Gerson-Gurwitz A, Young NP, Goel VK et al (2021) Zotatifin, an eIF4A-selective inhibitor, blocks
tumor growth in receptor tyrosine kinase driven tumors. Front Oncol 11:766298. https://doi.org/
10.3389/fonc.2021.766298

Gordon DE, Jang GM, Bouhaddou M et al (2020) A SARS-CoV-2 protein interaction map reveals
targets for drug repurposing. Nature 583:459–468. https://doi.org/10.1038/s41586-020-2286-9

Huang Y, Yang C, Xu X et al (2020) Structural and functional properties of SARS-CoV-2 spike
protein: potential antivirus drug development for COVID-19. Acta Pharmacol Sin 41:1141–
1149. https://doi.org/10.1038/s41401-020-0485-4

Jafarzadeh A, Nemati M, Jafarzadeh S (2021) Contribution of STAT3 to the pathogenesis of
COVID-19. Microb Pathog 154:104836. https://doi.org/10.1016/j.micpath.2021.104836

Jarada TN, Rokne JG, Alhajj R (2020) A review of computational drug repositioning: strategies,
approaches, opportunities, challenges, and directions. J Cheminform 12:46. https://doi.org/10.
1186/s13321-020-00450-7

Jayaweera SPE, Wanigasinghe Kanakanamge SP, Rajalingam D, Silva GN (2021) Carfilzomib: a
promising proteasome inhibitor for the treatment of relapsed and refractory multiple myeloma.
Front Oncol 11:740796. https://doi.org/10.3389/fonc.2021.740796

Jeon S, Ko M, Lee J et al (2020) Identification of antiviral drug candidates against SARS-CoV-2
from FDA-approved drugs. Antimicrob Agents Chemother 64:e00819–e00820. https://doi.org/
10.1128/AAC.00819-20

Jin Z, Du X, Xu Y et al (2020a) Structure of Mpro from SARS-CoV-2 and discovery of its
inhibitors. Nature 582:289–293. https://doi.org/10.1038/s41586-020-2223-y

Jin Z, Zhao Y, Sun Y et al (2020b) Structural basis for the inhibition of SARS-CoV-2 main protease
by antineoplastic drug carmofur. Nat Struct Mol Biol 27:529–532. https://doi.org/10.1038/
s41594-020-0440-6

https://doi.org/10.3390/v8110277
https://doi.org/10.1128/AAC.03036-14
https://doi.org/10.1007/s40265-017-0830-1
https://doi.org/10.1016/j.ejca.2020.09.014
https://doi.org/10.1056/NEJM199512213332502
https://doi.org/10.4061/2011/816897
https://doi.org/10.4061/2011/816897
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1007/s12026-022-09268-x
https://doi.org/10.1007/s12026-022-09268-x
https://doi.org/10.3390/vaccines4030023
https://doi.org/10.3390/vaccines4030023
https://doi.org/10.1021/pr500556d
https://doi.org/10.3389/fonc.2021.766298
https://doi.org/10.3389/fonc.2021.766298
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1016/j.micpath.2021.104836
https://doi.org/10.1186/s13321-020-00450-7
https://doi.org/10.1186/s13321-020-00450-7
https://doi.org/10.3389/fonc.2021.740796
https://doi.org/10.1128/AAC.00819-20
https://doi.org/10.1128/AAC.00819-20
https://doi.org/10.1038/s41586-020-2223-y
https://doi.org/10.1038/s41594-020-0440-6
https://doi.org/10.1038/s41594-020-0440-6


18 Repurposing Drugs for Viruses and Cancer: A Novel Drug. . . 447

Johansen LM, Brannan JM, Delos SE et al (2013) FDA-approved selective estrogen receptor
modulators inhibit Ebola virus infection. Sci Transl Med 5:190ra79. https://doi.org/10.1126/
scitranslmed.3005471

Johansson MA, Quandelacy TM, Kada S et al (2021) SARS-CoV-2 transmission from people
without COVID-19 symptoms. JAMA Netw Open 4:e2035057. https://doi.org/10.1001/
jamanetworkopen.2020.35057

Jourdan J-P, Bureau R, Rochais C, Dallemagne P (2020) Drug repositioning: a brief overview. J
Pharm Pharmacol 72:1145–1151. https://doi.org/10.1111/jphp.13273

Kaushik V, Azad N, Yakisich JS, Iyer AKV (2017) Antitumor effects of naturally occurring cardiac
glycosides convallatoxin and peruvoside on human ER+ and triple-negative breast cancers. Cell
Death Discov 3:1–9. https://doi.org/10.1038/cddiscovery.2017.9

Kepp O, Menger L, Vacchelli E et al (2012) Anticancer activity of cardiac glycosides.
Oncoimmunology 1:1640–1642. https://doi.org/10.4161/onci.21684

Khezri MR, Varzandeh R, Ghasemnejad-Berenji M (2022) The probable role and therapeutic
potential of the PI3K/AKT signaling pathway in SARS-CoV-2 induced coagulopathy. Cell
Mol Biol Lett 27:6. https://doi.org/10.1186/s11658-022-00308-w

Kim N, Yim HY, He N et al (2016) Cardiac glycosides display selective efficacy for STK11 mutant
lung cancer. Sci Rep 6:29721. https://doi.org/10.1038/srep29721

Kong Y, Han J, Wu X et al (2020) VEGF-D: a novel biomarker for detection of COVID-19
progression. Crit Care 24:373. https://doi.org/10.1186/s13054-020-03079-y

Kortuem KM, Stewart AK (2013) Carfilzomib. Blood 121:893–897. https://doi.org/10.1182/blood-
2012-10-459883

Laird GM, Eisele EE, Rabi SA et al (2014) A novel cell-based high-throughput screen for inhibitors
of HIV-1 gene expression and budding identifies the cardiac glycosides. J Antimicrob
Chemother 69:988–994. https://doi.org/10.1093/jac/dkt471

Li X, Zhong X, Wang Y et al (2021) Clinical determinants of the severity of COVID-19: a
systematic review and meta-analysis. PLoS One 16:e0250602. https://doi.org/10.1371/journal.
pone.0250602

Low ZY, Yip AJW, Lal SK (2022, 1868) Repositioning Ivermectin for Covid-19 treatment:
molecular mechanisms of action against SARS-CoV-2 replication. Biochim Biophys Acta
(BBA): Mol Basis Dis:166294. https://doi.org/10.1016/j.bbadis.2021.166294

Low ZY, Farouk IA, Lal SK (2020) Drug repositioning: new approaches and future prospects for
life-debilitating diseases and the COVID-19 pandemic outbreak. Viruses 12:1058. https://doi.
org/10.3390/v12091058

Low ZY, Yip AJW, Sharma A, Lal SK (2021) SARS coronavirus outbreaks past and present—a
comparative analysis of SARS-CoV-2 and its predecessors. Virus Genes 57:307–317. https://
doi.org/10.1007/s11262-021-01846-9

Lü S, Wang J (2014) Homoharringtonine and omacetaxine for myeloid hematological malignan-
cies. J Hematol Oncol 7:2. https://doi.org/10.1186/1756-8722-7-2

Ma X, Xie L, Wartchow C et al (2017) Structural basis for therapeutic inhibition of influenza a
polymerase PB2 subunit. Sci Rep 7:9385. https://doi.org/10.1038/s41598-017-09538-x

Ma C, Hu Y, Townsend JA et al (2020) Ebselen, disulfiram, Carmofur, PX-12, Tideglusib, and
Shikonin are nonspecific promiscuous SARS-CoV-2 Main protease inhibitors. ACS Pharmacol
Transl Sci 3:1265–1277. https://doi.org/10.1021/acsptsci.0c00130

Machitani M, Yasukawa M, Nakashima J et al (2020) RNA-dependent RNA polymerase, RdRP, a
promising therapeutic target for cancer and potentially COVID-19. Cancer Sci 111:3976–3984.
https://doi.org/10.1111/cas.14618

Mani D, Wadhwani A, Krishnamurthy PT (2019) Drug repurposing in antiviral research: a current
scenario. JYP 11:117–121. https://doi.org/10.5530/jyp.2019.11.26

Mao C, Yang Z-Y, He B-F et al (2012) Toremifene versus tamoxifen for advanced breast cancer.
Cochrane Database Syst Rev 2021:CD008926. https://doi.org/10.1002/14651858.CD008926.
pub2

https://doi.org/10.1126/scitranslmed.3005471
https://doi.org/10.1126/scitranslmed.3005471
https://doi.org/10.1001/jamanetworkopen.2020.35057
https://doi.org/10.1001/jamanetworkopen.2020.35057
https://doi.org/10.1111/jphp.13273
https://doi.org/10.1038/cddiscovery.2017.9
https://doi.org/10.4161/onci.21684
https://doi.org/10.1186/s11658-022-00308-w
https://doi.org/10.1038/srep29721
https://doi.org/10.1186/s13054-020-03079-y
https://doi.org/10.1182/blood-2012-10-459883
https://doi.org/10.1182/blood-2012-10-459883
https://doi.org/10.1093/jac/dkt471
https://doi.org/10.1371/journal.pone.0250602
https://doi.org/10.1371/journal.pone.0250602
https://doi.org/10.1016/j.bbadis.2021.166294
https://doi.org/10.3390/v12091058
https://doi.org/10.3390/v12091058
https://doi.org/10.1007/s11262-021-01846-9
https://doi.org/10.1007/s11262-021-01846-9
https://doi.org/10.1186/1756-8722-7-2
https://doi.org/10.1038/s41598-017-09538-x
https://doi.org/10.1021/acsptsci.0c00130
https://doi.org/10.1111/cas.14618
https://doi.org/10.5530/jyp.2019.11.26
https://doi.org/10.1002/14651858.CD008926.pub2
https://doi.org/10.1002/14651858.CD008926.pub2


448 K. H. Wong et al.

Martin WR, Cheng F (2020) Repurposing of FDA-approved Toremifene to treat COVID-19 by
blocking the spike glycoprotein and NSP14 of SARS-CoV-2. J Proteome Res 19:4670–4677.
https://doi.org/10.1021/acs.jproteome.0c00397

Martinez MA (2021) Plitidepsin: a repurposed drug for the treatment of COVID-19. Antimicrob
Agents Chemother 65:e00200–e00221. https://doi.org/10.1128/AAC.00200-21

Medford ARL (2006) Vascular endothelial growth factor (VEGF) in acute lung injury (ALI) and
acute respiratory distress syndrome (ARDS): paradox or paradigm? Thorax 61:621–626. https://
doi.org/10.1136/thx.2005.040204

Mengist HM, Dilnessa T, Jin T (2021) Structural basis of potential inhibitors targeting SARS-CoV-
2 Main protease. Front Chem 9:622898. https://doi.org/10.3389/fchem.2021.622898

Montero H, Pérez-Gil G, Sampieri CL (2019) Eukaryotic initiation factor 4A (eIF4A) during viral
infections. Virus Genes 55:267–273. https://doi.org/10.1007/s11262-019-01641-7

Müller C, Obermann W, Karl N et al (2021) The rocaglate CR-31-B (-) inhibits SARS-CoV-2
replication at non-cytotoxic, low nanomolar concentrations in vitro and ex vivo. Antivir Res
186:105012. https://doi.org/10.1016/j.antiviral.2021.105012

Namba T, Kodama R, Moritomo S et al (2015) Zidovudine, an anti-viral drug, resensitizes
gemcitabine-resistant pancreatic cancer cells to gemcitabine by inhibition of the Akt-GSK3-
β-snail pathway. Cell Death Dis 6:e1795–e1795. https://doi.org/10.1038/cddis.2015.172

Nebigil CG, Moog C, Vagner S et al (2020) Flavaglines as natural products targeting eIF4A and
prohibitins: from traditional Chinese medicine to antiviral activity against coronaviruses. Eur J
Med Chem 203:112653. https://doi.org/10.1016/j.ejmech.2020.112653

Neveu G, Barouch-Bentov R, Ziv-Av A et al (2012) Identification and targeting of an interaction
between a tyrosine motif within hepatitis C virus Core protein and AP2M1 essential for viral
assembly. PLoS Pathog 8:e1002845. https://doi.org/10.1371/journal.ppat.1002845

Obermann W, Friedrich A, Madhugiri R et al (2022) Rocaglates as antivirals: comparing the effects
on viral resistance, anti-Coronaviral activity, RNA-clamping on eIF4A and immune cell
toxicity. Viruses 14:519. https://doi.org/10.3390/v14030519

Oprea TI, Bauman JE, Bologa CG et al (2011) Drug repurposing from an academic perspective.
Drug Discovery Today: Therapeutic Strategies 8:61–69. https://doi.org/10.1016/j.ddstr.2011.
10.002

Ostertag W, Roesler G, Krieg CJ et al (1974) Induction of endogenous virus and of thymidine
kinase by Bromodeoxyuridine in cell cultures transformed by friend virus. Proc Natl Acad Sci
71:4980–4985. https://doi.org/10.1073/pnas.71.12.4980

Owen K, Brockwell N, Parker B (2019) JAK-STAT signaling: a double-edged sword of immune
regulation and cancer progression. Cancers 11:2002. https://doi.org/10.3390/cancers11122002

Pang J, Xu F, Aondio G et al (2021) Efficacy and tolerability of bevacizumab in patients with severe
Covid-19. Nat Commun 12:814. https://doi.org/10.1038/s41467-021-21085-8

Papapanou M, Papoutsi E, Giannakas T, Katsaounou P (2021) Plitidepsin: mechanisms and clinical
profile of a promising antiviral agent against COVID-19. JPM 11:668. https://doi.org/10.3390/
jpm11070668

Parasher A (2021) COVID-19: current understanding of its pathophysiology, clinical presentation
and treatment. Postgrad Med J 97:312–320. https://doi.org/10.1136/postgradmedj-2020-138577

Patocka J, Kuca K, Oleksak P et al (2021) Rapamycin: drug repurposing in SARS-CoV-2 infection.
Pharmaceuticals 14:217. https://doi.org/10.3390/ph14030217

Porta C, Paglino C, Mosca A (2014) Targeting PI3K/Akt/mTOR signaling in cancer. Front Oncol
4. https://doi.org/10.3389/fonc.2014.00064

Prudencio M, Mota M (2012) Targeting host factors to circumvent anti-malarial drug resistance.
CPD 19:290–299. https://doi.org/10.2174/1381612811306020290

PubChem (2022a) Imatinib. https://pubchem.ncbi.nlm.nih.gov/compound/5291. Accessed
3 Apr 2022

PubChem (2022b) Saracatinib. https://pubchem.ncbi.nlm.nih.gov/compound/10302451. Accessed
3 Apr 2022

https://doi.org/10.1021/acs.jproteome.0c00397
https://doi.org/10.1128/AAC.00200-21
https://doi.org/10.1136/thx.2005.040204
https://doi.org/10.1136/thx.2005.040204
https://doi.org/10.3389/fchem.2021.622898
https://doi.org/10.1007/s11262-019-01641-7
https://doi.org/10.1016/j.antiviral.2021.105012
https://doi.org/10.1038/cddis.2015.172
https://doi.org/10.1016/j.ejmech.2020.112653
https://doi.org/10.1371/journal.ppat.1002845
https://doi.org/10.3390/v14030519
https://doi.org/10.1016/j.ddstr.2011.10.002
https://doi.org/10.1016/j.ddstr.2011.10.002
https://doi.org/10.1073/pnas.71.12.4980
https://doi.org/10.3390/cancers11122002
https://doi.org/10.1038/s41467-021-21085-8
https://doi.org/10.3390/jpm11070668
https://doi.org/10.3390/jpm11070668
https://doi.org/10.1136/postgradmedj-2020-138577
https://doi.org/10.3390/ph14030217
https://doi.org/10.3389/fonc.2014.00064
https://doi.org/10.2174/1381612811306020290
https://pubchem.ncbi.nlm.nih.gov/compound/5291
https://pubchem.ncbi.nlm.nih.gov/compound/10302451


18 Repurposing Drugs for Viruses and Cancer: A Novel Drug. . . 449

PubChem (2022c) Homoharringtonine,(S). https://pubchem.ncbi.nlm.nih.gov/compound/162194
62. Accessed 3 Apr 2022

Pushpakom S, Iorio F, Eyers PA et al (2019) Drug repurposing: progress, challenges and recom-
mendations. Nat Rev Drug Discov 18:41–58. https://doi.org/10.1038/nrd.2018.168

Queirós-Reis L, Gomes da Silva P, Gonçalves J et al (2021) SARS-CoV-2 virus-host interaction:
currently available structures and implications of variant emergence on infectivity and immune
response. IJMS 22:10836. https://doi.org/10.3390/ijms221910836

Sonia Ribeiro (2018) Data exclusivity, market protection, orphan and paediatric rewards
Ritchie MD, Holzinger ER, Li R et al (2015) Methods of integrating data to uncover genotype–

phenotype interactions. Nat Rev Genet 16:85–97. https://doi.org/10.1038/nrg3868
Rodriguez S, Hug C, Todorov P et al (2021) Machine learning identifies candidates for drug

repurposing in Alzheimer’s disease. Nat Commun 12:1033. https://doi.org/10.1038/s41467-
021-21330-0

Scanlon KJ, Kashani-Sabet M, Sowers LC (1989) Overexpression of DNA replication and repair
enzymes in cisplatin-resistant human colon carcinoma HCT8 cells and circumvention by
azidothymidine. Cancer Commun 1:269–275

Senapati S, Mahanta AK, Kumar S, Maiti P (2018) Controlled drug delivery vehicles for cancer
treatment and their performance. Sig Transduct Target Ther 3:7. https://doi.org/10.1038/
s41392-017-0004-3

Service RF (2021) A call to arms. Science 371:1092–1095. https://doi.org/10.1126/science.371.
6534.1092

Shereen MA, Khan S, Kazmi A et al (2020) COVID-19 infection: emergence, transmission, and
characteristics of human coronaviruses. J Adv Res 24:91–98. https://doi.org/10.1016/j.jare.
2020.03.005

Shin J, Jung E, Kim M et al (2018) Saracatinib inhibits Middle East respiratory syndrome-
coronavirus replication in vitro. Viruses 10:283. https://doi.org/10.3390/v10060283

Siminea N, Popescu V, Sanchez Martin JA et al (2022) Network analytics for drug repurposing in
COVID-19. Brief Bioinform 23:bbab490. https://doi.org/10.1093/bib/bbab490

Sun W, Sanderson PE, Zheng W (2016) Drug combination therapy increases successful drug
repositioning. Drug Discov Today 21:1189–1195. https://doi.org/10.1016/j.drudis.2016.05.015

Talevi A, Bellera CL (2020) Challenges and opportunities with drug repurposing: finding strategies
to find alternative uses of therapeutics. Expert Opin Drug Discovery 15:397–401. https://doi.
org/10.1080/17460441.2020.1704729

Taroncher-Oldenburg G, Müller C, Obermann W et al (2021) Targeting the DEAD-box RNA
helicase eIF4A with Rocaglates—a pan-antiviral strategy for minimizing the impact of future
RNA virus pandemics . Microorgani sms 9 :540 . h t tps : / / do i .o rg /10 .3390/
microorganisms9030540

Taschuk F, Cherry S (2020) DEAD-box helicases: sensors, regulators, and effectors for antiviral
defense. Viruses 12:181. https://doi.org/10.3390/v12020181

Taylor K, Das S, Pearson M et al (2019) Systematic drug repurposing to enable precision medicine:
a case study in breast cancer. Digit Med 5:180. https://doi.org/10.4103/digm.digm_28_19

Thompson PA, Eam B, Young NP et al (2021) Targeting oncogene mRNA translation in B-cell
malignancies with eFT226, a potent and selective inhibitor of eIF4A. Mol Cancer Ther 20:26–
36. https://doi.org/10.1158/1535-7163.MCT-19-0973

Tomita K, Saito Y, Suzuki T et al (2020) Vascular endothelial growth factor contributes to lung
vascular hyperpermeability in sepsis-associated acute lung injury. Naunyn Schmiedeberg's Arch
Pharmacol 393:2365–2374. https://doi.org/10.1007/s00210-020-01947-6

Vij R, Wang L, Orlowski RZ et al (2009) Carfilzomib (CFZ), a novel proteasome inhibitor for
relapsed or refractory multiple myeloma, is associated with minimal peripheral neuropathic
effects. Blood 114:430–430. https://doi.org/10.1182/blood.V114.22.430.430

Vogel TP, Milner JD, Cooper MA (2015) The Ying and Yang of STAT3 in human disease. J Clin
Immunol 35:615–623. https://doi.org/10.1007/s10875-015-0187-8

https://pubchem.ncbi.nlm.nih.gov/compound/16219462
https://pubchem.ncbi.nlm.nih.gov/compound/16219462
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.3390/ijms221910836
https://doi.org/10.1038/nrg3868
https://doi.org/10.1038/s41467-021-21330-0
https://doi.org/10.1038/s41467-021-21330-0
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1126/science.371.6534.1092
https://doi.org/10.1126/science.371.6534.1092
https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.3390/v10060283
https://doi.org/10.1093/bib/bbab490
https://doi.org/10.1016/j.drudis.2016.05.015
https://doi.org/10.1080/17460441.2020.1704729
https://doi.org/10.1080/17460441.2020.1704729
https://doi.org/10.3390/microorganisms9030540
https://doi.org/10.3390/microorganisms9030540
https://doi.org/10.3390/v12020181
https://doi.org/10.4103/digm.digm_28_19
https://doi.org/10.1158/1535-7163.MCT-19-0973
https://doi.org/10.1007/s00210-020-01947-6
https://doi.org/10.1182/blood.V114.22.430.430
https://doi.org/10.1007/s10875-015-0187-8


450 K. H. Wong et al.

Wang J (2020) Fast identification of possible drug treatment of coronavirus Disease-19 (COVID-
19) through computational drug repurposing study. J Chem Inf Model 60:3277–3286. https://
doi.org/10.1021/acs.jcim.0c00179

Wang Y, Lv Z, Chu Y (2015) HIV protease inhibitors: a review of molecular selectivity and
toxicity. HIV 95. https://doi.org/10.2147/HIV.S79956

Wang M-Y, Zhao R, Gao L-J et al (2020) SARS-CoV-2: structure, biology, and structure-based
therapeutics development. Front Cell Infect Microbiol 10:587269. https://doi.org/10.3389/
fcimb.2020.587269

Waxman AJ, Clasen S, Hwang W-T et al (2018) Carfilzomib-associated cardiovascular adverse
events: a systematic review and meta-analysis. JAMA Oncol 4:e174519. https://doi.org/10.
1001/jamaoncol.2017.4519

Wehbe Z, Hammoud S, Soudani N et al (2020) Molecular insights into SARS COV-2 interaction
with cardiovascular disease: role of RAAS and MAPK signaling. Front Pharmacol 11

White KM, Rosales R, Yildiz S et al (2021) Plitidepsin has potent preclinical efficacy against
SARS-CoV-2 by targeting the host protein eEF1A. Science 371:926–931. https://doi.org/10.
1126/science.abf4058

Wong RW, Balachandran A, Ostrowski MA, Cochrane A (2013) Digoxin suppresses HIV-1
replication by altering viral RNA processing. PLoS Pathog 9:e1003241. https://doi.org/10.
1371/journal.ppat.1003241

Wong RW, Lingwood CA, Ostrowski MA et al (2018) Cardiac glycoside/aglycones inhibit HIV-1
gene expression by a mechanism requiring MEK1/2-ERK1/2 signaling. Sci Rep 8:850. https://
doi.org/10.1038/s41598-018-19298-x

World Health Organization (2022) Tracking SARS-CoV-2 variants. World Health Organization,
In. https://www.who.int/health-topics/typhoid/tracking-SARS-CoV-2-variants. Accessed
29 Mar 2022

Worldometer (2022) COVID live—coronavirus statistics—Worldometer. In: Worldometer. https://
www.worldometers.info/coronavirus/. Accessed 30 Mar 2022

Wu D,Wu T, Liu Q, Yang Z (2020) The SARS-CoV-2 outbreak: what we know. Int J Infect Dis 94:
44–48. https://doi.org/10.1016/j.ijid.2020.03.004

Yang J, Nie J, Ma X et al (2019) Targeting PI3K in cancer: mechanisms and advances in clinical
trials. Mol Cancer 18:26. https://doi.org/10.1186/s12943-019-0954-x

Yu H, Lee H, Herrmann A et al (2014) Revisiting STAT3 signaling in cancer: new and unexpected
biological functions. Nat Rev Cancer 14:736–746. https://doi.org/10.1038/nrc3818

Zanella I, Zizioli D, Castelli F, Quiros-Roldan E (2021) Tenofovir, another inexpensive, well-
known and widely available old drug repurposed for SARS-COV-2 infection. Pharmaceuticals
14:454. https://doi.org/10.3390/ph14050454

Zeng X, Zhu S, Liu X et al (2019) deepDR: a network-based deep learning approach to in silico
drug repositioning. Bioinformatics 35:5191–5198. https://doi.org/10.1093/bioinformatics/
btz418

Zhao Y, Ren J, Harlos K et al (2016) Toremifene interacts with and destabilizes the Ebola virus
glycoprotein. Nature 535:169–172. https://doi.org/10.1038/nature18615

Zhou Y, Hou Y, Shen J et al (2020a) Network-based drug repurposing for novel coronavirus 2019-
nCoV/SARS-CoV-2. Cell Discov 6:14. https://doi.org/10.1038/s41421-020-0153-3

Zhou Y, Wang F, Tang J et al (2020b) Artificial intelligence in COVID-19 drug repurposing. The
Lancet Digital Health 2:e667–e676. https://doi.org/10.1016/S2589-7500(20)30192-8

Zou S, Tong Q, Liu B et al (2020) Targeting STAT3 in cancer immunotherapy. Mol Cancer 19:145.
https://doi.org/10.1186/s12943-020-01258-7

https://doi.org/10.1021/acs.jcim.0c00179
https://doi.org/10.1021/acs.jcim.0c00179
https://doi.org/10.2147/HIV.S79956
https://doi.org/10.3389/fcimb.2020.587269
https://doi.org/10.3389/fcimb.2020.587269
https://doi.org/10.1001/jamaoncol.2017.4519
https://doi.org/10.1001/jamaoncol.2017.4519
https://doi.org/10.1126/science.abf4058
https://doi.org/10.1126/science.abf4058
https://doi.org/10.1371/journal.ppat.1003241
https://doi.org/10.1371/journal.ppat.1003241
https://doi.org/10.1038/s41598-018-19298-x
https://doi.org/10.1038/s41598-018-19298-x
https://www.who.int/health-topics/typhoid/tracking-SARS-CoV-2-variants
https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/
https://doi.org/10.1016/j.ijid.2020.03.004
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1038/nrc3818
https://doi.org/10.3390/ph14050454
https://doi.org/10.1093/bioinformatics/btz418
https://doi.org/10.1093/bioinformatics/btz418
https://doi.org/10.1038/nature18615
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1016/S2589-7500(20)30192-8
https://doi.org/10.1186/s12943-020-01258-7


Chapter 19
Drug Repurposing for COVID-19 Therapy:
Pipeline, Current Status and Challenges

Rohit Verma, Shivani Raj, Umang Berry, C. T. Ranjith-Kumar,
and Milan Surjit

Abstract Repurposed drugs such as Remdesivir, Fabipiravir and Molnupiravir
became life saver drugs during the peak of the COVID-19 pandemic, attesting the
efficacy of the repurposing approach. By definition, drug repurposing is the process
of identification of new therapeutic use of an existing drug or drug candidate that has
already passed the safety, toxicity and pharmacology tests for human use. Although
drug repurposing approach involves a significant level of challenge, affordability
and faster discovery pipeline outweighs the risks in the event of emergency situa-
tions like the current COVID-19 pandemic. In this chapter, we provide a brief
summary of the advantages of the drug repurposing approach, followed by an
overview of the drug repurposing pipeline and finally end with an update on the
status of drug repurposing in developing effective anti-viral therapeutics against
COVID-19.

Keywords COVID-19 · SARS-CoV-2 · Antivirals · Drug repurposing ·
Remdesivir · Fabipiravir · Molnupiravi

19.1 Introduction

Within 5 months of discovery of the severe acute respiratory syndrome-coronavirus-
2 (SARS-CoV-2), the causative agent of coronavirus-induced disease-2019
(COVID-19), a nucleotide analogue prodrug called GS-5734 or remdesivir, was
granted the emergency use authorization by the United States Food and Drug
Administration for the treatment of COVID-19 patients. Remdesivir was originally
identified as an antiviral against the Ebola virus infection (Pardo et al. 2020). This
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illustrates the power of the repurposing approach in drug discovery. Drug
repurposing is defined as the process of identification of new therapeutic use of an
existing drug or drug candidate that has already passed the safety, toxicity and
pharmacology tests for human use. As a matter of fact, most of the drugs approved
so far for standard care in COVID-19 patients belong to the repurposed category,
further emphasizing the advantages of the repurposing approach. Although drug
repurposing approach involves a significant level of challenge, affordability and
faster discovery pipeline outweighs the risks in the event of emergency situations
like the current COVID-19 pandemic. This chapter begins with a brief summary of
the advantages of the drug repurposing pipeline followed by an update on the status
of drug repurposing in developing effective anti-viral therapeutics against
COVID-19.
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19.2 Advantages of Drug Repurposing

The emphasis of conventional drug discovery is to treat new and chronic diseases,
while repurposing or repositioning of drugs is an approach to discover methods for
already available and approved drugs that can be useful for the development of
rapidly emerging and re-emerging infectious diseases and many other neglected
diseases (Pushpakom et al. 2019). In spite of immense knowledge of the disease and
advancements in technology, translating this into welfare of drug development is
slower than expected. New drugs, for the treatment of any disease, need to abide
stringent regulations before entering the market. De novo drug approval process
takes up to 10–15 years for the development and this process is extremely expensive
and time consuming (Pushpakom et al. 2019). Drug repurposing is one solution
which holds the promise of immediate therapeutic impact at much lower expense
than de novo drug for diseases (Parvathaneni et al. 2019; Corsello et al. 2017). The
present expensive and cumbersome process of drug discovery is not well equipped
to combat rapid evolving infections such as avian flu, West Nile virus, Zika virus,
SARS-CoV-2, etc. Also, various auto-immune diseases, bacterial and rare disorders
are not inherited and because of their idiopathic nature their treatment becomes more
difficult.

Nobel laureate Sir James Black remarkably stated that ‘The most fruitful basis for
the discovery of a new drug is to start with an old drug’ (Raju 1999). Repurposing of
the existing available drugs is attractive and pragmatic and has various advantages
over development of new drug molecule (Fig. 19.1) (Jourdan et al. 2020). The cost
of development for the de novo drugs is reduced in drug repurposing as they have
already passed phases such as clinical trials and toxicity tests, which provides a
major advantage for drug reprofiling over conventional drug development method
(Pushpakom et al. 2019). Repurposed drugs are at much lower risks as they have
been found to be harmless in preclinical and human trials so the probability of failing
in the safety point of view in subsequent efficacy trials is less (Pushpakom et al.
2019). The development of de novo drug through conventional method will cost
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around $12 billion, while the costing of new drug using drug repurposing method
will reduce to around $1.6 billion (Badria 2020). For the drug repurposing, the
information of the drug, their safety profile and clinical efficacy are readily available
from their initial trials of drug development. This will reduce the risk of failure
associated with the new drugs in their earlier stage of development, which usually
occur in the conventional approach. Furthermore, repurposed drug can be available
in market within 3–12 years, which is less than a new drug. There are more than
3000 drugs approved and available in various countries, which signifies the avail-
ability of vast unexploited resource and that can be widely used for the treatment of
various rare diseases (Mele et al. 2015).
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Now governments worldwide have started to invest in drug repurposing like
National Centre for Advancing Translational Sciences (NCATS) of USA has intro-
duced Discovering New Therapeutic Uses for Existing Molecules Programme to
enhance and develop cures and treatments for the disease by investigating already
available drugs (Langedijk et al. 2015). NCATS has also collaborated with C-Path
and U.S. FDA (Food and Drug Administration) to initiate CURE Drug Repurposing
Collaboratory (CDRC), a public–private partnership, for the assortment of available
world clinical data to accelerate repositioning of drugs (Yong and D’Cruz 2008).
Similarly, the OPEN act (Orphan Product Extension Now Accelerating Cures and
Treatment Act of 2015) was re-established for use of repurposed drugs for rare
diseases (Volberding et al. 1990). European Medicines Agency (EMA) and the
Heads of Medicine Agencies (HMA) of Europe have also launched pilot project to
support drug repositioning. British Medical Research Centre (MRC) and consortium
pharmaceutical companies have made accessible around 70 drugs for repositioning,
which were deprioritized earlier due to their sub-optimal efficacy in clinical trials
(Elder and Tindall 2020). These initiatives indicate the importance of drug
repurposing in modern world of medicine and treatment.

Many drugs are now approved for indications other than what it was initially
intended for. Some examples of successful drug repurposing are azidothymidine
which was unsuccessful for the chemotherapy purpose but later on it was used in the
treatment of human immunodeficiency virus (Volberding et al. 1990);
mycophenolate mofetil was originally used for the organ transplant, later it has
been used for the treatment of lupus nephritis (Yong and D’Cruz 2008). Successful
repurposed drugs have paved path to emergence of more repurposing of drugs.
Another examples of repurposed drugs are sildenafil, a phosphodiesterase-5 inhib-
itor (PDE5) initially developed for the treatment of coronary artery disease which
was then repurposed for the treatment of erectile dysfunction. Canakinumab is a drug
previously used for the rheumatoid arthritis and has been repurposed for the treat-
ment of Muckle–Wells syndrome (Roessler et al. 2021). Some more examples of the
repurposed drugs are listed in Table 19.1. Such repurposed drugs are becoming
increasingly available in the market and perhaps will help in finding a treatment in a
time efficient manner.



Drug name Original indication Repurposed indication
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Table 19.1 Notable examples of repurposed drugs

Year of approval for
repurposed use

Bupropion Depression Smoking cessation 1997 (US) and 2000 (UK)

Thalidomide Nausea Leprosy 1964 (US)

Sildenafil Angina Erectile dysfunction
Pulmonary arterial
hypertension

1998 (US)
2005 (US)

Zidovudine Cancer HIV/AIDS 1987 (US)

Bromocriptine Parkinson Type-2 diabetes 2009 (US)

Rituximab Cancer Rheumatoid arthritis 2006 (US)

Finasteride Benign prostatic
hyperplasia

Androgenetic alopecia 1997 (US)

Galantamine Polio and paralysis Alzheimer 2004 (US)

Imatinib Chronic myelogenous
leukaemia

Gastrointestinal
tumours

2001 (US)

Raloxifene Osteoporosis Breast cancer 2007 (US)

Duloxetine Depression Chronic musculoskele-
tal pain

2010 (US)

Sunitinib Gastrointestinal stromal
tumours

Pancreatic cancer
Recurrent renal cell
carcinoma

2011 (US)
2017 (US)

Cycloserine Urinary tract infection Tuberculosis 2011 (US)

Crizotinib Lymphoma NSCLC 2016 (US)

Atomoxetine Parkinson ADHD 2008 (US)

19.3 Drug Repurposing for COVID-19 Treatment

COVID-19 originated in China in December 2019 and rapidly spread across the
globe, resulting in a pandemic that caused high burden on hospitals and failure of the
health care system. The disease took millions of lives and caused unprecedented
damage to the global socio-economic dynamics (W.H.O. 2022). Scientists and
clinicians across the globe have been working relentlessly to develop potent vaccines
and therapeutics against the disease and significant success have been achieved in a
very short time span. Nevertheless, SARS-CoV-2, the virus responsible for COVID-
19, continues to evolve and still pose a prominent threat for human health. A clear
understanding of the viral RNA structure, proteins encoded by the virus, the life
cycle of the virus and its pathogenesis mechanism are vital for identifying suitable
targets for antiviral development.

SARS-CoV-2 is a positive strand RNA virus. After entry into the cells by a
receptor-dependent process, viral genomic RNA is translated by the cellular trans-
lation machinery to produce the viral nonstructural polyprotein, which is essential
for its replication. The polyprotein is processed into individual functional proteins by
its proteolytic cleavage by the virus-encoded proteases. SARS-CoV-2 encodes two
proteases, namely, papain-like protease (PLpro) and the chymotrypsin-like main



protease (Mpro). Mpro plays a major role in polyprotein processing. The
nonstructural proteins include the viral RNA-dependent RNA polymerase (RdRp),
which initiates the assembly of a multi-protein complex consisting of both viral and
cellular proteins that mediate replication of the viral genome. Subsequently, viral
sub-genomic RNAs are synthesized through a discontinuous transcription process.
These sub-genomic RNAs are translated to produce the structural proteins, which
mediate assembly of progeny viruses. Progeny viruses exit the infected cells to
spread the infection (V’kovski et al. 2021). A summary of SARS-CoV-2 life cycle
is illustrated in Fig. 19.2.
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Fig. 19.2 Proposed life cycle of the SARS-CoV-2

COVID-19 disease symptoms are generated by a combination of cytopathic
effects of the virus-encoded factors and defence response of the host to the viral



infection. Successful treatment of COVID-19 needs to involve strategies to reduce
the viral infection and spread as well as minimize hyper reactivation of the host
defence pathways. Broadly speaking, following three categories of drugs are being
investigated as therapeutic options against the COVID-19.

19 Drug Repurposing for COVID-19 Therapy: Pipeline, Current Status and Challenges 457

(a) First category of drugs is directed at the viral-encoded proteins. Since each stage
in the viral life cycle involves multiple steps and one or more viral proteins are
central players of that particular stage, they are important targets for develop-
ment of virus-specific antivirals, also called as direct acting antivirals (DAA).
Antivirals targeting the viral factors are the first category of drugs for COVID-19
therapy. Though DAAs are considered safe due to their specificity towards the
viral targets and non-interference with the host processes, a key limitation of
DAAs is evolution of drug-resistant variants of the virus (Pawlotsky 2011).

(b) Second category of antivirals targets the cross-talk between the virus and its host.
Since viruses entirely depend upon the host machinery for their survival and
spread, host–virus interactions are crucial determinants of success of the virus.
Antivirals that block essential virus–host interactions are potential therapeutic
options (Gordon et al. 2020; Baggen et al. 2021). However, they may have safety
and toxicity issue or cause undesired side effects that need to be evaluated by
rigorous testing and trials (Lin and Gallay 2013).

(c) Third category of drugs plays roles in alleviating the COVID-19 disease symp-
toms by directly/indirectly targeting the host factors/processes/pathways. These
drugs include immune modulators, tissue remodellers, anti-inflammatory, pain
relievers, etc. These are not antivirals per se, but they help in improvement of
health of the patient. Hence, they are also preferred choice for patient manage-
ment (Samuel et al. 2021; Recpvery Collaborative Group 2021).

19.4 Drug Repurposing Pipeline for COVID-19 Therapy

Both wet and dry lab research have been followed to identify repurposed drugs for
COVID-19 therapy that acts by targeting either the virus-encoded factors or by
blocking the virus–host cross-talk. As illustrated in Fig. 19.3 and summarized below,
the drug repurposing pipeline involves multiple modern biotechnology and compu-
tational and mathematical biology tools.

19.4.1 Wet Lab-Based Research

As mentioned in previous sections, a thorough knowledge of life cycle of the virus
and its pathogenesis mechanism is key to antiviral development. Wet lab studies
involving cell-based models of the virus infection, small animal models showing the
virus-induced disease phenotypes and direct analysis of virus-infected patient sam-
ples provide valuable crucial information regarding different stages of the viral life
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cycle and pathogenesis mechanism (Blanco-Melo et al. 2020; Shen et al. 2020;
Xiong et al. 2020). Emergence of powerful proteomics and genomics technologies
has allowed researchers to perform time course kinetics studies of virus infection-
induced alteration in global proteome, phospho-proteome, metabolome,
transcriptome, etc. (Bouhaddou et al. 2020; Migaud et al. 2020; Liu et al. 2021).
Further, as SARS-CoV-2 is a positive strand RNA virus, omics technologies have
been widely used to identify the intra-viral as well as virus–host protein–protein
interactome and RNA–protein interactomes (Gordon et al. 2020; Schmidt et al.
2021; Verma et al. 2021). Additionally, genome-wide CPRISR/CAS9 K/O screens
have been carried out to identify key host factors required for infection and replica-
tion of the virus (Hoffmann et al. 2021a). Several independent studies have also been
performed to independently measure the perturbations in major cellular signalling
pathways upon SARS-CoV-2 infections (Perfetto et al. 2021). All these studies have
directly contributed to identification of new targets for drug repurposing studies.
Moreover, the datasets identified through omics technologies have been used by
systems biologists as startup resources for performing integrative omics-based drug
repurposing studies.
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19.4.2 Dry Lab-Based Research

With the availability of powerful computational and informatics tools and establish-
ment of public repositories that allow uninterrupted access to multiple data sets, there
is increased use of dry lab approaches for proposing a hypothesis and initial hit
screening for drug repurposing studies. As illustrated in Fig. 19.3, drug repurposing
by dry lab research can be classified into four major areas: (a) Systems biology,
(b) Computational structural biology, (c) Mathematical biology and
(d) Serendipitous discovery.

19.4.2.1 Systems Biology

Systems biology refers to analysis and modelling of complex biological systems
using in silico or wet lab experiment-derived data sets. By integrating multiple
independent observations related to the biological systems in question using math-
ematical algorithms built into the computational programmes, systems biology is
capable of generating novel insights about the system, which is not possible by
applying the tools of pure biology. For example protein–protein interactions or
RNA–protein interactions of SARS-CoV-2-infected samples will demonstrate the
profile of interaction among those proteins or RNA. Similarly, transcriptome anal-
ysis of same samples will only represent the change in gene expression, and
metabolome analysis will represent the profile of metabolites in infected samples.
It will not be possible to estimate gene expression profile from interactome/
metabolome data or link these three independent observations using the



conventional techniques used in biological research. Systems biology tools allow
scientists to integratively analyse these data sets so that a correlation between
interactome, transcriptome and metabolome can be established. This not only
improves the confidence of the output data and provides mechanistic insight but
also identifies key targets for designing potent therapeutic intervention strategies.
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For drug repurposing studies, available information related to drugs such as
pharmacological, chemical, biomedical and genomics information is taken into
consideration. Genomic information refers to global gene expression profile in
response to a disease and/or treatment with a drug. A widely used systems biology
approach in drug repurposing studies employs connectivity map (cMap) and its
extended library of Integrated Network-based Cellular Signatures (LINCS) (Lotfi
Shahreza et al. 2018). cMap represents a combination of genome-wide transcriptome
data that helps in decoding the connections between genes, drugs and diseases (Lotfi
Shahreza et al. 2018). In addition, genome-wide association studies (GWAS),
chemical structure-focused weighted ensemble similarity (WES) algorithm and
drug molecule-proteome signature-based ‘computational analysis of novel drug
opportunities’ (CANDO) platform have been used in drug repurposing studies
(Jarada et al. 2020). Automated tools developed for data mining and text mining,
combined with machine learning protocols, have further advanced the unique
benefits of systems biology approaches in drug repurposing studies (Tayara et al.
2021; Beck et al. 2020). An elegant study by Tomazou et al. utilized integrative
omics approach to identity repurposed drugs against COVID-19 (Tomazou et al.
2021). In addition to identifying remdesivir and dexamethasone, which are already
used for COVID-19 therapy, the authors identified several new repurposed drug
candidates such as src-Tyrosine kinase inhibitors (bosutinib, dasatinib, cytarabine
and saracatinib), anti-inflammatory drugs (dactolisib and methotrexate) and histone
deactylase inhibitors (hydroquinone and varinostat). Some of these drugs are in
clinical trials for COVID-19 therapy (Table 19.2).

19.4.2.2 Computational Structural Biology

Computational structural biology (CSB) refers to use of computational biology tools
to decipher the three-dimensional (3D) structure of biological molecules in their
functionally active state (Fetrow and Babbitt 2018; Nussinov et al. 2019). Since
biological molecules usually do not function as static 3D structure, an important
aspect of computational structural studies involves generation and analysis of
multiple interconverting states of the molecule to evaluate its function. Molecular
docking studies are performed to unravel the molecular details of protein–protein
interactions (PPIs), RNA–protein interactions (RPIs), protein–drug interaction and
RNA–drug interaction. Free energy landscape and conformational stability are
important parameters while performing docking studies to measure PPIs, RPIs and
drug screening. The advantage of CSB in drug repurposing is attributed to simulta-
neous analysis and optimization of 3D structure of the drug molecule, which
significantly expedites the optimization process. However, CSB approach has
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e

inherent limitations such as known 3D structure of biological molecules and drugs
are not readily available, computational resources might be limiting to run all
analyses and molecular docking have high false-positive rates (Macip et al. 2022).
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19.4.2.3 Mathematical Biology

Mathematical modelling has been used to interrogate biological systems to answer
specific questions in healthy or diseased state. Mathematical modelling relies on a
combination of different types of differential equations, Petrinet agent-based models,
enrichment analysis and centrality analysis to decipher an output. For example,
ordinary differential equations (ODE) and delay differential equations (DDE) are
commonly used in mathematical biology to represent biological phenomena in
steady state or upon infection by a pathogen, respectively, over a period of time,
with different rate constants and with or without time delays (Sarmah et al. 2021).
Note that disease modelling in mathematical biology does not depend on high-
throughput omics data. It only requires information of the disease dynamics to
establish and analyse the model. A major limitation of the mathematical biology
approach concerns its ability to analyse only a part of the system, whereas systems
biology is capable of analysing the entire system.

19.4.2.4 Serendipitous Discovery

Drug repurposing studies have been conducted on the basis of serendipitous obser-
vations of the hallmarks of the new disease, either in a clinical setup or by proposing
a hypothesis of the disease dynamics and expected therapeutic benefit of th
repurposed drug on the basis of prior knowledge. These repurposed drugs may be
evaluated in vitro, followed by clinical trial or undergo direct clinical trial in the
context of the new disease. Many of the repurposed drugs used in COVID-19
therapy such as paracetamols, antibiotics, zinc, corticosteroids, etc. may be assigned
to this category.

19.4.2.5 Screening of Repurposed Drugs

Apart from in silico screening, unbiased/focused phenotypic screening has
been widely used for identifying antivirals against the SARS-CoV-2 (Jeon et al.
2020; Chen et al. 2021). Target-specific screening has been conducted using
FDA-approved repurposed drug libraries to identify inhibitors of viral proteins
such as the RdRp and the proteases (PL-pro, M-pro) and inhibitors of host proteins
such as TMPRSS2. These strategies have identified several candidate molecules,
which are under investigation. Several reports have also been published where drug
repurposing screening was performed using the cell-based infection model of the
SARS-CoV-2. Collectively, these studies have identified several lead molecules,
which are being evaluated in different stages of pre-clinical and clinical trials.
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19.5 Current Status of Drug Repurposing for COVID-19
Therapy

19.5.1 Drugs That Show Antiviral Activity by Targeting Viral
Proteins

Based on the knowledge generated by years of research on other RNA viruses such
as the hepatitis C virus, Ebola virus, influenza virus, severe acute respiratory
syndrome (SARS) and the Middle East respiratory syndrome (MERS) CoVs, it
was possible to predict the importance of viral proteases (Papain-like protease and
main protease) and RNA-dependent RNA polymerase (RdRp) in the life cycle of
SARS-CoV-2. Subsequently, drug repurposing studies were undertaken to identify
the inhibitors of these enzymes and their therapeutic protentional was evaluated
(Beck et al. 2020). Drugs used in COVID-19 treatment such as remdesivir,
favipiravir and molnupiravir belong to the category of RdRp inhibitors
(Table 19.3). Note that remdesivir was originally identified as an inhibitor of
RdRp of the Ebola virus, and molnupiravir and favipiravir were originally identified
as inhibitors of RdRp of the influenza virus (Agrawal et al. 2020; Kokic et al. 2021;
Jayk Bernal et al. 2022). Additionally, 6 more RdRp-inhibitor drug candidates are
being evaluated in phase 3 clinical trials (Table 19.2). Some of these drugs were

Table 19.3 Drugs approved for use in COVID-19 treatment

Drugs Original use
Observed therapeutic
benefits in COVID-19 Reference

Amlodipine Hypertension Improvement in disease
symptoms

Zhang et al. (2020)

Baricitinib Rheumatoid arthritis Improvement in disease
symptoms

Ely et al. (2022)

Famotidine Acidity and gastro-
esophageal reflux

Improvement in disease
symptoms

Freedberg and Famotidine
Research Group (2020)

Favipiravir Influenza Inhibitor of SARS-CoV-2
replication

Agrawal et al. (2020)

Fluvoxamine Obsessive-compul-
sive disorder (OCD)

Improvement in disease
symptoms

Sukhatme et al. (2021)

Losartan Hypertension Improvement in disease
symptoms

Yan et al. (2020)

Merimepodib Broad spectrum
antiviral

Inhibitor of SARS-CoV-2
replication

Evans and Liu (2021)

Molnupiravir Influenza Inhibitor of SARS-CoV-2
replication

Jayk Bernal et al. (2022)

Nirmatrelvir/
Ritonavira

Human immunodefi-
ciency virus (HIV)

Inhibitor of SARS-CoV-2
main protease (Mpro)

Hammond et al. (2022)

Remdesivir Ebola Inhibitor of SARS-CoV-2
replication

Kokic et al. (2021)

aRitonavir has been shown to inhibit HIV protease. Nirmatrelvir is not repurposed



already known to inhibit the RdRp of other RNA viruses. For example, sofosbuvir, a
direct acting antiviral originally used against the HCV is being evaluated in phase
3 clinical trial for COVID-19 treatment (Sayad et al. 2020). AT-527 and enisamium
iodide inhibit flavivirus and influenza A virus RdRp, respectively (Manfredonia
et al. 2020; Walker et al. 2020). Among the viral protease inhibitors, nirmatrelvir/
ritonavir combination has been approved for COVID-19 treatment (Table 19.3).
Ritonavir was originally identified as an inhibitor of HIV protease. It also binds to
and inhibits CYP3A4 enzyme in the liver, which metabolizes other protease inhib-
itors. Therefore, its combination with other protease inhibitors (such as nirmatrelvir)
improves the overall antiviral activity of the drug (Yeh et al. 2006; Hammond et al.
2022). Apart from that, seven more SARS-CoV-2 protease inhibitors are being
evaluated in phase 3 clinical trials for COVID-19 therapy (Table 19.2). Another
drug under phase 3 clinical trial, named amantadine, shows antiviral activity against
the SARS-CoV-2 by inhibiting the ion channel activity (viroporin function) of the
viral envelope (E) and ORF 10 proteins (Table 19.2; Toft-Bertelsen et al. 2021).
Note that viroporins are important players in the life cycle of many viruses, including
the SARS-CoV-2. Hence, inhibition of viroporin is supposed to be an effective
therapeutic strategy. Drugs specifically targeting the viral proteins are generally
considered safer as they do not interfere with the host cellular processes. However,
these drugs also cause stringent selection pressure on the virus, leading to emergence
of new variants of virus that is resistant to such drugs. Recent studies have also
demonstrated the feasibility of targeting viral RNA structures for antiviral develop-
ment. Notably, amilorides were found to inhibit the enterovirus-71 replication by
targeting its internal ribosome entry site (IRES) (Davila-Calderon et al. 2020).
Elegant studies reported by Zafferani et al. and Manfredria et al. have mapped the
RNA structures in SARS-CoV2 genome and identified therapeutically relevant
elements (Zafferani et al. 2021; Manfredonia et al. 2020). Further, Zafferani et al.
demonstrated the ability of amiloride derivatives in inhibiting SARS-CoV-2 repli-
cation (Zafferani et al. 2021).
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19.5.2 Drugs That Show Antiviral Activity by Targeting
the Host

Angiotensin converting enzyme 2 (ACE2) and transmembrane protease serine
2 precursor (TMPRSS2) are the major determinants of cellular entry of SARS-
CoV-2 (Evans and Liu 2021). Therefore, drugs targeting these proteins are supposed
to be potent antiviral therapeutics. However, there have been concerns of side effects
of ACE2 inhibitory drugs for COVID-19 therapy in individuals having hypertension
and other cardiovascular indications. More importantly, ACE2 is not inhibited by
conventional ACE inhibitors. On the other hand, several TMPRSS2 inhibitors like
camostat and nafamostat are being evaluated in phase 3 clinical trial for COVID-19
therapy (Table 19.2).
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Host signalling/process-dependent functional activation of essential viral factors
or host-dependent direct or indirect interactions among viral factors as well as host–
virus interactions are essential for entry and survival of the SARS-Cov-2 inside the
host. The activity/interactions per se may not be easy to target using the existing
drugs. However, it is possible to achieve therapeutic benefit by using drugs that
target the function of key intermediates upstream or downstream of that particular
pathway/process. Such intervention strategies have been a major focus of drug
repurposing approach. Using a combination of omics technologies and systems
biology tools, several drug candidates have been identified for possible use in
COVID-19 therapy. For example, merimepodib, an inhibitor of the enzyme inosine
monophosphate dehydrogenase, is approved for use in COVID-19 therapy
(Table 19.3). Inosine monophosphate dehydrogenase (IMPDH) is an essential
enzyme in the ‘Guanine’ biosynthetic pathway and several IMPDH inhibitors such
as merimepodib and ribavirin show both antiviral and immunosuppressive effects
(Unal et al. 2021). Note that ribavirin is also being evaluated for COVID-19 therapy
in phase 3 clinical trial (Table 19.2). Additionally, in vitro studies have identified
anti-SARS-CoV-2 activity of many anti-androgens such as proxalutamide and
spironolactone (McCoy et al. 2021; Cadegiani 2020). Many studies have also
identified in vitro anti-SARS-CoV-2 activity of anti-malaria drugs such as artemisin,
mefloquine and lumefantrine, which are being evaluated in phase 3 clinical trials
(Cao et al. 2020; Gendrot et al. 2020; Xiao et al. 2020). Table 19.2 summarizes the
list of repurposed drugs currently evaluated by phase 3 clinical trials.

19.5.3 Drugs That Act Indirectly by Reducing the Disease
Severity

Effective management of COVID-19 disease requires potent inhibition of viral
spread as well as control of clinical symptoms associated with the disease. Clinical
observation, understanding of the disease biology as well as systems biology-based
disease modelling studies have identified several repurposed drug candidates for
COVID-19 therapy. Some of the drugs such as baricitinib (Janus kinase 1/2 inhib-
itor), famotidine (histamine H2 receptor antagonist), fluvoxamine (serotonin reup-
take inhibitor), amlodipine and losartan (anti-hypertension drugs) have been
approved for therapeutic use in COVID-19 patients (Table 19.3). Many other
drugs are being evaluated in phase 3 clinical trials (Table 19.2). Notably, these
drugs include diverse range of formulations such as host immunomodulators, anti-
inflammatory molecules, anti-coagulants, pain relievers, antibody/antibody cocktail
of host immune modulators and anti-arrhythmic compounds (Table 19.2). It is hoped
that completion of these trials should add additional therapeutic drugs for COVID-19
treatment.
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19.6 Challenges in Drug Repurposing Against COVID-19

Although drug repurposing has resulted in the availability of multiple therapeutics
for COVID-19 treatment, nonetheless, there have been many failures as well. Well-
known example includes the anti-malarial drug hydroxychloroquine and the anthel-
mintic drug ivermectin. Although initial studies reported beneficial effect of both the
drugs against SARS-CoV2, lack of noticeable benefit in patients has led to the
discontinuation of these drugs in COVID-19 treatment (Devaux et al. 2020; Wang
et al. 2020; Saag 2020; Lim et al. 2022). Therefore, it is important to factor in the
potential challenges associated with repurposing of any future drug candidate for
COVID-19 therapy.

Major challenges in drug repurposing against COVID-19 include sub-optimal
in vivo activity of the drug compound, and limited access to compounds and
related data.

19.6.1 Sub-optimal In Vivo Activity of the Drug Compounds

Many repurposed drugs show potent antiviral activity in vitro and in pre-clinical
studies; however, they fail to deliver the desired therapeutic benefit in patients.
Therefore, even though a repurposed drug is safe and approved for clinical use, it
needs in-depth experimental validation as well as rigorous clinical trials to ensure its
therapeutic benefit against the new disease. Hydroxychloroquine and ivermectin
studies illustrate how bypassing the rigorous validation criteria defeats the expected
benefits of drug repurposing approach. Failure of a repurposed drug may be attrib-
uted to inefficient delivery of the drug compound to the target site, inefficient
binding of the compound towards the repurposed targets, inadequate doses of the
compound against the new disease or inefficient functional activity of the repurposed
drug in vivo. Owing to the extraordinary threat posed by the SARS-CoV-2, a
number of laboratories across the globe worked on a war footing step to discover
antiviral therapeutics against the virus. This led to identification of a number of
potential antiviral candidates, of which more than 80 compounds are being tested in
phase 3 clinical trials. Given the ideal conditions employed in the screening of the
drug compounds in vitro, it is not surprising that these compounds display potent
antiviral activity against SARS-CoV-2 in a controlled experimental setup. However,
the real test of their antiviral potential is determined in a randomized clinical trial
involving a significant number of participants. Therefore, success in the phase
3 clinical trial is the actual proof of antiviral potency of a repurposed drug. Thus,
due emphasis must be given to design and data interpretation of the phase 3 clinical
trial to ensure the expected therapeutic benefit of the drug candidate.

At the same time, it is important to note that complete lack of therapeutic benefit
or sub-optimal therapeutic effect of a repurposed drug candidate in the clinical trial



should not be treated as the end point of the evaluation of antiviral potential of
the drug candidates. Careful analysis of the properties and composition of the
drug formulation based on the pharmaceutical and clinical knowledge in the
context of its original application vis-a-vis the repurposed application may help in
developing a modified drug formulation with the desired therapeutic benefit. How-
ever, such modifications need to be evaluated from the pre-clinical study onwards,
thereby significantly escalating the time cost of the entire study. It is even more
challenging to perform such studies for COVID-19 therapy because of the urgency
of the situation and global race for developing a potent antiviral to control the
pandemic.
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19.6.2 Limited Access to Compounds and Related Data

COVID-19 pandemic has reshaped the conventional research environment across
the globe. Scientists across the globe from all disciplines and specializations are
committed to and contributing to decode the different areas of SARS-CoV-2 biology
and COVID-19 disease. This has resulted in identification of many potential targets
for drug development. However, very few laboratories have resources to access large
number of compounds for screening against the targets. Vast libraries available
in big pharma industries are usually inaccessible to researchers outside the
company. Moreover, all data related to the compounds are not available in public
domain. Repurposing of a particular target may not be preferred in a pharma
company if the repurposed indication is not within their areas of expertise. There-
fore, there is a need of providing open access of the compounds and related
data for efficient drug repurposing. Recently, collaborations between external
researchers and pharma companies have been initiated to promote drug repurposing
projects. Notably, pharma majors AstraZeneca, GlaxoSmithKline, Pfizer and
Bayer have constituted platforms to allow drug repurposing projects by external
researchers.

Another major roadblock in drug repurposing project relates to the intellectual
property right of the repurposed molecules (Breckenridge and Jacob 2019). Even
though an existing drug may show promising antiviral effect against COVID-19,
off-label use of the drug is generally not encouraged by regulatory agencies in the
absence of extensive research and clinical trial data. Existing drugs are usually
covered by stringent patent clause, which prevents commercial production and use
of the drug by companies other than the patent holders or its licensee. Therefore,
many repurposed drug candidates do not reach the stage of clinical trial due to lack of
funding. Considering the seriousness of COVID-19 pandemic, government and
non-profit foundations should sponsor research and development of such promising
candidates.
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19.7 Conclusion and Future Prospects

As summarized in this chapter and many other reviews, drug repurposing
approaches have certainly proven to be the preferred option for developing a potent
antiviral against the COVID-19. Repurposed drugs became life saver drugs during
the peak of the COVID-19 pandemic, testifying the efficacy of the repurposing
approach. It was also learnt that thorough evaluation of the repurposed drugs through
large clinical trials is essential to rule out any ambiguity regarding their therapeutic
benefits. On-going clinical trials should add more drugs to the list of already existing
repurposed drugs approved for therapeutic use in the near future. Further, fast-paced
research across the globe has identified a vast resource of potential drug targets
against the COVID-19, which should be used in drug repurposing screenings to
identify new antiviral candidates. It is important to determine the optimal dose and
formulation of these antiviral candidates through rigorous research and clinical trials.
Considering the high mutation rate of RNA viruses, it is unlikely that a single
therapeutic strategy will be effective for treatment in a long run. A combination of
different therapeutic formulations is required to reduce the selection pressure as well
as to arrest the disease at different stages. Finally, better policy regarding patenting
of repurposed drugs, broader exchange of resources between academic research
establishment and industries, better funding opportunities for drug repurposing pro-
jects are the need of the hour to expedite the development of potent antivirals against
the COVID-19.
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Chapter 20
2-Deoxy-D-Glucose: A Repurposed Drug
for COVID-19 Treatment

Simran Chopra, Aditya Dahiya, Ashrit Nair, Navneet Sharma,
and Rakesh Kumar Sharma

Abstract Coronaviruses is a broad group of viruses that has the potential to cause
mild or severe respiratory infections. Currently, there is no specific treatment for the
treatment of COVID-19. The symptomatic treatment is generally given on case-to-
case basis along with basic life supportive measures for management of COVID-19.
There is an acute urgency of evaluating the pre-existing drugs to develop a convinc-
ing treatment for COVID-19 or at least to reduce its severity. 2-DG being inhibitor of
both glycolysis and glycosylation appears as a promising therapeutic option. In the
present chapter, the rationale of repurposing of 2-DG as a potential treatment option
for the management of COVID-19 has been discussed.

Keywords Drug repurposing · COVID-19 · 2-Deoxy-D-glucose · SARS-CoV-2 ·
Therapeutic management

20.1 Introduction

Local health facilities in Wuhan, China reported cases of pneumonia of unknown
origin in the early December 2019. This infection was later recognized to be caused
by the novel coronavirus—severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (Park 2020). Coronaviruses is a broad group of viruses that has the potential
to cause mild or severe respiratory infections. It is a beta coronavirus that has
transmission through aerosols or fomites capability before the onset of symptoms
(Pedersen and Ho 2020). The infection caused by the SARS-CoV-2 surpasses the
severity and infectivity of both Middle East respiratory coronavirus syndrome
(MERS) and severe acute respiratory syndrome (SARS) (Hu et al. 2021). This
posed serious threats to the public health. COVID-19 disease induced by
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SARS-CoV-2 was declared as a pandemic by the World Health Organization on
March 11, 2020 (Hasöksüz et al. 2020). This class of virus is particularly known to
cause various gastrointestinal and pulmonary infections (WHO 2020). The trans-
mission of this novel viral strain began as a result of zoonotic transmission from
animals to human with cats, camels and bats being the reservoir of the virus (WHO
2020; Balkrishna et al. 2020). The mode of transmission further changed to direct
transmission in humans via respiratory droplets (Yuki et al. 2020). Respiratory
droplets are the primary route of transmission of SARS-CoV-2. The conjunctival
epithelium in ocular surface is also exposed to body fluid and the infectious droplets
(Donald 2011). Angiotensin-converting enzyme-2 (ACE-2), the fusion receptor
found in the lungs, heart, kidney, intestine, and endothelium, is responsible for the
attachment of the SARS-CoV-2 with the host cells (Chavda et al. 2021; Hadizadeh
2021). On contacting infection, the common symptoms are cough (50–82%), fever
(83–98%), muscle soreness (11–44%), fatigue (25–44%), and shortness of breath
(19–55%) (Dawood 2021; Chen et al. 2020a). Along with these symptoms, some
patients may also suffer from rhinorrhea, chest tightness, sputum production, sore
throat, vomiting, diarrhea, nausea, headache, anosmia, and ageusia a few days before
the onset of fever, suggesting that fever is critical parameter but not the only initial
symptom of infection, whereas some patients only show a mild fever, mild fatigue,
or and even may be asymptomatic (Wang et al. 2020).
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In case of moderate-to-severe pneumonia, approximately about 15% of patients
need inpatient care (Tsai et al. 2021). In case of hospitalized patients, the average
time for the progression of symptoms to the occurrence of shortness of breath is
5 days (IQR, 1–10 days), where the median time to be hospitalized is 5 days.

To study the progression of disease, biomarkers such as hematological bio-
markers (lymphocyte count, neutrophil count, neutrophil–lymphocyte ratio
(NLR)), inflammatory biomarkers (C-reactive protein (CRP), procalcitonin (PCT),
erythrocyte sedimentation rate (ESR), and immunological biomarkers (interleukin-6
(IL)-6 and biochemical (D-dimer, creatine kinase (CK), troponin, aspartate amino-
transferase (AST)) have been found useful (Li et al. 2020).

Computed tomography revealed pneumonia has been observed along with a drop
in oxygen saturation and patchy consolidations. Cytokine storm is recognized by the
pro-inflammatory cytokine markers such as tumor necrosis factor -α (TNF-α),
interferon-γ-induced protein 10 (IP-10) (Velavan 2020). This cytokine storm has
the potential to cause hyperinflammation and oxidative stress. If not properly
managed, COVID may result in viral sepsis, multiple organ failure and death
(Zhou et al. 2020; Mohamed et al. 2021). If not managed with proper care, the
course of disease may show exacerbated progression resulting in multiple organ
failure and in worst cases death of critically ill patients. Admission to intensive care
unit (ICU) may be required by around 3–29% of patients in order to manage
complications, including hypotension or hypoxemic respiratory failure (Wang
et al. 2020). In an average time of 8 days, some patients suffering from shortness
of breath may develop blood clotting dysfunction, acute respiratory distress syn-
drome (ARDS), septic shock, or even multiple organ failure (Wu and McGoogan
2020). One of the features of COVID-19 is the high occurrence of multiple organ



failure. Most of the critically ill patients are related to comorbidities (pre-existing
diseases), such as hypertension, cardiovascular disease, renal disease, and diabetes.
Furthermore, the death rate is relatively high in patients with these comorbidities
(Paraskevis et al. 2020). Since the death toll was focused among those aged ≥40
indicating the severity of COVID-19 patients is age-related (Vetter et al. 2020).
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Currently, there is no specific treatment for the treatment of COVID-19. The
symptomatic treatment is generally given on case-to-case basis along with basic life
supportive measures for management of COVID-19. The lack of specific antiviral or
standard strategy has resulted in an increase in the morbidity due to the COVID-19
infection. Researchers are working towards search of a clinically proven prophylac-
tic or therapeutic strategy for this deadly virus. Drug discovery is a tedious, costly,
and time-consuming procedure. Hence, drug repositioning also referred as drug
repurposing has been used as an alternative method for designing effective treatment
strategy (Pushpakom et al. 2018). Drug repurposing is the process of identifying new
targets for existing medications. The in silico approach of drug repurposing uses two
approaches, target-based and drug-based. The interaction between drug and target is
explored in the target-based approach whereas in the drug-based approach new
indications for already approved drugs are analyzed by comparing the characteristics
of diseases (Zhou et al. 2020; Mohamed et al. 2021; Kulshrestha et al. 2021). There
is an acute urgency of evaluating the pre-existing drugs to develop a convincing
treatment for COVID-19 or at least to reduce its severity (Tan et al. 2020). Drug
repurposing method utilizing risk-free compounds, is fast, cost-effective, and effi-
cient as the safety, pharmacodynamics, and pharmacokinetic profile of the
repositioned drugs have already been established (Hossen et al. 2020). Drug
repurposing is an advantageous process because many different diseases are/may
be influenced by common biological processes (Khan et al. 2020). Many established
drug molecules have been engineered utilizing basic understanding of disease
pathogenesis and drug pharmacodynamics, and tested as a part of drug repurposing
against SARS-CoV-2 with their possible mode of action as shown in Table 20.1
(Chakotiya and Sharma 2020; Sarkar and das Mukhopadhyay 2022).

An antiviral drug named remdesivir that was originally designed to target Ebola
virus is being repurposed for treatment of COVID-19 (Pareek et al. 2020). HIV
protease inhibitors such as darunavir, lopinavir–ritonavir were also pursued (Grein
et al. 2020; Cao et al. 2020). Moreover, the Food and Drug administration (FDA)
even allowed the use of antimalarial drugs such as chloroquine and
hydroxychloroquine which later showed no effect on clinical course and also
elevated the side effects (Kalil 2020). Ivermectin, an antiparasitic drug has shown
promising in vitro against SARS-CoV-2 (Chen et al. 2020b). Various antineoplastic
drugs are also being studied for the management of COVID-19 due to the similarity
in mechanism in the management of cancer that included controlled inflammation,
inhibition of cell division along with modulation of the host–tumor microenviron-
ment (Caly et al. 2020). In addition, many biologics and plant products targeting
various stages of entry of SARS-CoV-2 and COVID-19 progression have been also
repurposed (Balkrishna et al. 2020, 2021; Chakotiya and Sharma 2020).



Category Drug Reference

(continued)
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Table 20.1 Repurposed drugs against COVID-19 and their possible mode of action

Initially used
against

Possible mode of
action for COVID-19

Nucleotide
based

Remdesivir Hepatitis C, Ebola
virus, and Mar-
burg virus

Inhibit viral RNA
polymerase

Srivastava
and Singh
(2021),
Chakraborty
et al. (2021)

Favipiravir Influenza Inhibit viral RNA
polymerase

Srivastava
and Singh
(2021),
Chakraborty
et al. (2021)

Ribavirin Hepatitis C Inhibit viral RNA
polymerase

Srivastava
and Singh
(2021)

Protease
inhibitors

Lopinavir–ritonavir HIV/AIDS Inhibits the polypep-
tide proteolytic
processing in virus

Srivastava
and Singh
(2021),
Chakraborty
et al. (2021)

Darunavir HIV/AIDS Inhibits the polypep-
tide proteolytic
processing in virus

Srivastava
et al. (2021)

Anti-
parasitic

Chloroquine and
hydroxychloroquine

Malaria and
Amoebic
dysentery

Interrupts the viral
binding to ACE2
receptor

Srivastava
and Singh
(2021),
Chakraborty
et al. (2021)

Arbidol Influenza A and B Inhibits the viral
membrane fusion

Srivastava
and Singh
(2021)

Statins High cholesterol Upregulates the
ACE2 activity

Srivastava
and Singh
(2021)

Cytokine
storm
inhibition

Tocilizumab Rheumatoid
arthritis, giant cell
arteritis, and sys-
temic juvenile idi-
opathic arthritis

Decreases the exag-
gerated immune sys-
tem response

Srivastava
et al. (2021),
Chakraborty
et al. (2021)

Dexamethasone Skin diseases,
severe allergies,
asthma etc.

Inhibition of
pro-inflammatory
gene, encoding for
cytokines, cell adhe-
sion molecules and
acute inflammatory
response

Ahmed and
Hassan
(2020)

Mavrilimumab Rheumatoid
arthritis

Decreases the
hyperinflammation

Bhatt et al.
(2021)



Category Drug

related with
pneumonia
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Table 20.1 (continued)

Initially used
against

Possible mode of
action for COVID-19 Reference

Baricitinib Rheumatoid
arthritis

Modulate down-
stream inflammatory
response

Richardson
et al. (2020)
Chakraborty
et al. (2021)

Sustained aerobic glycolysis and elevated glucose in monocytes have been
reported to directly promote cytokine production, viral replication, and the subse-
quent T cell dysfunction and lung epithelial cell death. Thus, to treat COVID-19
disease targeting, metabolic pathways may prove to be a new therapeutic strategy
(Codo et al. 2020). 2-Deoxy-D-glucose (2-DG) that is known to inhibit glucose
utilization, glycolysis, and glycosylation has been proved efficacious as an adjuvant
to cancer radiotherapy (Ardestani and Azizi 2021). Computational techniques have
been used for repurposing 2-DG and can pursue a different multitude of approaches
such as target modeling, drug safety algorithms, or drug bank (Balkrishna et al.
2020). To make optimal conditions for their rapid, efficient replication, and spread,
viruses alter the host cell metabolism. The host cells undergo metabolic
reprogramming on entry of SARS-COV-2 to satisfy the amplified demand for
nutrients and energy for viral replication, where 2-DG being inhibitor of both
glycolysis and glycosylation appears as a promising therapeutic option (Balkrishna
et al. 2020). In the present chapter, the rationale of repurposing of 2-DG as a
potential treatment option for the management of COVID-19 has been discussed.

20.2 Drug–Target Interaction Profiles Are a Natural
Extension of Molecular Docking

The drug–target interaction studies are widely researched topic and optimized for the
repurposing of drugs. The main objective is primarily to identify novel targets for
existing drugs and for identification of a new reputed drug (Borcherding et al. 2020).
The identification of new drug–target interactions is relatively less costly and less
time consuming in comparison to in vivo or biochemical experimental methods. The
in silico or computational method enables the efficient identification of potential
drug–target interaction contenders for guiding in vivo validation required for drug
repositioning or discovery (Luo et al. 2017). The computational methods include
ligand-based approaches and the molecular-docking-based approaches (Whitebread
et al. 2005; Keiser et al. 2007).

Balkrishna and coworkers (2020) studied the analog of glucose, 2-DG, and its
derivative (1, 3, 4, 6-tetra-O-acetyl-2-deoxy-D-glucopyranose), for tackling



COVID-19 by carrying out the in-silico docking and molecular simulations
(Balkrishna et al. 2020). In this study, the active site mapping of the viral virulence
factors was identified and the repurposing of 2-DG along with its derivative was
examined via ligand–receptor docking method. The ADMETox values, drug
likeliness and bioactivity indices were assessed using tools such as Molinspiration
and Toxicity Estimation Software. It was observed that there is efficient docking of
2-DG with both viral protease 3CLpro and NSP15 endoribonuclease, resulting in
efficient inactivation of viral receptors and ultimately leading to breakdown of the
SARS-CoV-2 virus. This breakdown of virus was due to the hydrogen bond formed
between 2-DG and proline residues of viral protease. There was hydrogen bond
formation between the 2-DG derivative and the glutamine amino acid residues of the
viral spike glycoprotein (Balkrishna et al. 2020).
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20.3 Comparison of COVID-19 Progression with Cancer

In tumors or other proliferating cells, high rate of glucose uptake is reported that
results in the production of lactate, even in the presence of oxygen and fully
functioning mitochondria. This process is known as the Warburg effect (Ponti
et al. 2020; Warburg 1925). Similarly, many viruses alter the host cell metabolism
by enhancing glycolysis and consequently producing rapid energy for nucleotide
replication and specific protein synthesis (Liberti and Locasale 2016; Singh et al.
2020). Since enhanced aerobic glycolysis maintains the replication of many viruses
including MERS-CoV, it is pertinent that SARS-CoV-2 replication in host cells
(especially the airway cells) is also reliant upon altered glucose metabolism, alike to
the Warburg effect in cancer (Icard et al. 2021). Therefore, there appears to be a
significant involvement of Warburg effect in the progression COVID-19 infection
(Sanchez and Lagunoff 2015). In the lung endothelial cells, the Warburg effect
becomes active due to the low oxygen levels in blood. Aerobic glycolysis supports
the activation of pro-inflammatory cells such as M1 macrophages and neutrophils.
The anti-inflammatory response and reparative process performed by M2 macro-
phages would not occur at an appropriate time due to the uncontrolled increase of
M1 macrophages (Warburg 1925).

The progression of COVID-19 in the human body and how it affects various
systems is depicted in Fig. 20.1.

20.4 2-DG Molecule as a Glucose Analog

2-DG is a synthetic analog of glucose in which a hydrogen is present at the second
position of carbon in place of the hydroxyl group as shown in Fig. 20.2. 2-DG is
(4R,5S,6R)-6-hydroxymethyltetrahydro-2H-2,4,5-pyrantriol with molecular for-
mula C6H12O5 and molecular weight 164.6 g/mol.
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Fig. 20.1 COVID-19 progression in the human body

Fig. 20.2 Structure of glucose, 2-DG, and 1, 3, 4, 6-tetra-O-acetyl-2-deoxy-D-glucopyranose

20.5 Pharmacological Properties of 2-DG of Relevance
to Cancer and COVID-19 Therapies

2-DG is a structurally similar to glucose differing only at the second carbon atom.
2-DG is soluble in water. 2-DG competes with glucose for transport into the cells and
competitively inhibits transport of glucose. In cancer cells, the higher uptake of
2-DG is due to increase in the expression of glycolytic enzymes and glucose trans-
porters. The glucose transporters are not able to differentiate between glucose and
2-DG. GLUTs aid the entry of 2-DG into the cell and also help in selective
accumulation in cancer cell with higher glucose utilization. Upon entering the
cells, 2-DG shows a range of biological effects by interacting with multiple cellular
pathways as explained in the following subsections (Singh et al. 2020).
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20.5.1 Glycolysis Inhibition

Inside the cell, 2-DG is phosphorylated to 2-DG-6-phosphate (2-DG-6-P) by hexo-
kinase II enzyme. The 2-DG-6-P is not a substrate to dehydrogenases or isomerases.
The 2-DG-6-P gets accumulated in the cell till it is dephosphorylated back to 2-DG
via phosphorylase. Accumulation of 2-DG-6-P leads to competitive inhibition of
hexokinase, depletion of ATPs, cell cycle arrest, cell growth inhibition, and, ulti-
mately, cell death. The accumulation of 2-DG-6-P inhibits the glycolysis cycle. The
extent of glycolysis inhibition is affected by the amount of 2-DG entering and
accumulating in the cell (Aft et al. 2002). Tumors are generally oxygen deficient
as there is no other source of ATP production using fatty acid or amino acids.

20.5.2 Autophagy Induction

Autophagy refers to the process of removal and degradation of intracellular bodies
within autophagosomes and lysosomes respectively. The glycolysis inhibition
causes ATP deficiency, which creates imbalance in the ATP/AMP ratio, leading to
activation of AMPK (Aft et al. 2002; Pajak et al. 2020). The TSC1 proteins in the
mTOR (mammalian target of rapamycin) kinase complex are phosphorylated by the
active AMPK resulting in induction of autophagy (Hardie and Lin 2017).

Activation of AMPK can also lead to the expression of a tumor suppressor protein
p53. In the presence of active p53, cell cycle gets arrested in the G1 checkpoint,
which either allows cell damage repair or destroys the cell using Bcl-2 protein family
via apoptosis process (Deretic et al. 2013).

The degradation products can be transported back for cellular metabolism in the
cytoplasm. However, uncontrolled autophagy may lead to excessive self-
degradation of cellular components leading to cell death. The autophagy can also
be induced by endoplasmic reticulum as a stress response to glucose deficiency and
decreased ATP levels (Xi et al. 2011; Pflaum et al. 2014).

20.5.3 Apoptosis Induction

Sustained autophagy and extensive self-degradation lead to apoptosis (Fan and Zong
2013). Depending on the cell type, different apoptotic pathways are induced in the
cells by 2-DG (Aft et al. 2002). Study conducted by Munoz and coworkers reported
that the ATP depletion makes cells sensitive to TNF superfamily death receptor-
dependent extrinsic apoptosis (Muñoz-Pinedo et al. 2003). 2-DG can sensitize cells
to TRAIL-induced apoptosis, at least in part through suppressing JNK-mediated
cytoprotective autophagy processes (Xu et al. 2005). Several studies demonstrate the
ability of ROS generation of 2-DG, leading to cell death (Aft et al. 2002).
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20.5.4 Protein N-Glycosylation

N-glycans are membrane bound glycoprotein involved in various important func-
tions like protein folding, stabilization, signal transmission, and intracellular inter-
actions (Pelicano et al. 2006). All eukaryotic N-linked glycans are based on the
Man3GlcNAc2, a common core pentasaccharide, comprising two β-D-N-
acetylglucosamine (GlcNAc) molecules and three D-mannose (Man). Through a
co-translational process, the glycan glucose3-mannose9-N-acetylglucosamine2
(G3Man9GlcNAc2) is transferred from a lipid-linked oligosaccharide (LLO),
G3Man9GlcNAc2-P-P-dolichol, to Asn-X-Ser/Thr motifs and processed by various
glycosyltransferases, giving rise to the three main types of glycans: hybrid, high-
mannose, and complex N-glycans (Kim et al. 2009). Due to the similarity in the
structure of 2-DG and the structure formed when hydroxyl is eliminated from C-2 of
D-mannose, 2-DG is expected to interfere with the metabolism of D-mannose-related
metabolic pathway. D-mannose is responsible for protein N-glycosylation and 2-DG
interrupts the protein glycosylation in the presence of oxygen resulting in ER stress
(Aft et al. 2002).

20.6 2-DG as an Adjuvant to Cancer Therapy

Damage to DNA is the major cause of cell death and cell loss induced by ionizing
radiation (Bieberich 2014). However, this DNA damage can be repaired by various
repair pathways which are further enhanced in tumor cells. In tumor cells, there is an
increased glucose usage due to the continuous supply of metabolic energy in the
form of ATP derived from the glycolytic pathway. In such cells, the inhibitors of the
glucose transport and glycolysis have the potential to inhibit the repair processes
resulting in enhancement of radiation damage and thereby increasing the efficacy of
radiotherapy (Surova and Zhivotovsky 2013).

It was observed that administration of 2-DG as an adjuvant to radiation therapy
could further enhance the inhibition of repair process and ultimately resulting in an
overall increase in the efficiency of radiation damage in cells with high glycolytic
rates such as cancer cells under both euoxic and hypoxic conditions (Jain and Pohlit
1972).

The first human trial of 2-DG was conducted at All India Institute of Medical
Sciences, New Delhi. On administration of 2-DG to a thyroid patient (where the
patient was given iodine-131 (I-131) along with two doses of 2-DG orally (10 g/dose
in 150 mL water) after 16 h and 65 h), it was observed that there were no side effects
observed and there was a marked reduction in the size of tumor. Even when the
metastasis deposits were same, but the quality of life improved for the patient as the
progress of the disease stopped (Jha and Pohlit 2009).

On administration of 2-DG to mice bearing Sarcoma 180 and solid Ehrlich
Ascites (1–2 mg/g body weight) in combination with the gamma irradiation, it was



observed that there was a potential increase in the tumor cell loss and animal survival
(Naqvi et al. 1974).
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The effect of 2-DG on HeLa cell line showed a reduction in aerobic glycolysis by
62% along with inhibited DNA repair that resulted in enhanced radiation damage to
cancer cell line (Latz et al. 1993).

Due to excellent DNA repair systems, glioblastoma multiforme (GBM), a fast-
growing and aggressive brain tumor cells are reported as resistant to treatment in
both hypoxic and euoxic conditions (Jain et al. 1985). After the surgical and/or
radiotherapeutic excision of cancerous tissue, there still remains a possibility of local
regrowth of human glioblastomas within the cranial cavity. In an in vitro study using
organ cultures of human cerebral glioma, it was concluded that the higher concen-
trations of 2-DG (5 mM) may be required to induce radiation damage in the cerebral
gliomas under euoxic conditions; however, this requirement may be decreased in
hypoxic conditions (Dwarakanath et al. 2009).

For patients affected with GBM, Phase I/II clinical trials were conducted
(Mohanti et al. 1996; Srinivasa Rao Dwarakanath and Kumar Jain 1987). Four
weekly fractions of 5 Gy/fraction of gamma radiation to the whole brain were
administered 2–3 weeks postsurgery. 2-DG was administered orally (200 mg/kg
body weight) after overnight fasting and also 20–30 min prior to irradiation (5 Gy).
This schedule of combination of 2-DG and radiotherapy was given once weekly on
days 1, 8, 15, and 22. The total radiation dose of 20 Gy was given over a period of
21 days. Two weeks after the fourth week, a CT scan was carried out and radiother-
apy was given to the residual tumor (plus 3 cm margin) at a dosage of 14 Gy in seven
fractions at five fractions per week. There was no acute toxicity or late radiation
damage observed. Moreover, a noteworthy improvement in the quality of life with a
moderate increase in survival was observed (Srinivasa Rao Dwarakanath and Kumar
Jain 1987). Dose optimization studies were undertaken to examine the tolerance and
safety of escalating the 2-DG dosage during the combined treatment of 2-DG and
radiotherapy in GBM patients. The dosage of 2-DG was administered in incremental
doses of 200–250–300 mg/kg body weight. The dosage included seven weekly
fractions of combined treatment of 2-DG along with radiation at a dose of 5 Gy/
fraction including the postsurgery treatment of the residual tumor plus 3 cm margin.
Patients with dosage up to 250 mg/kg showed excellent tolerance to the treatment
with no toxicity (Mohanti et al. 1996).

An in vivo study was conducted by Maschek et al. (2004) in which the efficacy of
2-DG in combination with paclitaxel or adriamycin in nude mouse xenograft models
of human osteosarcoma and non–small-cell lung cancer was observed. In both the
cases, there was a significant reduction in the tumor growth in comparison to using
either drug alone (Maschek et al. 2004).

To target the hypoxic cells in retinoblastoma, 2-DG was used as an adjuvant in
another trial. Sixteen-week-old LHBETATAG mice were given carboplatin (31.25 μg/
20 μL) along with 2-DG (500 mg/kg). It was observed that therapy alone with
carboplatin resulted in 52% tumor size reduction, whereas 2-DG monotherapy
resulted in 49% tumor size reduction. However, when 2-DG was used as an adjuvant
along with carboplatin, then a reduction in tumor size was 86% (Boutrid et al. 2008).
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A Phase I/II trial was conducted in 12 patients for the treatment of advanced solid
tumor and hormone refractory prostate cancer. The drug was administered orally on
daily basis for 2 weeks of every 3-week cycle. The dose was escalated from 30 mg/
kg to 45 mg/kg and finally up to 60 mg/kg. The treatment was well tolerated with no
mortality and maximum tolerance of dose not exceeding 60 mg/kg (Gounder et al.
2010).

In an in vitro study by Rae et al., 2018, 2-DG was used to sensitize prostate cancer
cells to radiotherapy. Simultaneous administration of 1–10 mM 2-DG along with
1–4 Gy X-rays resulted in concentration-dependent decrease in clonogenic survival
(Oncogenesis et al. 2018).

20.7 2-DG Against Various Viral Diseases

The in vitro multiplication of influenza virus when kept in the chorioallantoic
membrane of the chick embryo was observed to be dependent on the presence of
glucose in the medium. It was observed that 2-DG inhibits the synthesis of influenza
virus (Kilbourne 1959).

In a study by Gallaher et al., the effect of 2-DG on the cell fusion induced by
herpes simplex virus and Newcastle disease was analyzed. It was observed that the
fusion from within induced by both the herpes simplex viruses and Newcastle
disease is completely inhibited by treatment of the infected cells with 10 mM
2-DG (Gallaher et al. 1973).

The production of Newcastle disease virus and infectious vesicular stomatitis
virus (VSV) was observed to be completely inhibited by 2-DG in pyruvate
containing medium. This inhibition is observed when the virus is either grown in
pyruvate-containing medium or dialyzed against phosphate-buffered saline is used
for infection. Under these conditions, there is reduction in the synthesis of all VSV
proteins. The VSV RNA synthesized at reduced rates is further unstable (Scholtissek
et al. 1974).

The effect of 2-DG on porcine epidemic diarrhea virus (PEDV) was studied by
Wang et al., and it was observed that 2-DG being an ER stress inducer possessed
antiviral activity against the infection. It inhibited the virus infection by affecting the
viral protein translation and also affects the virus assembly (Wang et al. 2014).

2-DG interfered with the genome replication of Kaposi’s sarcoma-associated
herpes virus (KSHV) and resulted in decreased virion production during the lytic
phase of virus infection which is a requirement for KSHV tumorigenesis. Low doses
of 2-DG targeted the KSHV replication in lytic phase cells without inducing
cytotoxicity and at high doses killed the KSHV-infected cells at latent stage.
Therefore, 2-DG targets the KSHV at viral and cellular level (Leung et al. 2012).
The inhibitory effect of 2-DG has also been observed on human papillomavirus
18 (HPV 18) (Maehama et al. 1998).

Table 20.2 depicts various preclinical and clinical trials of 2-DG against cancer
and virus-related diseases.
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Table 20.2 Promising pre-clinical and clinical studies using 2-DG

Preclinical and clinical trials against cancer

Trial design Study Endpoint

Effect of 2-DG on HeLa cell culture In vitro The radiation damage to cancer cells
was enhanced due to the use of
2-DG.

Organ cultures of human cerebral glioma In vitro Radiation damage was induced by
2-DG in cerebral glioma cells.

Cell cultures of human prostate cancer cell
line

In vitro Radiation damage was induced by
2-DG in prostate cancer cells.

Sarcoma-180 and solid Ehrlich Ascites tumor
bearing mice

In vivo Improvised animal survival with a
decrease in volume of tumor.

Nude mouse xenograft models of human
osteosarcoma and non–small-cell lung cancer

In vivo Reduction in the tumor growth as
compared to using either drug alone.

Hypoxic cells in retinoblastoma In vivo Reduction in tumor size by 86%
when 2-DG was used as an adjuvant
along with carboplatin

Thyroid carcinoma Human
clinical
trial

Significant enhancement in quality
of life since the progress of the dis-
ease arrested and the metastasis
deposits were same.

Supratentorial glioma patients Phase
I/II

Significant enhancement in quality
of life along with no toxicity in
multicenter, nonrandomized, open-
label, single treatment arm
(uncontrolled) trials.

Dose escalation trial in patients with malig-
nant cerebral gliomas

Phase II Significant tolerance to the treat-
ment with no toxicity in multicenter,
nonrandomized, open-label, single
treatment group.

Solid tumor and hormone refractory prostate
cancer

Phase
I/II

Significant tolerance to the treat-
ment with a maximum dose tolera-
tion of 60 mg/kg.

Pre-clinical against virus-related diseases
Influenza virus kept in chorioallantoic
membrane

In vitro Inhibition of the influenza virus
under the influence of 2-DG

Effect of 2-DG on cell fusion induced by
Newcastle disease and herpes simplex virus

In vitro Fusion from within induced by both
Newcastle disease and herpes sim-
plex virus is inhibited on treatment
with 2-DG

Effect of 2-DG on vesicular stomatitis virus
and Newcastle disease virus in pyruvate
containing medium

In vitro Inhibition of both the virus in pyru-
vate containing medium or when
kept in phosphate buffered saline
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20.8 Rationale for Using 2-DG as an Anti-COVID Drug

Approximately one-tenth of cancer incidences are virus-related, signifying that the
increased uptake of glucose and aerobic glycolysis can be considered a common trait
of viral infection (Xi et al. 2014). Thus, 2-DG may reduce various viral-induced
tumors irrespective of the route it takes. Hence, the study of 2-DG on noncancerous
viral infections is of vital importance. The metabolic demand of virally infected cells
is upregulated primarily through high glucose uptake and glycolysis for rapid and
higher viral replication (Ardestani and Azizi 2021). This change in metabolic state
allows for selective accumulation of 2-DG in virally infected cells. Synthesis of
anabolic intermediates required for viral replication process is inhibited by 2-DG
(Bhatt et al. 2022). Evidence suggest that it interferes with N-linked glycosylation of
viral proteins in the endoplasmic reticulum of infected cells, triggering misfolding of
viral glycoproteins resulting in noninfective or nonvirulent virus particles (virions)
(Codo et al. 2020; Bhatt et al. 2022; Bojkova et al. 2020). It has been hypothesized
that 2-DG could also accumulate preferentially within infected lung cells and be
effective in suppressing viral multiplication (Bere et al. 2021). Since 2-DG reduces
glucose utilization, glycolysis, and glycosylation, in silico studies on molecular
modeling were carried out to predict its efficacy against SARS-CoV-2. Toxicolog-
ical evaluations have found 2-DG to not be genotoxic, possess very low acute
toxicity and not affect the vital physiological functions at low-to-moderate doses.
No observed adverse effects level (NOAEL) in mice was determined to be 1000 mg/
kg/day, thereby providing a safety margin of 1.3 times based on body surface area,
for the proposed human dose of 63 mg/kg/day (Bere et al. 2021). Given the need for
effective treatments, to save lives of COVID-19 patients and reduce the burden on
limited intensive care resources in hospitals in the face of this devastating pandemic
currently ravaging the world, a comparative evaluation of risk to benefit would favor
evaluation of 2-DG as adjunctive treatment to standard of care (SOC) in mild-to-
severely ill COVID-19 patients. The increase uptake of glucose in SARS-CoV-2 and
the possible use of 2-DG against an array of viral infections led to the use of 2-DG
against SARS-CoV-2 (Codo et al. 2020).

In a study by Balkrishna et al., 2020, a derivative of 2-DG, 1, 3, 4, 6-tetra-O-
acetyl-2-deoxy-D-glucopyranose was compared with other used antiretroviral drugs
such as lopinavir, antiflu drug such as favipiravir, and antimalarial drugs such as
hydroxychloroquine. The binding energy of this derivative was comparable to the
hydroxychloroquine implying it to be a potential therapy for COVID-19. Thus, this
derivative could apparently mitigate the virus completely. Also, 2-DG significantly
inactivated the SARS-CoV-2 viral receptors and in fact the E-value of docking of
2-DG was better with lopinavir and favipiravir. As per Lipinski scores, 2-DG and
2-DG derivative, both possessed adequate oral bioavailability with no major side
effects or signs of toxicity in ADMETox prediction (Balkrishna et al. 2020).

Therefore, the use of 2-DG against SARS-CoV-2 was hypothesized to reduce the
supplemental oxygen dependence and lead to the faster recovery of patients. 2-DG is
also expected to work against emerging new variants and breakthrough cases as was
observed in the second wave due to the mechanistic-based approach of 2-DG (Mesri
and Lampidis 2021).
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20.9 Use of 2-DG Against SARS-CoV-2

Institute of Nuclear Medicine and Allied Sciences (INMAS), Defence Research and
Development Organization, Delhi, and Dr. Reddy’s Laboratories (DRL), Hydera-
bad, with the help of the Centre for Cellular and Molecular Biology (CCMB),
Hyderabad developed the application of the 2-DG for the therapeutic management
of COVID-19. DRL-INMAS conducted Phase II trials on 2-DG on COVID patients.
On November 4, 2020, permission to conduct the Phase III clinical trials had been
recommended by the subject expert committee, an advisory to the Drug Controller
General of India (DCGI) on applications seeking approvals for new drugs, clinical
trials, and vaccine. The permission for conducting Phase III clinical trials was
granted on November 16, 2020. Table 20.3 summarizes studies on 2-DG for the
management of COVID-19 in India (Narayan Bhatt et al. 2022).

On the basis of these trials, 2-deoxy-D-glucose received emergency use
approval as an anti-COVID-19 by DCGI. Patented technology of 2-deoxy-D-
glucose has been recently transferred to various Indian industries including
Dr. Reddy’s Laboratories, Mankind Pharma Limited, Bajaj Healthcare Limited,
MSN Laboratories Limited, BDR Pharmaceuticals Internationals Pvt. Ltd., Gran-
ules India, Shilpa Medicare Limited, and Laurus Labs.

20.10 Possible Mechanism of Action of Use of 2-DG Against
SARS-CoV-2

2-DG possibly acts at a number of points in the progression of the coronavirus.
Balkrishna et al. suggest that the structure of 2-DG docks into 3CL protease and also
with NSP15 endoribonuclease which results in inactivation of the SARS-CoV-2
binding receptors (Balkrishna et al. 2020). The NSP 15 is an interferon antagonist
which inhibits the interferon-β production by an endoribonuclease activity-
independent mechanism (Liu et al. 2019). The 3CLpro is vital for the post-

Table 20.3 Studies on 2-DG for the management of COVID-19

Preclinical studies Phase I/II clinical trials Phase III clinical trials

In vitro cell cultures studied at
CCMB Hyderabad

Initiated by Dr. Reddy’s Lab-
oratory under CTRI number
CTRI/2020/06/025664

Initiated in 27 COVID hospi-
tals across India on
220 patients from Dec’20 to
Mar’21 under CTRI number
CTRI/2021/01/030231

Observation: Viral plaques in
cells administered with 2-DG
were significantly lower as
compared to the control group

A clinical trial was conducted
on 110 patients from May’20
to Oct’20. Patients showed
better symptomatic cure as
compared to patients who
were not given 2-DG

There was a drastic reduction
in the use of supplemental
oxygen on administration of
2-DG. The drug showed
promising results in patients
aged 65 or above also.



translational processing of replicase gene (Sharma et al. 2020). The processing of
viral RNAs responsible for viral replication is catalyzed by the endonucleases (Mesri
and Lampidis 2021). Therefore, the 2-DG inactivates the viral proteases, inhibiting
the process of viral capsid formation and further by retaining the action of
endoribonuclease stops the viral replication process (Balkrishna et al. 2020). 2-DG
is also known to have and anti-inflammatory effects and potential to reduce viral
loads (Bojkova et al. 2020; Choi et al. 2020). A network-biology-led computational
drug repurposing strategy by Khurana et al., 2021, suggests that increased AMP
levels in the cells led to the activation of AMP-activated protein kinases that further
inhibits the Janus kinase (JAK1). It is also responsible for the activation of the STAT
transcription factors such as Signal Transducers and Activators of Transciptors-3
(STAT3). STAT 3 leads to apoptosis of cells and is responsible for the inhibition of
replication of virus-infected cells (Khurana et al. 2022).
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2-DG is believed as a broad-spectrum antiviral drug effective against different
variants of COVID-19. It has been seen by Bhatt et al. (2021), that the 2-DG targets
the metabolic requirements of the host cell and is effective against the B.6 and
B.1.1.7 coronavirus variants (Bhatt et al. 2022).

As we know that the 2-DG competes with the D-glucose for the entry into the cell.
Upon entry into the cell, it is phosphorylated by hexokinase to form 2-deoxy-D-
glucose-6-phosphate (2-DG-6-P), which inhibits phosphohexose isomerase
(El Mjiyad et al. 2011). The 2-DG-6-P cannot be further metabolized like glucose
to glucose-6-phosphate to fructose-6-phosphate. This results in the inhibition of
glycolysis and accumulation of 2-DG-6-P in the cytosol (Pelicano et al. 2006;
Samal et al. 2021).

The inhibition of glycolytic pathway leads to the propagation of pentose phos-
phate pathway (PPP). The increase in PPP pathway leads to the increase in the
NADPH production which aids in the reduction of glutathione by increasing the
expression of the glutathione synthetase (Miwa et al. 2013).

The glycolysis inhibition causes ATP deficiency, which creates imbalance in the
ATP/AMP ratio, leading to activation of AMPK. Active AMPK phosphorylates the
TSC1 proteins in the mTOR kinase complex, resulting in induction of autophagy.
Activation of AMPK can also lead to the expression of a tumor suppressor protein
p53. In the presence of active p53, cell cycle gets arrested in the G1 checkpoint,
which either allows cell damage repair or destroys the cell using Bcl-2 protein family
via apoptosis process (Pajak et al. 2020). Another pathway for the autophagy of viral
cell is the stress induction in the endoplasmic reticulum due to glucose deprivation
and reduction in ATP levels. This stress stimulates the production of reactive oxygen
species (ROS) that further catalyzes the process of cell death (Shutt et al. 2010).

The anti-inflammatory properties of 2-DG also inhibit the M2 macrophage
polarization responsible for airway inflammation. The AMPK activation inhibited
the Hif-1α expression that further inhibits the M2 macrophage polarization (Zhao
et al. 2017).
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Fig. 20.3 Possible mechanism of 2-DG upon entry into the cell

Due to the similarity in the structure of 2-DG and the structure formed when
hydroxyl is eliminated from C-2 of D-mannose, 2-DG is expected to interfere with
the metabolism of D-mannose-related metabolic pathway. D-mannose is responsible
for protein N-glycosylation and 2-DG interrupts the protein glycosylation in the
presence of oxygen resulting in ER stress (Singh et al. 2020; Kilbourne 1959). 2-DG
drug also leads to the formation of defective virions that lack the ability of infecting
newer cells (Bhatt et al. 2022). Thus, the two main properties of 2-DG make it a
plausible drug against COVID-19, as it inhibits the glycolysis in hypoxic conditions
and glycosylation in the presence of oxygen.

Figure 20.3 represents the possible mechanisms of actions of 2-DG against
coronavirus.

20.11 Future Perspective

2-DG is a promising adjuvant to Standard of Care (SOC) in mitigating the COVID-
19 infection. Using Toxicity Estimation Software Tool (T.E.S.T), it was also
observed that it had no major signs of toxicity or side effects (Balkrishna et al.
2020). If any, the side effects of 2-DG are short-lived and temporary due to its half-
life of approximately 90 mins (Dwarakarnath and Jain 2009). 2-DG was found to be
effective against B.6 and B.1.1.7 coronavirus variants by Bhatt et al. since it targets
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metabolism of the infected host cells. Therefore, 2-DG is hypothesized to be a broad-
spectrum antiviral drug that can be used against various variants of COVID-19 and
other viral infections (Bhatt et al. 2022). In a retrospective case series by Chandra
et al., it was concluded that on administration of 2-DG, the oxygen levels improved
to more than 93% in 70% of the patients within 7 days. There was a significant
reduction in the time taken for viral clearance along with that short duration to
negative RT-PCR results was also observed (Chandra et al. 2021). The utility of
2-DG in other viral diseases including emerging infections needs to be systemati-
cally explored.
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20.12 Conclusion

In moderate-to-severely ill patients, 2-DG is found to be effective in reducing
oxygen dependence along with the standard of care as compared to standard of
care alone. It also benefitted the patients by reducing the time in viral clearance and
reduction in duration of time to test RT-PCR negative. Therefore, 2-DG can be a
promising adjuvant in alleviating the COVID-19 symptoms along with the standard
of care.
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Chapter 21
Repurposing Methylene Blue
for the Management of COVID-19:
Prospects, Paradox, and Perspective

Sandeep Sharma, Viney Jain, and Rakesh Kumar Sharma

Abstract COVID-19 onslaught has led to widespread morbidity and mortality
globally. Another major concern, especially in developing countries like India, has
been the development of fungal superinfection and colonization of other pathogens
in hospitalized COVID-19 patients. Even though an armamentarium of repurposed,
antiviral, anticytokine, and antifungal drugs is available to manage the disease
progression, no single drug and/or therapy has provided positive clinical outcomes
with efficacy and affordability. Therefore, it is imperative to explore innovative
approaches for standalone treatment and/or adjunct therapeutic regimes based on our
current understanding of disease prognosis. Low-income and emerging economies
have less resources to protect themselves against the COVID-19-induced health and
economic crisis. With the continuously evolving nature of coronavirus, a cost-
effective strain independent mechanism that could be delivered easily even in a
nonhealthcare setting is an urgent need of the hour. Methylene blue appears an apt
candidate as it is an FDA-approved safe drug that is economically viable and easily
available. Since MB has a long-standing history of being used in clinical setup for
diverse medical applications and possesses intrinsic anti-inflammatory, anticytokine,
and antifungal properties, this study analyzes prospects of its use in the management
of COVID-19. Paradox and prospects of MB applications for the management of
COVID-19, with or without fungal superinfections, are also discussed.
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21.1 Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) presents a series of
progressive pneumonia-like diseases that primarily affect the respiratory tract. The
World Health Organization declared the SARS-CoV-2 outbreak a pandemic on
March 11, 2020. Most of the time, the COVID-19 infection commences when an
uninfected individual inhales virus-laden droplets or aerosols containing the virus in
the air passage. The cells of the nasal pathway have a disproportionately high cell
surface receptor called angiotensin converting enzyme 2 (ACE2). The virus gets
attached to this receptor through its spike glycoprotein and enters the cell, where it
uses the machinery of the cell to make numerous copies of itself and invade more
normal cells. The terminal alveoli in the lungs, which are about 600 million, also
contain cells rich in ACE2 receptors where the virus attacks as the disease progress.
ACE2 receptors are also present on the vascular endothelial cells of all organs. Due
to this, endothelial inflammation is prominent across vascular beds in various organs
of COVID-19 patients (Varga et al. 2020). With the further progression of the
disease, the production of free radicals like the reactive oxygen species (ROS),
reactive nitrogen species (RNS), and cytokines exceed the ability of tissues to
cope up with the virus and neutralize them. This induces oxidative stress, necrosis,
or apoptosis, and finally causes excessive damage to the lung alveoli and vascular
endothelium (Varga et al. 2020; Carsana et al. 2020). Figure 21.1 summarizes the
stage-wise progression of COVID-19, symptoms, and the diagnosis. With the deadly
subsequent waves of COVID-19, a rush of cases involving “black fungus” or

Fig. 21.1 Stage-wise progression of COVID-19, symptoms, and the diagnosis



mucormycosis had also been reported among recovering and recovered COVID-19
patients in India (Divakar 2021; Mahalaxmi et al. 2021). This aggressive infection
mainly affected the nose, eye, sinuses, brain, and lungs. This infection had been of
major concern and life-threatening for diabetic patients or severely immunocompro-
mised individuals, including severe and critically ill COVID-19 patients on steroid
medications that weaken the immune system.
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The current sophisticated therapy regime and the hospital stay of patients having
COVID-19 may lead to an inordinate amount of medical expenditure and
comorbidities. Owing to these constraints, particularly for the developing economies
having low-resourced settings, there is an ardent need for new cost-effective thera-
peutic options that can be delivered effectively for COVID-19 patients and also
address the associated conditions. One of the important aspects of effective man-
agement of COVID-19 patients involves the concurrent management of ROS, RNS,
and bradykinin, which are the major determinants in COVID-19 progression
(Karamyan 2021; Hosseini et al. 2020). Methylene blue (MB) offers the solution
to this triad problem and also addresses the associated infections.

Methylene blue (MB) or methylthionine chloride, chemically (3,7-bis (dimethyl
amino) phenothiazine-5-ium chloride), a phenothiazine derivative, is an FDA- and
EMA-approved drug and offers an excellent safety profile. It can play a pivotal role
in treating disease progression as it inhibits the formation of superoxide anion (ROS
precursor) by blocking the xanthine oxidase pathway (Salaris et al. 1991), counter-
acts the synthesis of nitric oxide (RNS precursor) by direct inhibition of nitric oxide
(NO)-synthase (Mayer et al. 1993) and may terminate effects of bradykinin by
inhibition of nitric oxide synthase inhibitor, with the overall result of prevention of
excess inflammation (Denny et al. 2015; Wang et al. 2016; Ghahestani et al. 2020).
As several bradykinin functions in the body are exerted by nitric oxide (NO), the
inhibition of NO-synthase inhibitor by MB aborts the inflammatory effects of
bradykinin and stimulates oxygen saturation and hemoglobin recruitment.(Mayer
et al. 1993; Rhaleb et al. 1989). Figure 21.2 provides an insight into the inhibitory
effect of MB on major determinants of COVID-19 progression.

MB is mainly indicated in methemoglobinemia wherein it acts by converting
(reducing) ferric iron in methemoglobin (met-Hb) to the ferrous ion of normal
hemoglobin (Clifton and Leikin 2003). It also exerts broad-based antiviral activity
with and without light (Cagno et al. 2021). MB has a reputation as a strong protein
binder owing to its structural space (Fletcher and Hamilton 2006) and has a potent
antifungal activity (Guffey et al. 2017; Ansari et al. 2016). MB has also been used for
making blood products virus-free before transfusions and malaria treatment
(Bojadzic et al. 2021; Lu et al. 2018). Owing to this multitude of properties of
MB, the current article attempts to explore the existing corpus of information
available on MB and set forth an evidence-based hypothesis, prospects, and paradox
governing its use for treating COVID-19 and its associated comorbidities.
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Fig. 21.2 Intricate relationship between various factors in COVID-19 disease progression and the
inhibitory effect of MB on them

21.2 Problems with Conventional Therapy

SARS-CoV-2 is a progressive degenerative disease involving multiple mechanisms
and an array of immunological responses leading to acute respiratory distress
syndrome (ARDS). As symptoms of COVID-19 infection like ARDS take some
time to occur, most of the available antiviral drugs fail to fight it. This is because by



that time, the virus has already triggered an enhanced anti-inflammatory response
and the overall viral load has significantly decreased (Wang et al. 2020; Cao et al.
2020). Using anticytokine drugs is also not recommended as these drugs act on one
or only a few of a range of cytokines involved in the host inflammatory response and
other important mediators of inflammation like ROS and RNS are not targeted
(Scigliano and Scigliano 2021; Lang et al. 2002). Both antiviral and anticytokine
drugs cannot inhibit the production of free radicals and cytokines at the same time,
which is of paramount importance in treating disease progression (Dabholkar et al.
2021). Using nitric oxide (RNS precursor) inhibitor is also not recommended owing
to their lack of specificity in blocking the various isoform of NOS namely L –

NMMA and L – NAME, which may cause unwanted broad tissue necrosis (Evora
2016). Thus, with the onset of the ARDS phase, various mediators of inflammation,
such as ROS, RNS, and cytokine production become intractable and any attempt to
control it with conventional therapy does not yield favorable results.
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21.3 Rationale and Hypothesis of Methylene Blue as an
Adjunct to Standard of Care

SARS-CoV-2 virus after entering the host leads to multiple clinical manifestations.
Therefore, it is imperative to target the treatment depending upon the patient
exposure to the virus and the stage of disease progression. Figure 21.3 presents the
different mechanistic approaches during treatment of the SARS-CoV-2 using MB.

Inhibition of Virus Entry: A recent study has shown that MB has inhibitory
activity against the interaction between SARS-CoV-2 spike protein and its cognate
receptor ACE2 (Bojadzic et al. 2021). This process is the first and the most critical
step in initiating the viral attachment and the simultaneous entry of coronavirus
inside the host cell. Also, the endosome and lysosomes are critical components that
are involved in the entry of SARS-CoV-2 into the cells. MB, upon protonation,
actively accumulates in the lysosomes and raises its pH. Because of this, the low
pH-dependent hydrolases gets blocked and might lead to the inhibition of virus
uncoating and membrane fusion and ultimately the inhibition of endosome differ-
entiation at intermediate stages of endocytosis (Wainwright and Amaral 2005).

Inhibition of Virus Replication: MB is a zinc ionophore and helps in
transporting Zn2+ ions across the lipid membrane in the cell. However, Zn2+

possesses an inherent property to inhibit the elongation of RNA-dependent RNA
polymerase, which is a critical component in the replication process of the virus
within the host (Te Velthuis et al. 2010). In this way, MB could significantly inhibit
the progression and replication of the SARS-CoV-2 virus.

Respiratory Control: Nitric oxide is one of the key determinants in COVID-19
progression and plays a major role in viral-induced pneumonia (Fang et al. 2021).
Nitric oxide causes the suppression of mitochondrial respiration through cytochrome
oxidase and NADH ubiquinone oxidoreductase targeting. This causes an



amplification of the hypoxic state and oxygen debt during the viral attack. MB
directly acts with nitric oxide synthase, thereby inhibiting the production of nitric
oxide. MB could also be used in slowing the progression of the disease and
increasing the recruitment of Hb, as well as oxygen saturation (Mayer et al. 1993;
Rhaleb et al. 1989). By reducing met-Hb, MB increases the SpO2% and activity of
the normally slow NADPH–methemoglobin reductase pathway, causing a decrease
in the hypoxic state (Alamdari et al. 2020a).
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Fig. 21.3 Mechanistic approaches for treating SARS-CoV-2 virus using methylene blue

Inhibition of Inflammatory Response: Viral infection in the host body is
triggered by the formation and activation of NLRP3 (NOD-like receptor protein3)
inflammasome. In COVID-19 patients, activation of the NLRP3 complex causes
macrophages to release interleukins, a key component of the inflammatory response
(Chen et al. 2019). This causes an onset of hyperinflammatory response, which may
further lead to cytokine storm in advanced cases. MB has an inhibitory action on the



NLRP3 complex on macrophages and may help in preventing hyperinflammatory
response associated with SARS-CoV-2 infection (van den Berg and te Velde 2020).
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Table 21.1 Recent clinical studies showing prospects of MB for COVID-19 and the associated
complications

Clinical manifestation/study Therapy Outcome

A COVID-19 patient was suf-
fering from ulcerative lip
lesions which could be
observed as extensive crusted
ulcers on both sides of the lip
vermilion

Combination of antimicrobial
photodynamic therapy (aPDT)
using MB and
photobiomodulation therapy
(PBMT)

Following two sessions of
aPDT and one session of
PBMT, complete healing of
lip lesion was observed within
4 days (Ramires et al. 2021)

A study on postoperative
delirium (POD) and early
postoperative cognitive dys-
function (POCD) on elderly
patients was done. The
patients were on non-cardiac
major surgery

Intraoperative IV 2 mg/kg MB
within 60 min immediately
after anesthetic induction

A marked decline in POD and
POCD was observed in the
patients (Deng et al. 2021)

A cohort of 2500 French
patients having cancer

Combination therapy compris-
ing standard therapy and
α-lipoic acid (800 mg twice a
day), hydroxy-citrate (500 mg
three times a day) and MB
(75 mg three times a day) and a
low carb diet

No influenza-like illnesses
were observed in any of the
patients (Henry et al. 2020)

Combination therapy of meth-
ylene blue-vitamin C–N-acetyl
cysteine was given to five
COVID-19 patients who were
admitted to ICU

Patients were administered
MB (1 mg/kg) along with
vitamin C (1500 mg/kg) and
N-acetyl Cysteine (1500
mg/kg) orally or intravenously

A marked increase in SPO2%
was observed along with the
acceleration of normally slow
NADPH–met-Hb reductase
(Alamdari et al. 2020a)

80 patients suffering from
severe COVID-19

Patients were given oral MB in
one subset, and the other sub-
set was given standard of care

Adding MB to treatment pro-
tocols for COVID-19 patients
greatly improved SpO2 and
respiratory distress, leading to
decreased hospital stay and
mortality (Hamidi-Alamdari
et al. 2021)

Recent clinical trials and explorative studies have shown the remarkable capabil-
ity of MB, either alone or in a combination, to significantly provide the desired
clinical results for patients suffering from COVID-19 and its associated
comorbidities. Table 21.1 shows the various human studies using MB and the
study outcome for COVID-19 and its associated complications. These studies
emphasize the multidimensional possibility of using MB in COVID-19 patients
and associated complications, warranting the use of MB on a commercial scale.
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21.4 Value Addition by Photoirradiation

Photodynamic therapy (PDT) uses a simple concept of preferentially localizing a
nontoxic dye, known as a photosensitizer (PS) in the target tissues or cells, followed
by activating it using harmless visible light. This activation of PS causes the
production of ROS which has lethal effects on cells and tissues that had bound the
PS. MB is a photosensitizer with a maximum absorption peak of 668 nm (Nadtoka
et al. 2020). MB, as an intercalator (owing to the positive charge on its surface),
intercalates within nucleic acid strands by combining with negatively charged G-C
base pairs of viral nucleic acid. Subsequent application of light causes its excitation
and leads to the production of reactive singlet oxygen. This singlet oxygen is highly
reactive and causes the oxidation of guanosine to guanine peroxide, breaking the
nucleic strands and providing the desired virucidal activity (Lozano et al. 2013).
Experiments have shown that MB upon photoactivation could completely inactivate
the virus in plasma before therapy, rendering it free from virus and ensuring patient
safety in plasma therapy of COVID-19 patients (Jin et al. 2021).

The fungal burden in skin abrasion wounds infected with Candida albicans is
also considerably removed by combining photoirradiation with MB. The ratio of dye
concentration to fungal cell density has a direct relationship with the efficacy of
PDT. Experiments at high density of Candida albicans have proved that for achiev-
ing a therapeutically efficient PDT effect, both MB and light sources at higher
concentrations are required (Demidova and Hamblin 2005). However, it is to be
noted that too high a concentration of PS causes the attenuation of light penetrating
the infected wounds by fruitlessly absorbing the light by the dye molecules not
bound to any microbial cell. This may hamper the desired efficacy of PDT. Exper-
iments by Dai et al. had revealed that with an initial average C. albicans cell density
of 107 CFU/ml and at MB concentration of 20 μM, there was approximately 4.43 log
CFU inactivation after an exposure of 9.75 J/cm2 light. At 108 CFU/ml and 20 μM
MB, the surviving fraction of C. albicanswas reduced by 30% at the same light dose
(Dai et al. 2011). Apart from Candida genus, combination therapy of MB and PDT
has also been reported to provide fungicidal efficacy against Sporothrix globosa
in vitro and in vivo (Li et al. 2019). Further studies have confirmed that
photosensitized MB can also act against Trichophyton rubrum (Valkov et al.
2021). Based on this analogy, MB PDT can be used for treating black fungus,
yellow fungus, and white fungus disease.

21.5 Utility of MB in Fungal Superinfections Associated
With COVID-19

Even though a range of antifungal compounds like azoles, polyenes, allylamines,
and echinocandins are available commercially for treating COVID-19-related fungal
complications, their side effect, affordability, and multidrug resistance cannot be



ignored (White et al. 1998; Farmakiotis et al. 2014). For example, the use of potent
compound like Amphotericin B as an antifungal agent in COVID-19 may predispose
the patients to toxicity and may not be affordable to general masses owing to its high
cost. MB has been reported to provide a critical advantage in treating such fungal
superinfection as it causes mitochondrial dysfunction, disruption of redox, and
membrane homeostasis of the fungus, particularly those belonging to Candida
genus (Ansari et al. 2016) and further impede the yeast to hyphal transition which
causes the virulence of fungus in the host body (Lu and Su 2014; Thomas et al.
2013). The development of resistance to PDT by microbes is an unlikely event
because, unlike most other antifungal drugs, PDT is typically a multitarget process
(Lyon et al. 2011). Therefore, the potent antifungal activity exhibited by MB with or
without photoirradiation is of value in tackling fungal superinfections associated
with COVID-19 (Li et al. 2021; Cieplik et al. 2018).

21 Repurposing Methylene Blue for the Management of COVID-19: Prospects,. . . 509

21.6 Risk–Benefit Analysis

MB has been an established drug used in the clinical setting for decades (Schirmer
et al. 2011). MB offers an excellent safety profile for treating methemoglobinemia,
malaria, and cyanide poisoning. MB can be administered through a range of routes
viz. intraduodenally, orally, and intravenously (O’leary et al. 1968; Walter-Sack
et al. 2009). Table 21.2 provides a detailed insight into the multifarious applications
of MB for treating a plethora of diseases, besides its use in COVID-19 and associated
complications.

Owing to its safety profile and a long-standing history of use in clinical practice,
few veteran pulmonologists in developing countries like India have used MB on
their patients for treating the COVID-19 and the associated complications (Sharma
2021). The results were encouraging where it was revealed that around 7000
COVID-19 patients did not develop mucormycosis, a secondary complication of
COVID-19, on treatment with MB. Apart from mucormycosis, the patients on MB
also did not suffer from post-COVID-19 fibrosis of the lungs owing to the strong
antifibrotic action of MB (Golwalkar 2020). The treatment regime comprises using
MB in nebulized form and sublingually together. MB in the sublingual and nebu-
lized form helps remarkably in clearing alveolar-capillary blocks. Intravenous
administration may be required for patients with severe cyanosis (oxygen levels
less than 85%). The primary line of treatment is using 0.1% MB as inhalation
through a nebulizer using nasal mask while the supportive line of treatment com-
prises using MB sublingually. Putting few drops of MB in the humidifier, moistur-
izing jar, or concentrators through which oxygen passes can even help in preventing
almost all types of contamination, including mucormycosis, present in oxygen
(Shukla 2021). MB has also been reported in successful pretreatment of grafts during
transplantation, where it significantly reduced the risk of virus transmission (Helfritz
et al. 2018). The extensive use of personal protective equipment (PPE) by the
healthcare workers, frontline workers, and other stakeholders has led to their supply
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Table 21.2 Diverse application of MB for treating an array of diseases besides COVID-19 and
associated complications

Disease/
complication Treatment/study Outcome

Antiviral activity
Genital herpes MB in 0.1% concentration was applied

topically to the infected part followed
by exposure to 15-watt fluorescent
lamp for 15 minutes

Disease eradication in about 70%
of instances by topically using
MB and light exposure of the
lesions (Weinstein 1975)

Acute hemor-
rhagic
conjunctivitis

Experiments on virus inhibition of E70
and CA24v acute hemorrhagic con-
junctivitis (AHC) epidemic isolates in
human corneal epithelial cells using
0.25-1% MB were done. AHC virus
cytopathy inhibition by MB was
investigated

MB pretreatment significantly
inhibited virus-induced caspase-3
activation and DNA fragmenta-
tion (Langford et al. 2020)

CNS-related disorders
Depression and
anxiety

A clinical trial in which 31 bipolar
manic-depressive subjects were treated
with 300 mg/day MB

MB helped in reducing the
amount of illness by almost half
(Naylor et al. 1986)

Alzheimer
disease

Paired helical filaments (PHFs) from
microtubule associated protein tau were
treated with 0.01%–1% MB

MB reverses the proteolytic sta-
bility of protease-resistant PHFs
by blocking the tau-tau binding
interaction through the repeat
domain (Wischik et al. 1996)

Pain 1 ml of 1% MB was injected into the
diseased disc for treating chronic
discogenic low back pain

Based on the Oswestry Disability
Index, marked improvement was
observed in 87% of the patients
and a median improvement of
68% in disability was obtained
(Kim et al. 2012)

Antifungal activity
Toenail
onychomycosis

Using 2% MB aqueous solution and
irradiation with light-emitting diode
device

Patients on MB treatment
achieved a clinical cure rate of
90% (Figueiredo Souza et al.
2014)

Trichophyton
rubrum infection

10 mL of a 2.0 μmol/L solution of MB
was allowed to be in contact with
Trichophyton rubrum followed by light
irradiation at 625 nm

A rate of delivery of 7.80
mW/cm2 significantly inhibited
T. rubrum when applying 625 nm
light in PDT using MB (Guffey
et al. 2017)

Antibacterial activity
Hidradenitis
suppurativa

MB in niosomel gel was used in con-
junction with intense pulsed light for
topical treatment

A marked decrease in Hidradenitis
Suppurativa Lesion, Area and
Severity Index (HS-LASI) after
treatment was elicited. The sub-
jects also did not suffer from pain,
erythema or hyper- pigmentation
(Fadel and Tawfik 2015)
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Table 21.2 (continued)

Disease/
complication Treatment/study Outcome

Rickettsial
infection

Vero cells infected with rickettsia were
treated with MB and red light

48 h post-treatment with MB
followed by exposure of red light
for 30 min, the viable Rickettsia
slovaca count was reduced by
96% (Špitalská et al. 2018)

Root canal
disinfection

Root canals of extracted teeth were
incubated with Enterococcus faecalis
for three weeks and further treated with
NaOCl irrigation followed by MB-PDT
and observed for colony-forming units
(CFU)

Mean values of CFU decreased by
99% compared to the control
group (Mozayeni et al. 2020)

Other diseases
Progeria, a
genetic premature
ageing disease

Studies on dermal fibroblast lines using
MB solution for ROS scavenging effect
and Nrf2 expression were conducted.
The effect of MB on skin thickness,
skin hydration and upregulation of
elastin and collagen were also
investigated

MB was effective in stimulating
skin fibroblast proliferation and
delaying cellular senescence (Mei
Xiong et al. 2017)

Cyanide
poisoning

Potassium cyanide infusion at 0.75mg/
kg/min was given to rats, followed by
MB at 20mg/kg. The human equivalent
dose was about 4 mg/kg. In a separate
study group, MB was administered
5min after the end of sub-lethal expo-
sure to a toxic concentration of cyanide

MB given instantaneously after
cyanide infusion restored blood
pressure, cardiac contractility and
limited the O2 deficit which
resulted in the survival of all ani-
mals. Giving MB 5minutes after a
non-lethal dose of CN also accel-
erated lactate recovery and O2

deficit. A marked decline in ROS
production and restoration of
ATP/ADP ratio was also obtained
(Haouzi et al. 2019)

Transplant operations
Heart
transplantation

Cardiac patient with a history of myo-
carditis underwent an orthotopic
bicaval cardiac transplantation and
explantation of the automatic implant-
able cardioverter-defibrillator device.
The underlying disease was dilative
cardiomyopathy. MB was given IV
(2 mg/kg body weight) over 30 min

Hemodynamic status remained
stable with no fever or inflamma-
tory response evidenced by nor-
mal leukocyte counts and
C-reactive protein. MB prevented
the possible case of malperfusion
and exhibited a catecholamine-
saving effect (Kofidis et al. 2001)

Liver
transplantation

Infusion of MB was done at 100 mg
bolus for 12 h/1.5 mg/kg postoperation

Initially, in absence of MB, the
patient developed symptoms of
primary graft dysfunction and did
not show a good response to
vasopressor support. However,
MB infusion greatly controlled
the situation, leading to increased
urine output. Further, the patient

(continued)



shortage and disposal issues, particularly in low budget economies. MB treatment
has been reported to decontaminate PPE containing coronaviruses with the mainte-
nance of integrity and fit even after five cycles of treatment (Lendvay et al. 2019).
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Table 21.2 (continued)

Disease/
complication Treatment/study Outcome

was weaned from vasoactive sup-
port and mechanical ventilation
(Vilalva et al. 2018)

Lung
transplantation

Before graft implantation, 2 ml of MB
at 1% concentration was intraperitone-
ally injected into the animal

Minimization of Ischemia-
reperfusion injury, which is one of
the most common obstacles for
lung transplantation, was success-
fully obtained (Abreu et al. 2014)

The normal recommended dose of MB is 1–2 mg/kg usually given as 0.1–0.2
mL/kg of a 1% (10 mg/mL) solution intravenously administered over 5–10 min
(Clifton and Leikin 2003). However, an increase in dose beyond this therapeutic
dose may lead to dose-dependent toxic manifestations. At 2–4 mg/kg, MB may
cause hemolytic anemia and skin desquamation in infants, while a dose of 7 mg/kg
may cause nausea, pain in the abdominal region and chest region, increased body
temperature, and hemolysis. A still higher dose of 20 mg/kg may cause hypotension
(Bilgin et al. 1998; Porat et al. 1996). The clinically used dose of MB as oral
administration ranges between 50 and 300 mg (Oz et al. 2011). At this oral dose,
its absorption is reported to be 53–97% with plasma peak concentrations achieved at
around half an hour to 1 h (Disanto and Wagner 1972). MB undergoes
multicompartmental pharmacokinetics with both intravenous and oral administra-
tions having a terminal plasma half-life of 5–7 h (Peter et al. 2000). MB is a potent
reversible inhibitor of monoamine oxidase (MAO), particularly MAO-A, and using
it concomitantly with selective serotonin reuptake inhibitors (SSRIs) at doses
exceeding 5 mg/kg can lead to inhibition of serotonin degradation (Gillman 2006).
This causes serotonin syndrome, a state in which there is a marked increase in the
toxic concentration of serotonin.(Oz et al. 2011; Ramsay et al. 2007). It is imperative
to note here that the overdoses of SSRIs produce only mild-to-moderate degrees of
serotonin toxicity. Moreover, it is the concomitant use of MAO inhibitors with
SSRIs that may precipitate severe serotonergic side effects which can further
progress to the dose-dependent serotonin toxicity (Gillman 2008). The serotonin
toxicity can be found by using MB not only by the parenteral route but also by the
oral intake of MB containing agents (Zuschlag et al. 2018). Administration of MB to
patients with glucose-6-phosphate dehydrogenase deficiency may lead to the devel-
opment of hemolytic anemia (Rosen et al. 1971). This condition is further charac-
terized by the formation of Heinz bodies with no reduction in met-Hb levels (Clifton
and Leikin 2003). An important thing to be borne in mind while using MB in
COVID-19 is that the treatment course should start early, much before the onset of
inflammation, as it is impossible to reverse tissue damage caused by the virus



inflammatory response (Scigliano and Scigliano 2021). Another critical aspect is the
use of MB in reduced form along with antioxidants, as the oxidized form may
increase oxidative stress and consequently inflammation (Alamdari et al. 2020b).
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21.7 Prospects, Paradox, and Perspective for COVID-19
and the Associated Complications

Owing to the lack of awareness about the significant positive clinical aspects of MB,
its use was limited in the first and subsequent waves of COVID-19. Irrational use of
steroids for treating the COVID-19 patients coupled with a large population with
comorbidities, and use of industrial oxygen or oxygen concentrators in an
unhygienic way, greatly led to the onset of black fungus disease (Mahalaxmi et al.
2021; Bhogireddy et al. 2021). This is incongruent with the fact that the sources of
black fungus are saprophytes and humans usually had no danger from them. The
cases of black fungus were more apparent in adult patients with COVID-19 and
acute hypoxemic respiratory failure. These patients were on conventional oxygen
therapy or enhanced respiratory support that included high-flow nasal cannula,
noninvasive positive-pressure ventilation, intubation, and invasive mechanical ven-
tilation. Because of this, such patients got maximum exposure to contaminated
oxygen, thus contributing toward “Hospital Acquired Infection of Mucormycosis”
and a sudden spike in cases of black fungus disease (Bhatia 2021; Stone et al. 2021).
Given the fact that COVID-19 patients may slowly progress into fungal infections
due to irrational use of antiviral and anticytokine drugs, it is postulated that use of
MB, either alone or in combination with PDT, especially during the early course of
disease progression may render significant positive clinical outcome. It is
recommended to add MB either as compassionate and/or informed voluntary treat-
ment for patients suffering from COVID-19 and its associated complication. Even
though few veteran specialists are using MB in their patients, though sporadically in
various countries, studies and randomized clinical trials highlighting its multifarious
uses are still missing. No big pharmaceutical firm seems interested in investing in
this freely available drug, which makes this drug highly neglected. Even medical
practitioners have not explicitly used and prescribed MB to their patients owing to
the lack of knowledge and awareness regarding its multifarious application. Since
MB has a proven track record of safety for decades, its commercial exploitation as an
adjunct to the Standard of Care cannot be overruled. MB can be used equally well for
prophylaxis and therapeutic purpose. Using MB as inhalation or by a simple
technique of nebulization can prevent an array of viral and fungal diseases, including
COVID-19 complications, while its therapeutic use can be exploited under medical
supervision. As the third wave of COVID-19 pandemic is just around the corner and
nothing can be predicted about the clinical manifestation of this disease, it is high
time government authorities and stakeholders should follow these anecdotes from
the experts and facilitate efforts to qualify MB as a key component in the fight
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against COVID-19 pandemic. Clinical trials using MB in the general populace,
either alone or in combination with PDT, are necessary to avert and thwart the
future clinical progression of COVID-19-related disorders and the associated mor-
tality and morbidity.
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21.8 Conclusion

Ardent efforts by government officials, DRDO, and the NGOs have resulted in an
adequate supply of medical oxygen in India and other developing countries, which
was a far-fetched thing a few months ago. This, however, does not mean that the
threat and concern of COVID-19 have subsided, as it can still wreak havoc. More
efforts are required to focus on ways of prevention of virus attack and the associated
superinfections. Even though the current vaccination drive has provided much relief,
it has the inherent drawback of being strain specific. Of particular concern is the
emergence of new variants for which vaccination may not deliver the desired
protection. MB has been indicated for use for an array of diseases like common
influenza, urinary tract infection, central nervous system-related disorders, antifun-
gal agent, antiviral agent, and for treating methemoglobinemia and cyanide poison-
ing. This warrants its use as a broad-based antiviral and antifungal agent not specific
for COVID-19 patients but a plethora of other commonly encountered diseases and
for unanticipated pandemics and epidemics, the most recent being COVID-19. As
the majority of the medical use of MB can be explored by simple way of steam
inhalation or nebulization, it provides an easy option for use by masses at home in a
cost-effective manner even in nonhospital or home care setting.

None.
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Chapter 22
Drug Repurposing in COVID-19
and Cancer: How Far Have We Come?

Yasir Bashir, Nabeela Farhat, and Asad U. Khan

Abstract Drug repurposing is a strategy for ascertaining new implications for
already approved drugs. Historically, this field started with the serendipitous and
inadvertent findings of a drug that was found to have an effect other than its original
indication that was previously unrecognized and that had potential application in an
entirely different disease. The fact that the rate of failure associated with the
development of new drugs is high and the funds needed are enormous, it has
compelled the scientific fraternity to look for alternatives and thus the drug
repurposing approach has gained traction in the scientific community. The havoc
that COVID-19 wreaked is unprecedented and till date it has led to the death of
around 5.7 million people worldwide. The scientific fraternity, the world over, has
embarked on the journey of getting a sure shot treatment for this deadly disease and
till date many studies have been published discussing the role of various repurposed
drug candidates in COVID-19 treatment. A majority of these studies have been
carried out using structural bioinformatics and have not been validated by in vitro
experiments. There is a pressing need for the treatment of COVID-19 disease using
repurposed drugs by experimental validation and clinical testing, and augmented by
the modern Machine Learning (ML)- and Artificial Intelligence (AI)- based
approaches. A number of drug candidates have been investigated for their potential
applications in cancer therapy, however the conundrum about the utility of either
repurposed drug candidates or only active anti-cancer drugs for cancer therapy is to
be pursued thoroughly so that mankind gets the most out of whatever potential the
drug candidates, whether old or new, have in store for us. This chapter discusses the
utility of drug repurposing approach as an alternative strategy for drug discovery that
is intended to find treatment for new and emerging infectious diseases, viz. COVID-
19 and cancer.
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22.1 Introduction

Drug repurposing (DR) is a strategy for ascertaining new implications for already
approved drugs or the application of established drug compounds to new therapeutic
indications (Langedijk et al. 2015; Ballard et al. 2020). Though the break-through
discoveries related to DR have mostly been serendipitous in the initial phase, this
field of science has progressed leaps and bounds in the last three decades. Moreover,
the fact that the rate of failure is high (~90%) and the funds that need to be allocated
for the development of new drugs are enormous, it has compelled the scientific
fraternity to look for alternatives and thus the DR approach has gained traction in the
scientific community. A number of advantages of DR can be enumerated over
developing an entirely new drug which include the following:

• The drug candidates for repurposing have already been proven safe for applica-
tions in other indications, so there are bleak chances of their failure from a safety
point of view in the downstream trials regarding their efficacy, thus there is a
lower risk of failure.

• The preclinical evaluation including toxicity testing, validation of the target, hit-
to-lead optimization, early clinical trials, safety assessment, etc. will already have
been completed, thus circumventing the need for preclinical development phase,
thus there is a reduced time frame for drug development.

• Although the downstream regulatory and phase III clinical trial costs for a drug
being repurposed may not differ from the investment on a novel drug candidate in
the same disease condition, significant savings could be managed in costs at
preclinical and early phase stages (Fig. 22.1).

Fig. 22.1 Time and resources associated with conventional drug development versus drug
repurposing are depicted schematically
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22.2 Success Stories of Drug Repurposing

Historically, the field of DR started with the serendipitous and inadvertent findings
of a drug that was found to have an effect other than its original indication that was
previously unrecognized and that had potential application in an entirely different
disease. Some of the most famous successful DR examples are presented in
Table 22.1. These success stories speak volumes about the feasibility and effective-
ness of the DR strategy and thus this approach has gained a considerable amount of
attention in the public and private sectors. Researchers across the globe are increas-
ingly searching for drugs to repurpose and also open up ways to mitigate the crisis of
antimicrobial resistance that is considered a potential threat for humankind in the
near future (O'Neill 2014).

Table 22.1 List of approved repurposed drugs on various diseases

Drug Original application New application Year

Zidovudine Anticancer Antiviral 1987

Minoxidil Hypertension hair loss 1988

Eflornithine Antitumor agent Human African trypanosomiasis 1990

Paromomycin Antibiotic Visceral leishmaniasis 1994

Finasteride Benign prostatic
hyperplasia

Alopecia 1997

Amphotericin
B

Antifungal Visceral leishmaniasis 1997

Sibutramine Depression Obesity 1997

Bupropion Depression smoking cessation 1997

Sildenafil Hypertension erectile dysfunction and pulmonary arterial
hypertension

1998

Methotrexate Cancer Rheumatoid arthritis 1999

Fluoxetine Depression Premenstrual dysphoric disorder 2000

Atomoxetine Parkinson disease Attention deficit hyperactivity disorder 2002

Thalidomide Morning sickness multiple myeloma 2003

Paclitaxel Cancer Restenosis 2004

Topiramate Epilepsy Migraine 2004

Cymbalta Depression Diabetic peripheral neuropathy 2004

Rituximab Cancer Rheumatoid arthritis 2006

Raloxifene Osteoporosis Breast cancer 2007

Lumigan Glaucoma Hypotrichosis simplex 2009

Lidocaine Local anesthetic Arrhythmia 2010

Topiramate Epilepsy Obesity 2012

Dapoxetine Analgesia and
depression

Premature ejaculation 2012

Ketoconazole Fungal infections Cushing syndrome 2014

Miltefosine Skin metastases Visceral leishmaniasis 2014

Aspirin Analgesia Colorectal cancer 2015
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Like all other fields of science, the DR approach is also amenable to failure and
thus there are reports of unsuccessful repurposing of drugs as well. Latrepirdine, a
drug originally used as an Antihistamine, was repurposed to treat Huntington disease
but the phase III clinical trials were unsuccessful (Bezprozvanny 2010); Ceftriaxone,
an antibiotic, was investigated to treat Amyotrophic lateral sclerosis but phase III
trial failed to show efficacy (Cudkowicz et al. 2014); Topiramate, originally used to
treat epilepsy, was repurposed for inflammatory bowel disease (IBD). The study,
though successful in a rodent, failed in a retrospective cohort study (Crockett et al.
2014). These failures were not due to toxicity as the said drugs had already cleared
the initial characterization phase and were pursued based on their successful pre-
clinical evaluation. These drugs failed in their phase III trials; however, there are also
other reasons for failure in the DR approach and they include intellectual property
considerations, regulatory considerations, and organizational hurdles (Pushpakom
et al. 2019).

22.3 Drug Repurposing and Infectious Diseases

22.3.1 COVID-19

Of late, the world has been left devastated by the coronavirus disease-19 (COVID-
19) caused by SARS-CoV-2, a novel severe acute respiratory syndrome
coronavirus-2. It originated from Wuhan, China in December 2019 and quickly
spread throughout the globe, becoming a global pandemic by March 2020 (Xie et al.
2020). COVID-19 has not only affected the global public health but the economy of
the world as well (World Health Organization 2020). Till date, five different variants
of SARS-CoV-2 have been found viz. Alpha, Beta, Gamma, Delta, and the latest of
them all is the Omicron variant. The rate at which this variant transmits into the
populations is alarming and as such the scientific community, the world over, has
launched an unprecedented research in various fields to alleviate the COVID-19
effects and come up with a sure-shot treatment for such a deadly disease.

Although a number of different drugs are being administered to COVID-19-
affected patients, there are no clinical studies that prove the efficacy of these drugs
as yet. For example, the derivatives of chloroquine (CQ) tested on coronaviruses had
earlier exhibited significant in vitro anti-coronavirus effect (Keyaerts et al. 2004),
which were further corroborated by the findings in which hydroxychloroquine
(HCQ) inhibited SARS-CoV-2 replication in vitro (Liu et al. 2020; Yao et al.
2020). When the COVID-19 pandemic struck the world, HCQ initially showed
promising anti-coronavirus effects in SARS-CoV-2-infected patients (Mehra et al.
2020; Boulware et al. 2020; Geleris et al. 2020), leading to its fast-track approval as
anti-coronavirus drug by the US Food and Drug administration (USFDA). The
Solidarity trial by World Health Organization (WHO) investigated four drugs viz.
remdesivir, lopinavir, hydroxychloroquine, and interferon for their effect on SARS-
CoV-2-infected patients (WHO 2020). The studies showed that these drugs had little



or no effect on COVID-19 patients leading to the retraction of these drugs for their
use against COVID-19.
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Fig. 22.2 Drug repurposing approaches: Computational approaches, either alone or in combina-
tion, can be used to systematically analyze large-scale data in order to extract the meaningful
interpretations for DR hypotheses

DR approach involving anti-hepatitis C virus molecules as potential drugs against
COVID-19 is under investigation (El Fiky 2020). In addition, many other candidate
drugs being repurposed include the protease inhibitors (Kumar et al. 2020), anti-
inflammatory drugs (Zhang et al. 2020a), and anti-aging drugs (Sargiacomo et al.
2020) which are under investigation as effective therapeutic agents for COVID-19.
Various computational approaches can be used to systematically analyze large-scale
data in order to extract the meaningful interpretations for DR hypotheses (Fig. 22.2).

Table 22.2 lists the drug candidates at various stages of their development as anti-
COVID-19 therapeutic agents.

In this regard, the initiatives started by the World Health Organization (WHO)
have been of paramount significance to prioritize the use of target-specific com-
pounds. Worth to mention is the Solidarity PLUS trial wherein three drugs—
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Table 22.2 List of various drug candidates being repurposed for COVID-19 treatment

Intervention Study title NCT numbera

Favipiravir Clinical Study To Evaluate The Performance And
Safety Of Favipiravir in COVID-19

NCT04336904

Remdesivir PK and Safety of Remdesivir for Treatment of COVID-
19 in Pregnant and Non-Pregnant Women in the US

NCT04582266

AZD7442 Phase III Study of AZD7442 for Treatment of COVID-
19 in Outpatient Adults

NCT04723394

Ritonavir Evaluation of Protease Inhibition for COVID-19 in
Standard-Risk Patients (EPIC-SR).

NCT05011513

Aprotinin An Open Non-comparative Study of the Efficacy and
Safety of Aprotinin in Patients Hospitalized With
COVID-19

NCT04527133

AZD1222 Phase II/III Study of AZD2816, for the Prevention of
COVID-19 in Adults

NCT04973449

Hydroxychloroquine
Azithromycin

Hydroxychloroquine vs. Azithromycin for Hospitalized
Patients With Suspected or Confirmed COVID-19

NCT04329832

Leflunomide Targeting de Novo Pyrimidine Biosynthesis by
Leflunomide for the Treatment of COVID-19 Virus
Disease

NCT05007678

Nafamostat Mesilate
TD139

DEFINE—Evaluating Therapies for COVID-19 NCT04473053

Almitrine Efficacy of Intravenous Almitrine in Reducing the Need
for Mechanical Ventilation in Patients With Hypoxemic
Acute Respiratory Failure Due to Covid-19-related
Pneumonia

NCT04357457

Dexamethasone The Effect of Dexamethasone 12 mg vs 6 mg on
Thromboembolic Events in Patients With Critical
COVID-19

NCT05195242

Molnupiravir Efficacy and Safety of Molnupiravir (MK-4482) in
Non-Hospitalized Adult Participants With COVID-19
(MK-4482-002)

NCT04575597

Mavrilimumab Study of Mavrilimumab (KPL-301) in Participants
Hospitalized With Severe Corona Virus Disease 2019
(COVID-19) Pneumonia and Hyper-inflammation

NCT04447469

Cannabidiol Cannabidiol for COVID-19 Patients With Mild to
Moderate Symptoms

NCT04467918

Azoximer bromide Efficacy and Safety of Polyoxidonium® in Hospitalized
Patients With Coronavirus Disease COVID-19

NCT04381377

Sarilumab Cohort Multiple Randomized Controlled Trials Open-
label of Immune Modulatory Drugs and Other Treat-
ments in COVID-19 Patients—Sarilumab Trial—
CORIMUNO-19—SARI

NCT04324073

Pitavastatin Evaluating the Use of Pitavastatin to Reduce the Risk of
Cardiovascular Disease in HIV-Infected Adults

NCT02344290

aSource: https://clinicaltrials.gov/

https://clinicaltrials.gov/


artesunate, imatinib, and infliximab—are to be tested in hospitalized SARS-CoV-2-
infected patients (WHO 2020). These drugs being repurposed have been envisioned
for their immense potential in alleviating the risk of death in SARS-CoV-2-infected
patients.
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22.3.2 Cancer

Cancer therapy, for long, has been a research-intensive field and a significant amount
of funding has been diverted for research in this field in order to mitigate the crisis
that this deadly disease has given rise to. Globally, cancer is the leading cause of
mortality with around ten million deaths in 2020 (https://www.who.int/news-room/
fact-sheets/detail/cancer) despite the plethora of studies undertaken to discover drugs
that are novel and more effective. Given the fact that the cost of development of a
new drug de novo averages between 1 and 2 billion US$ (Nosengo 2016), it is no
surprise that DR approach is gaining traction in cancer therapy as well. Table 22.3
enlists the various drug candidates that have been used for repurposing against
various cancers.

The utility of this approach to develop innovative treatments in oncology based
on repurposing the non-cancer medications for anti-cancer potential has only
increased (Pantziarka et al. 2020). Researchers and clinicians, across the globe, are
turning to this approach to alleviate the crisis of drug shortage by repurposing old
drugs for new cancer therapies (Corsello et al. 2017). It is believed that almost all the
drugs that are used in human therapy are multi-target drugs, i.e., they have the
potential to act on many targets (Huang et al. 2020; Dallavalle et al. 2020), so, if
these drug-targets have molecular signatures consistent with those of cancer, there is
a huge possibility of finding novel anti-cancer therapeutic (Wang et al. 2019; Patel
et al. 2013). Table 22.4 summarizes the repurposed drug candidates used for
targeting the various hallmarks of cancer along with the therapy approach used
(Zhang et al. 2020b).

22.4 Challenges and Future Perspectives

The havoc that COVID-19 wreaked is unprecedented and till date it has led to the
death of around 5.7 million people worldwide (https://covid19.who.int/). The scien-
tific fraternity, the world over, has embarked on the journey of getting a sure shot
treatment for this deadly disease and till date many studies have been published
discussing the role of various repurposed drug candidates in COVID-19 treatment. A
majority of these studies have been carried out using structural bioinformatics.
Though these studies have contributed substantially towards our understanding of
the bonding between viral proteins and various lead compounds that may be
potential drug candidates for COVID-19, nonetheless, a majority of them have not
been validated by in vitro experiments. To add to that, various studies predicted the

https://www.who.int/news-room/fact-sheets/detail/cancer
https://www.who.int/news-room/fact-sheets/detail/cancer
https://covid19.who.int/


usefulness of drug candidates that failed to demonstrate their efficacy when
subjected to clinical trials. So, there is a pressing need for the treatment of
COVID-19 disease using repurposed drugs by experimental validation and clinical
testing, and augmented by the modern machine learning (ML)- and artificial intel-
ligence (AI)-based approaches, so that this battle is won against the COVID-19
disease.
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Table 22.3 Drug candidates used for repurposing against various cancers and their original
medical indication

Drug Original indication New indication

Artemisinin and related
derivatives

Malaria Lung, breast, colorectal cancer

Aspirin Pain
Fever

Gastrointestinal, esophageal cancer

Berberine Bacterial diarrhea Gastric, lung, colorectal cancer

Chloroquine Malaria
Rheumatoid arthritis

Pancreatic, breast cancer,
chondrosarcoma

Curcumin Dermatological
diseases

Prostate, breast cancer, multiple
myeloma

Disulfiram Alcohol-aversion
drug

Prostate, breast cancer, melanoma

Genistein Menopause
Osteoporosis
obesity

Breast, bladder, colorectal cancer

Indomethacin Rheumatic disease Colorectal, esophageal, ovarian
cancer

Itraconazole Antifungal agent Prostate, lung cancer

Mebendazole and related
derivatives

Intestinal
helminthiasis

Medulloblastoma, glioma,
astrocytoma

Metformin Type 2 diabetes Breast, colorectal, prostate cancer

Niclosamide Antihelminthic drug Colorectal, prostate cancer

Prazosin Hypertension Adrenal incidentaloma

Quinacrine Malaria
Giardiasis
Rheumatoid arthritis

Non–small-cell lung, prostatic
cancer

Rapamycin Immunosuppressant
Antirestenosis agent

Rectum, breast, prostate cancer

Ritonavir HIV Kaposi’s sarcoma, breast cancer

Thalidomide Sedative
Antiemetic

Prostate, colorectal, ovarian cancer

Triamterene Diuretic Acute myelocytic leukemia

While a number of drug candidates have been investigated for their potential
applications in cancer therapy, there is also a counter-narrative to drug repurposing
for cancer therapeutics. Some researchers while focusing on different aspects of
repurposing viz. single-agent activity, costs on repurposing, sample size in clinical
trials, etc. come to a conclusion that the testing of repurposed drugs bearing no



single-agent activity in large, randomized trials, shouldn’t be pursued and instead
these funds could be diverted to testing known anti-cancer drugs in trials for which
results could be extrapolated in a global context (Tran and Prasad 2020). The same is
corroborated by their inability to be pursued in uncontrolled, phase II studies, owing
to the fact that these drugs lack single-agent activity in cancer. So the conundrum
about the utility of either repurposed drug candidates or only active anticancer drugs
for cancer therapy is to be pursued thoroughly so that mankind gets the most out of
whatever potential the drug candidates, whether old or new, have in store for us.
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Table 22.4 List of drugs targeting the cancer hallmarks using DR approach

Cancer hallmark Therapy approach Drug candidates

Proliferative signaling sustenance Monotherapy Prazosin
Rapamycin
Indomethacin

Growth suppressor evasion Combinatorial Quinacrine
Ritonavir

Cell death resistance Monotherapy Chloroquine
Artemisinin

Enabling replicative immortality Combinatorial Genistein
Curcumin

Mutation and genomic instability Combinatorial Mebendazole Spironolactone

Energy metabolism reprogramming Monotherapy Disulfiram
Metformin

Inducing angiogenesis Combinatorial Itraconazole
Thalidomide

Metastasis and invasion activation Combinatorial Niclosamide
Berberine

Tumor-promoting inflammation Combinatorial Thiocolchicoside
Aspirin

Immuno-destruction evasion Monotherapy Vaccines for Infectious disease

In summary, drug repurposing approach has emerged as an alternative strategy
for drug discovery and is intended to find treatment for new and emerging infectious
diseases including, but not limited to, COVID-19 and cancer therapy. James Black, a
1988 Nobel laureate in physiology and medicine, once said: “the most fruitful basis
for the discovery of a new drug is to start with an old drug.” DR has unfurled as a
promising therapeutic strategy for the effective mitigation of COVID-19 as well as
cancer, and is believed to be our savior in tackling the emerging infectious diseases.
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Chapter 23
Repurposing of Doxycycline to Attenuate
Influenza Virus Pathogenesis Via Inhibition
of Matrix Metalloproteinases in Neutrophils

T. Narasaraju, Charlene Fong, Sunil K. Lal, and Vincent T. K. Chow

Abstract Influenza viruses constitute a significant threat to public health worldwide
over many decades, and continue to inflict significant morbidity and mortality.
Previous studies show that infection of mice with mouse-adapted influenza A/
Aichi/2/1968(H3N2) passage 10 (P10) virus can elicit exuberant inflammatory
responses in the lungs with extensive infiltration of macrophages and neutrophils
(which are sources of gelatinases) that contribute to pulmonary damage. The lungs of
mice with severe influenza pneumonitis also reveal extensive neutrophilic infiltra-
tion, neutrophil extracellular traps (NETs), alveolar damage, heightened viral load,
and pathologic features of acute respiratory distress syndrome (ARDS). Excessive
neutrophil and matrix metalloproteinase (MMP) activities are implicated in the
pathogenesis of acute lung injury (ALI) and ARDS. Hence, an objective of this
study was to investigate the production of MMP-2 and MMP-9 in neutrophils
differentiated from the MPRO murine pro-myelocytic cell line, following infection
with mouse-adapted influenza H3N2 virus. Another objective was to investigate the
effects of doxycycline on expression of MMP-2 and MMP-9 at transcriptional and
translational levels in neutrophils in the context of influenza virus infection. MMP-2
and MMP-9 production and gelatinase activity were found to be induced by infec-
tion of differentiated neutrophils with mouse-adapted influenza H3N2 virus.
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Furthermore, doxycycline treatment was able to abrogate this increase in MMP-2
and MMP-9 expression and gelatinase activity. Given that excessive neutrophil
infiltration and uncontrolled neutrophil gelatinase activity in pulmonary tissues
play pivotal roles in the pathogenesis of ALI and ARDS, this study offers insights
into the mechanism of excessive MMP-2 and MMP-9 production and activity in
neutrophils during influenza virus infection. Thus, repurposing doxycycline as an
MMP inhibitor represents a potential therapeutic strategy to ameliorate influenza-
associated pulmonary injury by targeting MMPs, gelatinase production and activity
in neutrophils. Doxycycline therapy (alone or in combination with other drugs) has
also been considered and explored for the management of other infectious diseases
such as coronavirus infections and tuberculosis.
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Influenza constitutes a significant threat to public health worldwide over many
decades. Influenza A viruses cause significant morbidity and mortality over wide-
spread geographical distances (Ivan et al. 2020). The world has experienced several
major pandemics caused by influenza A viruses, including the 1918 H1N1, 1957
H2N2, 1968 H3N2, and 2009 H1N1 strains. Moreover, outbreaks due to highly
pathogenic avian influenza viruses (such as H5N1 and H7N9) have occurred in
many countries all over the world (Chow et al. 2008; Sakharkar et al. 2009; Zhou
et al. 2018).

23.1 Neutrophils and Influenza Virus-Induced Lung Injury

Influenza virus infection induces the mobilization of neutrophil effector systems—
the virus and virus-infected cells are engulfed and phagocytosed by neutrophils to
form a lysosome, leading to neutrophil activation. The neutrophil then undergoes a
respiratory burst, leading to reactive oxygen species (ROS) generation, and release
of contents from the azurophil and specific granules into the phagolysosome—thus
creating a toxic microenvironment that kills the virus (Smith 1994; Hashimoto et al.
2007). In addition, neutrophils are also implicated in the inflammatory response that
characterizes acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) during severe influenza virus infection (Abraham 2003; Quispe-Laime
et al. 2010; Narasaraju et al. 2011).

ALI is a complex clinical syndrome which is characterized by pulmonary edema,
capillary leakage, and pneumonia. ARDS is the most severe form of ALI, and is
characterized by diffuse alveolar damage and leukocytic inflammation of the lung
parenchyma, epithelial damage, and hypoxemia. Neutrophil-predominant host
inflammatory responses are essential for the development of ALI and ARDS. The



inappropriate release of the proteolytic enzymes contained in the neutrophil granules
into the extracellular space can cause host tissue injury via proteolytic activity and
release of ROS. This occurs in the case of excessive neutrophil infiltration, prema-
ture activation of neutrophils during migration, and/or formation of neutrophil
extracellular traps or NETs (Narasaraju et al. 2011). During neutrophil migration
into the lung airways, uncontrolled activation of neutrophils may occur in response
to certain microbial or host-derived stimuli—excessive release of the proteolytic
enzymes then culminates in damage and sloughing of pulmonary epithelial and
endothelial cells (Ware and Matthay 2000; Xu et al. 2006).
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In the early phase of ALI and ARDS, the release of pro-inflammatory mediators
from monocytes, alveolar macrophages, and vascular endothelial cells results in
neutrophil migration and sequestration. Activated neutrophils release terminal effec-
tors such as ROS, neutrophil elastases, and matrix metalloproteinases (MMPs) to
cause lung tissue injury, leading to leakage of proteinaceous fluid into the alveolar
spaces and airways. The intense inflammatory response leads to pulmonary endo-
thelial and epithelial cell damage, and disruption of the capillary-alveolar barrier
function (Taubenberger and Morens 2008).

The MPRO cell line is derived from murine bone marrow cells via the transduc-
tion of a dominant-negative retinoic acid receptor. The MPRO line is dependent on
granulocyte-macrophage colony-stimulating factor (GM-CSF), is arrested at a
pro-myelocytic stage, and can morphologically differentiate into neutrophils follow-
ing treatment with 10 μM all-trans retinoic acid (ATRA)—rendering it a useful cell
line for in vitro neutrophil studies (Lawson et al. 1998; Johnson et al. 1999).

23.2 Functions of Matrix Metalloproteinases

MMPs carry out essential functions in the form of extracellular matrix (ECM)
degradation, which is necessary for ECM turnover and tissue remodeling in various
processes such as cell migration, embryonic development, and angiogenesis. MMPs
have a wide range of targets, including non-ECM proteins such as growth factors and
various cytokines—thus also affecting various processes in cellular proliferation,
cell migration, and apoptosis. MMPs are naturally regulated at various levels
including gene expression, zymogen activation, mRNA stability, enzyme inactiva-
tion, and compartmentalization. Most MMPs are inducibly transcribed, with the
exception of MMP-2 which is constitutively expressed (Sternlicht and Werb 2001;
Parks et al. 2004; Snoek-van Beurden and Von den Hoff 2005).

Within the MMP family, gelatinases are considered an integral subclass due to
their ability to degrade major constituents of the basement membrane, including type
IV collagen, laminin, and gelatin. Gelatinases include MMP-2 (gelatinase A) and
MMP-9 (gelatinase B). MMP-2 can also digest type I, II, and III collagens, while
MMP-9 can digest type V collagen (Murphy and Crabbe 1995; Sternlicht and Werb
2001; Parks et al. 2004). However, the two gelatinases differ in certain ways.
MMP-2 is synthesized by a broad range of cells, including alveolar epithelial cells,
endothelial cells, fibroblasts, macrophages, and dendritic cells. MMP-9 is mainly



produced by inflammatory cells such as neutrophils, monocytes, macrophages, and
lymphocytes (Murphy and Crabbe 1995; Corbel et al. 2000). Both gelatinases are
differentially regulated at transcriptional and extracellular levels. MMP-9 is tran-
scriptionally regulated by cytokines and growth factors, whereas MMP-2 is only
mildly responsive to these molecules.
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Given that various MMPs, especially MMP-2 and MMP-9, are involved in
pulmonary pathology, MMP inhibitors may be therapeutically exploited for amelio-
rating influenza-induced immunopathology. MMP inhibitors function in several
ways, such as by inhibiting RNA synthesis, chelating zinc, and binding to the
MMP active site.

MMP inhibitors have been shown to be effective therapeutic agents in animal
models in which they can prevent pathologic changes of emphysema and ARDS
(Carney et al. 2001). However, the nonspecificity of MMP inhibitors may lead to
dose-limiting adverse effects. Periostat® or doxycycline hyclate is an example of
MMP inhibitor which is clinically approved for use in periodontal disease (Corbitt
et al. 2007; Fingleton 2007).

23.3 Repurposing Doxycycline to Mitigate
Influenza-Induced Tissue Injury

Doxycycline is a broad-spectrum tetracycline antibiotic whose mode of action is to
prevent access of acyl transfer-RNA to the acceptor site on the mRNA-30S ribo-
somal subunit complex, thus inhibiting the elongation process of bacterial protein
synthesis. It possesses bacteriostatic, antiprotozoal, and antihelmintic effects (Smith
and Cook 2004; Batty et al. 2007). Doxycycline also acts as a nonspecific MMP
inhibitor, and its roles in MMP-2 and MMP-9 inhibition have been extensively
studied. Some proposed mechanisms of MMP inhibition by doxycycline include
downregulating MMP gene expression, chelating to zinc at the catalytic site,
inhibiting pro-MMP activation, or scavenging of ROS (Curci et al. 2000; Cena
et al. 2010; Chang et al. 2010). Ng et al. (2012) showed that oral administration of a
low dose of doxycycline not only reduces inflammation following influenza virus
infection in mice but also leads to significant reduction of host lung injury by
minimizing the destruction of pulmonary epithelium and endothelium, and by
decreasing leakage of proteinaceous material into the airways. Influenza-induced
host lung injury is effectively improved by lower doses of doxycycline. However,
higher doses of the drug substantially reduce inflammation to render viral clearance
inefficient, thus resulting in high virus load, direct cytopathic effects on the host
cells, and eventually aggravating pulmonary damage. It is thus vital to use an
optimal (but not excessive) dosage of doxycycline to mitigate inflammation and
gelatinase activities in influenza virus infection to alleviate acute lung injury.
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23.4 Study Objectives

The first objective of this study was to analyze the in vitro production of MMP-2 and
MMP-9 gelatinases following influenza H3N2 virus infection of neutrophils. The
main rationale of this aim was predicated on previous in vivo studies showing that
mouse-adapted influenza A/Aichi/2/1968(H3N2) passage 10 (P10) virus infection
elicits an exaggerated inflammatory response in the lungs with extensive infiltration
of macrophages and neutrophils (which are sources of gelatinases) that contribute to
pulmonary damage (Narasaraju et al. 2009). Subsequent studies examining severe
influenza pneumonitis in mice revealed excessive neutrophilic infiltration, NETs,
alveolar damage, heightened viral load, and ARDS-like pathology (Narasaraju et al.
2011). This objective was to focus on the production of MMP-2 and MMP-9 in
neutrophils differentiated from the MPRO murine pro-myelocytic cell line, follow-
ing infection with mouse-adapted influenza H3N2 virus.

The second objective was to investigate the effects of doxycycline on expression
of MMP-2 andMMP-9 at transcriptional and translational levels in neutrophils in the
context of influenza virus infection. Since excessive neutrophil and MMP activities
are implicated in the pathogenesis of ALI and ARDS (Narasaraju et al. 2011),
doxycycline may serve as a potential therapeutic to ameliorate host damage caused
by neutrophil gelatinases during severe pulmonary influenza infection.

23.5 Materials and Methods

Mouse lung-adapted influenza A/Aichi/2/1968(H3N2) virus was prepared as
described previously (Narasaraju et al. 2009; Ivan et al. 2012). One batch of
BALB/c mice was infected with mouse lung-adapted passage 14 (P14) H3N2
virus, and their lung homogenates harvested to generate passage 15 (P15) virus.
P15 virus was then used for infecting a larger batch of mice to generate passage
16 (P16) virus. Automated cycle sequencing of the P16 virus hemagglutinin
(HA) and nonstructural 1 (NS1) genes amplified by reverse transcription-polymerase
chain reaction (RT-PCR) confirmed the presence of mutations previously identified
in P10 virus (i.e., G218E in HA and D125G in NS1). Virus plaque assay using
MDCK cells was performed for viral quantification of P16-infected lung homoge-
nates which were used for infection of MPRO cells.

MPRO cell culture and differentiation into neutrophils were carried out as
described previously (Ivan et al. 2013). Total cell count and differential cell count
were determined using trypan blue exclusion and Giemsa staining, respectively.
MPRO cells were treated with 10 μM ATRA to induce differentiation into neutro-
phils. Figure 23.1 shows that MPRO cell differentiation peaked at day 6, during
which the majority of differentiated cells acquired neutrophil-like morphologic
features such as multilobed or segmented nucleus with granulated cytoplasm
(Fig. 23.2).
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Fig. 23.1 Comparison of percentage of MPRO cell viability and cell differentiation over time.
Cells were subjected to trypan blue staining for cell viability, and to Giemsa staining for neutrophil
differentiation, and counted by microscopy. The graphs display the mean and standard deviation for
each time-point (n = 12 each). Day 0 indicates time of addition of all-trans retinoic acid (ATRA).
Neutrophil differentiation peaked at day 6, while cell viability decreased progressively over time

Fig. 23.2 Giemsa staining of differentiating MPRO cells at days 5 and 6 after the addition of
ATRA. Representative images to exemplify MPRO cells differentiating and acquiring neutrophil-
like morphologic characteristics such as segmented nucleus and granulated cytoplasm on day 5 and
especially on day 6. Differentiated MPRO cells at day 6 following ATRA treatment were used for
influenza virus infection

MPRO cells at day 6 following ATRA treatment were used for virus infection at
multiplicity of infection (MOI) of 0.1. Three million cells were seeded in each well
of 24-well plates. The four experimental groups were: control uninfected and
untreated cells; infected but untreated cells; uninfected cells treated with 50 μM
doxycycline (DOX); infected cells treated with 50 μM doxycycline. For the infected



and DOX-treated group, neutrophils were incubated at 37 °C for 1 h before addition
of virus. Cells were incubated at various time-points of 1, 7, and 10 h postinfection
before harvesting samples for analyses.
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Cell pellets were subjected to RNA extraction followed by reverse transcription
and real-time quantitative PCR using SYBR Green marker to analyze mRNA levels
of MMP-2 and MMP-9, as described previously (Ng et al. 2012).

Culture supernatants were harvested and subjected to Western blot analyses to
evaluate expression levels of MMP-2 and MMP-9 proteins; and to gelatinase
zymography to assess gelatinase activity, as described previously (Ng et al. 2012).

Statistical analyses. Results were expressed as mean value ± standard deviation.
Statistical analyses and comparisons of samples were performed using Student’s t-
test. Values of P < 0.05 were considered to be statistically significant.

23.6 Results and Discussion

In this study, it was hypothesized that influenza H3N2 virus could induce the
production and gelatinase activity of MMP-2 and MMP-9 in neutrophils in vitro.
Another hypothesis was that doxycycline could inhibit the expression and activity of
MMP-2 and MMP-9 at protein and transcriptional levels.

23.6.1 Mouse-Adapted Influenza H3N2 P16 Virus Infection
of MPRO Neutrophils Enhances MMP-2 and MMP-9
Protein Expression, Gelatinase Activity, and MMP-9
Transcription

Western blot analyses showed that mouse-adapted influenza A/H3N2 P16 virus
infection of MPRO neutrophils was indeed able to induce and elevate protein
expression of both MMP-2 and MMP-9 at all time-points. However, this degree of
enhanced expression of MMP-2 and MMP-9 over time was somewhat different.

Furthermore, gelatinase zymography also revealed that influenza H3N2 P16 virus
could also induce an overall significant increase in both MMP-2 and MMP-9
gelatinolytic activities.

Real-time qRT-PCR also demonstrated that H3N2 P16 virus could significantly
induce MMP-9 mRNA expression, which exhibited a time-dependent increase in
transcriptional response to influenza virus infection.

The above findings are summarized in Tables 23.1 and 23.2.
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Table 23.1 Comparison of percentage change in MMP-9 expression by Western blotting,
gelatinase zymography, and real-time quantitative RT-PCR in test versus control neutrophils at
different time-points

Infected versus
uninfected

Uninfected
control

DOX versus
No DOX

DOX versus
No DOX

Western blot (WB) 1 h 87%* 60%* 20%*

7 h 26%* 60%* 23%*

10 h 64%* 23%* 48%*

Gelatinase zymography
(GZ)

1 h 30%* 80%* 40%*

7 h 150%* NS 60%*

10 h 80%* 10%* 50%*

Real-time quantitative
RT-PCR

1 h 30%* 10% 8%

7 h 70%* 20%* 20%*

10 h 100%* 40%* 40%*

First, comparison of influenza virus-infected neutrophils versus uninfected control neutrophils
without doxycycline (DOX) treatment (at 1, 7, and 10 h postinfection). Second, comparison of
uninfected control neutrophils treated with 50 μM DOX versus uninfected control neutrophils
without DOX treatment. Third, comparison of infected neutrophils treated with 50 μMDOX versus
infected neutrophils without DOX treatment
*Denotes statistically significant difference of P < 0.05 as determined by two-sample, two-tailed
test with equal variances. NS no significant difference

Table 23.2 Comparison of percentage change in MMP-2 expression by Western blotting and
gelatinase zymography in test versus control neutrophils at different time-points

Infected versus
uninfected

Uninfected
control

DOX versus
No DOX

DOX versus
No DOX

Western blot (WB) 1 h 30%* 40%* 66%*

7 h 100%* 20%* 100%*

10 h 150%* 14%* 25%*

Gelatinase zymography
(GZ)

1 h 30%* 20%* 20%*

7 h 150%* NS 20%*

10 h 60%* 30%* 20%*

First, comparison of influenza virus-infected neutrophils versus uninfected control neutrophils
without doxycycline (DOX) treatment (at 1, 7, and 10 h postinfection). Second, comparison of
uninfected control neutrophils treated with 50 μM DOX versus uninfected control neutrophils
without DOX treatment. Third, comparison of infected neutrophils treated with 50 μMDOX versus
infected neutrophils without DOX treatment
*Denotes statistically significant difference of P < 0.05 as determined by two-sample, two-tailed
test with equal variances. NS no significant difference
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23.6.2 Doxycycline Treatment Inhibits MMP-2 and MMP-9
Protein Expression, Gelatinase Activity, and MMP-9
Gene Expression in Neutrophils Infected With
Influenza H3N2 P16 Virus

Doxycycline treatment of uninfected and virus-infected MPRO neutrophils resulted
in inhibition of expression of both MMP-2 and MMP-9 proteins, although to varying
extents at different time-points (Figs. 23.3 and 23.4). Doxycycline also suppressed
MMP-9 mRNA levels, with greater inhibition of gene expression the longer the
incubation with doxycycline. Doxycycline treatment also decreased the gelatinolytic
activity of both MMP-2 and MMP-9, with the latter exhibiting a more marked and
time-dependent reduction (Tables 23.1 and 23.2). These findings indicate that the

A CON DOX INF INF+DOX

MMP-9

β-actin

B

Fig. 23.3 Western blot analyses depicting MMP-9 protein expression in cell supernatant samples
at 7-h time-point. (a) Representative immunoblots of supernatant samples from control and infected
neutrophils at 7 h postinfection, showing both MMP-9 and housekeeping β-actin expression. There
were four experimental groups (n = 4 per group). CON: uninfected and untreated control
neutrophils. DOX: uninfected neutrophils with doxycycline (DOX) treatment. INF: influenza
infection without DOX treatment. INF + DOX: influenza infection with DOX treatment. (b)
Densitometric analyses of eachMMP-9 protein band normalized against β-actin, and then expressed
as a percentage of the band density relative to the control at 7 h (which was designated as 100%).
*Denotes the statistically significant difference of P < 0.05 as determined by two-sample,
two-tailed test with equal variances



expression of MMP-2 and MMP-9 in influenza virus-infected neutrophils could be
affected by doxycycline via different mechanisms. Such differences between
MMP-2 and MMP-9 may include their constitutive expression, mRNA and protein
stability and half-life, negative feedback loops among others (Ben-Yosef et al.
2005).
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Fig. 23.4 Western blot analyses depicting MMP-2 protein expression in cell supernatant samples
at 7-h time-point. (a) Representative immunoblots of supernatant samples from control and infected
neutrophils at 7 h postinfection, showing both MMP-2 and housekeeping β-actin expression. There
were four experimental groups (n = 4 per group). CON: uninfected and untreated control
neutrophils. DOX: uninfected neutrophils with doxycycline (DOX) treatment. INF: influenza
infection without DOX treatment. INF + DOX: influenza infection with DOX treatment. (b)
Densitometric analyses of eachMMP-2 protein band normalized against β-actin, and then expressed
as a percentage of the band density relative to the control at 7 h (which was designated as 100%).
*Denotes the statistically significant difference of P < 0.05 as determined by two-sample,
two-tailed test with equal variances

23.6.3 Future Perspectives and Repurposing Doxycycline
for Other Infections

This study focused on neutrophils, and further investigations are warranted on other
relevant tissues and cell types. For example, in endothelial cells, doxycycline can
affect MMP-9 production but not MMP-2 production (Hanemaaijer et al. 1998). The



effects of doxycycline on other MMPs in influenza virus-infected neutrophils should
also be investigated, such as MMP-7, MMP-8, MMP-13, MMP-19, MMP-25, and
MMP-27. Interestingly, MMP-25 is also an activator of pro-MMP-2, and may
potentially be involved in the mechanism underpinning doxycycline’s effects on
gelatinase expression in infected neutrophils.
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This study only analyzed the impact of doxycycline treatment on MMP-2 and
MMP-9 inhibition, but there are likely to be other known and unknown molecular
mechanisms of doxycycline. Further analyses of doxycycline treatment of infected
versus uninfected neutrophils by harnessing transcriptomics and proteomics may
elucidate additional genes, pathways, and networks that mediate the underlying
molecular mechanisms. It would also be interesting to explore whether combination
therapy with doxycycline together with antiviral agents such as oseltamivir can
confer synergistic effects to ameliorate influenza pathogenesis.

Doxycycline therapy has also been considered and explored for the management
of other infectious diseases, including COVID-19 (Narendrakumar et al. 2021)—one
study found circulating MMP-9 as an early biomarker of respiratory failure in
COVID-19 (Ueland et al. 2020). Doxycycline can inhibit feline coronavirus repli-
cation in vitro (Dunowska and Ghosh 2021), and can act synergistically with
remdesivir antiviral to significantly reduce murine coronavirus replication in mac-
rophages (Tan et al. 2021). A randomized controlled trial exploring doxycycline
(versus placebo) when added to standard antituberculous therapy for pulmonary
tuberculosis can ameliorate immunopathology and disease parameters in
doxycycline-treated patients (Miow et al. 2021). Much remains to be explored to
harness the repurposing of doxycycline in the management of MMP-related patho-
logical disorders and other microbial infections (Liu and Khalil 2017).

23.7 Summary

In conclusion, MMP-2 and MMP-9 production and gelatinase activity were induced
by infection of differentiated neutrophils with mouse-adapted influenza A/Aichi/2/
1968(H3N2) virus. Furthermore, doxycycline treatment was able to abrogate this
increase in MMP-2 and MMP-9 expression and gelatinase activity. Given that
excessive neutrophil infiltration and uncontrolled neutrophil gelatinase activity in
pulmonary tissues play critical roles in the pathogenesis of ALI and ARDS, this
study provides insights into the mechanism of excessive MMP-2 and MMP-9
production and activity in neutrophils during influenza virus infection. Thus,
harnessing doxycycline as an MMP inhibitor represents a potential therapeutic
strategy to mitigate influenza-associated pulmonary injury by targeting MMPs,
gelatinase production, and activity in neutrophils. Doxycycline therapy (alone or
in combination with other agents) has also been considered and explored for the
management of other infectious diseases such as coronavirus infections and
tuberculosis.
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Chapter 24
Therapeutic Repurposing Approach: New
Opportunity for Developing Drugs Against
COVID-19

Monu Yadav, Pratibha Dhakla, Rahul Rawat, Mini Dahiya,
and Anil Kumar

Abstract The coronavirus disease 2019 (COVID-19) pandemic initiated by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has encouraged
the repurposing of various drugs to treat the morbidity, mortality, and extent of the
disease. Nowadays, the COVID-19 pandemic is a major health concern as it has
already affected the whole world in all aspects. Drug repurposing is considered a
new potential strategy as it is a cost-effective and less time-consuming process to
establish a new indication for existing drugs. The present chapter has focused on the
pathophysiology of COVID-19 and the reuse of the drugs based on pharmacological
mechanisms. In the literature, various drugs like favipiravir, lopinavir, ritonavir,
arbidol, chloroquine, hydroxychloroquine, interferons, etc. have been reported for
repurposing purposes against COVID-19. Most of them are effective in in vitro and
clinical studies. Drugs act mainly on viral entry, viral replication, angiotensin-
converting enzyme-2 (ACE2), inflammatory mechanisms, etc. Based on viral path-
ogenesis and the mechanism of drugs using in silico, in vitro, and clinical studies,
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repurposing medicines might be considered an excellent opportunity to cure
COVID-19.
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24.1 Introduction

Coronavirus (also known as COVID-19) is a wide virus family that has been linked
to a variety of diseases, extending from the common cold to more serious conditions
including Middle East respiratory syndrome (MERS) and severe acute respiratory
syndrome (SARS). A novel coronavirus (CoV) is a coronavirus strain that has never
been previously discovered in humans. The global COVID-19 pandemic is a major
public health problem (Parasher 2021; Saxena 2020). The novel coronavirus origi-
nated in Wuhan, China, and rapidly spread to the rest of the world (Chan et al. 2020).
Coronavirus is enclosed in a positive-sense RNA virus sizing between 60 nm and
140 nm with spike-like projections on its outer surface that give it a crown-like look
under the electron microscope. Seven coronaviruses can infect people all around the
world, but the most prevalent illnesses are caused by four human coronaviruses:
229E, NL63, OC43, and HKU1 (Kaushik et al. 2020). Officials in Wuhan City,
China, reported the first case of COVID-19 considered SARS-CoV-2, in December
2019, and it soon spread to become a pandemic. Several investigations into the cause
of the outbreak in China are being conducted including studies into human cases
with symptoms starting in late 2019 in and around Wuhan. The majority of the initial
cases were connected to the Huanan seafood market, which dealt with the sale of
dead seafood animals as well as the trade of living animals (Kumar et al., 2020).
Polymerase chain reaction (PCR), whole-genome sequencing, and cell culture were
used to evaluate the patients' broncho-alveolar lavage fluid for viral pneumonia. In
the meantime, the Chinese government notified the World Health Organization
(WHO) and stopped the Huanan seafood market on January 1, 2020. Early in
January, SARS-CoV-2 was discovered. The number of cases started increasing
drastically since then, even for those with no exposure to the seafood market, thus
indicating its human-to-human transmission (Liu et al. 2020a). This turned out to be
an epidemic, initially spreading to other countries like Thailand, South Korea, and
Japan as there was a massive Chinese migration due to Chinese New Year's Eve.
This virus was identified as -CoV on January 7th (Organization WH 2020). It had
96.2% homology to bat coronavirus, specifically the RaTG13 genome, and 79.5%
homology to SARS coronavirus (Zheng 2020). The first fatality was reported on
January 11th, and its genetic sequence was shared publicly on January 11–12, 2020.
On January 12th, the World Health Organization (WHO) officially designated this
CoV as 2019-novel coronavirus (2019-nCoV) (World Health Organization 2020).
Since then, the number of incidents has risen significantly, even among those who
have never been exposed to the fish market, demonstrating that the disease is spread
from person to person (Liu et al. 2020a). Due to a massive Chinese exodus on
Chinese New Year's Eve, this transformed into a pandemic that spread to other



nations like Thailand, South Korea, and Japan. On January 7th, this virus was
discovered as -CoV (Organization WH 2020). It shared 96.2% of its genome with
bat coronavirus, particularly the RaTG13 gene, and 79.5% with SARS coronavirus
(Zheng 2020). On January 11th, the first death was reported, and its genomic code
was made public on January 11–12, 2020. The WHO identified this CoV as
2019-novel coronavirus (2019-nCoV) on January 12th (World Health Organization
2020). COVID-19 was declared a Public Health Emergency of International Con-
cern by WHO on February 1st. WHO later considered this the coronavirus illness
2019 on February 11, 2020. Since then, the number of cases has risen at an
increasing rate. COVID-19 was subsequently recognized as a pandemic by WHO
on March 11th (Anon n.d.; WHO-BJ 2020). SARS-CoV-2 is believed to have
developed in bats, as per scientists. This is also how the Middle East respiratory
syndrome (MERS) and severe acute respiratory syndrome (SARS) coronaviruses got
their start. In 1965, researchers showed a coronavirus that produces the common
cold in humans. Investigators eventually revealed several related human and animal
viruses, which they named after their crown-like appearance. An adult human can be
infected by seven different coronaviruses. SARS was first identified in southern
China in 2002, and it soon spread to 28 nations. By July 2003, over 8000 people had
been affected, with 774 of them dying. In 2004, there were just four more cases in a
limited outbreak. Fever, headaches, and respiratory difficulties such as cough and
breathlessness are all signs of this coronavirus. In 2012, MERS was first detected in
Saudi Arabia. People who live in or travel to the Middle East were found to have
approximately 2500 cases. This coronavirus is less infectious than SARS, but it is
more lethal, having killed 858 individuals. This has the same respiratory problems as
the common cold, but it could also lead to renal failure (Chen 2021).
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24.2 COVID-19 Risk Factors

Governments made rules to fight with COVID-19 pandemic, especially social
distancing, if someone is affected with COVID-19, they are advised to take more
precautions, including self-isolation. It was found that obese patients had a seven-
fold increased risk of having severe COVID-19, according to a French study. In the
fight against COVID-19, promoting good meals to preserve nutritional well-being is
more crucial (Simonnet et al. 2020). In a meta-analysis, cigarette smoking persons
were found 1.5 times more than nonsmoking to have serious COVID-19 problems,
as well as a higher death rate. In Italy, men are at higher risk than women, which may
be owing to their higher smoking rates and subsequent co-morbidities (Alqahtani
et al. 2020). A higher risk of death was linked to advanced age, cardiovascular
disease, diabetes, chronic respiratory disease, hypertension, and cancer. A meta-
analysis of eight trials involving 46,248 COVID-19 patients found that individuals
with the most severe condition were more likely to have hypertension, pulmonary
disease, and cardiovascular disease. According to a systematic analysis, people with
diabetes are up to three times more likely to suffer serious COVID-19 symptoms,
which can lead to mortality, and the condition appears to become worse for



individuals with uncontrolled diabetes (Roncon et al. 2020). Hypertension, cardio-
vascular disease, and cerebrovascular disorder all elevated the probability of severe
COVID-19 according to a meta-analysis (Wang et al. 2020). Another report
suggested that high blood pressure raised the chance of death from COVID-19 by
3.5 times (Dong et al. 2020a). COVID-19 was found to increase the risk of serious
complications or death in people with COPD in a meta-analysis. According to a
study conducted in the United Kingdom, people with respiratory disorders, such as
asthma, had a higher risk of dying from COVID-19 (D’ascanio et al. 2021). In a
meta-analysis, patients with COPD were at an increased risk of severe complications
or death from COVID-19. A study in the United Kingdom suggested that the
presence of respiratory diseases, including asthma, increased patients’ risk of mor-
tality from COVID-19 (D’ascanio et al. 2021).
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24.3 Pathophysiology Targets for COVID

Researchers can find targets for new therapeutic drugs to prevent and reduce SARS-
CoV-2 by understanding the disease's transmissibility and pathophysiology
(Fig. 24.1). The SARS-CoV-2 virus is a single-stranded RNA-enveloped virus
with four structural proteins: the S (spike), E (envelope), M (membrane), and N

Fig. 24.1 Pathophysiology of COVID virus



(nucleocapsid). The N protein encodes the RNA genome, while the S, E, and M
proteins collectively form the viral envelope (Parasher 2021). SARS-CoV-2 is
anticipated to bind to nasal epithelial cells located respiratory tract after being
inhaled via respiratory aerosols. ACE-2 receptors are bound by the spike-like viral
structural (S) protein. SARS-CoV-2 uses its S-protein to attach the ACE-2 receptors
on the surface of human cells, and two transmembrane serine proteases (TMPRSS2)
activate the S-protein after this initial interaction, allowing its entry into the cell via
clathrin-mediated endocytosis (Cao et al. 2020; Belouzard et al. 2012; Bayati et al.
2021). The S protein is cleaved by lysosomal proteases namely cathepsin L and P
during endocytosis and the formation of endosomes, leading to the fusion of the viral
envelope with endosomal membranes and the unbound the viral RNA into the
cytoplasm of the cell. So, cathepsin inhibitors possess the property to inhibit the
penetration of the virus into host cells (Shirato et al. 2018; Padmanabhan et al. 2020).
The nucleocapsid penetrates the cytoplasm and delivers viral RNA once the viral
envelope fuses with the endosomal membrane. The chemical composition of coro-
navirus RNA is comprised of a 5' methylated head and a 3' polyadenylated tail that
permits the virus to bind to the host cell's free ribosomes. This initiates the translation
process, which results in the production of a lengthy polypeptide chain. The RNA is
transformed into two polyproteins, pp1a and pp1ab, that are then split by cytoplas-
mic proteolytic enzymes into 16 nonstructural proteins (NSP1 + NSP16), which
together make up the viral replicase transcriptase complex (Fehr and Perlman 2015;
Knoops et al. 2008). The NSP proteins transform the rough endoplasmic reticulum's
membranes into the double vesicles wherein the virus multiplies and transcribes
(Astuti 2020) Viral replication in double-membrane vesicles is a critical mechanism
that permits viral RNA to avoid detection by cell signal transduction pathways and
avoid the cell-mediated immunity initially during illness (Astuti 2020). The newly
generated envelope glycoproteins are integrated into the endoplasmic reticulum,
whereas the nucleocapsid is produced using RNA and a nucleocapsid protein
combination (N). The viral particles then penetrate the endoplasmic reticulum and
the intermediate segment of the Golgi apparatus (ERGIC). Eventually, the virus is
released when the vesicles holding viral particles merge with the plasma membrane
(Neerukonda and Katneni 2020). Because ACE-2 is widely expressed in the nasal
mucosa, bronchi, lungs, heart, gullet, kidneys, stomach, bladder, and ileum, Severe
acute respiratory can infect any of these internal tissues. Recently, studies have
proposed that SARS-CoV-2 may be harmful to seminiferous tubules, leading to
infertility issues in young individuals. The new virus particles are now available to
infect neighboring epithelial cells and offer fresh infectious material for global
spread through respiratory secretions.

24 Therapeutic Repurposing Approach: New Opportunity for Developing. . . 547

24.4 Clinical Feature

The main symptoms of this illness differ from individual to individual, ranging from
asymptomatic to acute breathing difficulties, septicemia, and multiorgan failure
(dysfunction). [20] Fever (98.6%), fatigue (69.6%), dry cough, loose bowels,



soaring throat, headache, muscle pain, and breathlessness are some of the symptoms
that people with the condition experience (Table 24.1). In some cases, conjunctivitis
has been noted. Infection is spread through huge droplets produced by symptomatic
sufferers' coughing or sneezing, although it could also occur in asymptomatic
individuals and before symptoms appear. Its incubation time, which would be the
interval between virus contact and symptom start, generally lasts 5–6 days, although
it can last up to 14 days. Infected persons can be communicable and spread the
infection to normal people in a population throughout this period, also referred to as
the "pre-symptomatic" span. This virus can be categorized into three phases based on
the cells that are most likely to be infected, which correlate to variable clinical phases
of the infection.
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Table 24.1 COVID-19 symptoms

Condition Symptoms

Asymptomatic • Nasal swab examination positive

Acute
condition

• Lethargy, temperature, throat infection, hoarse throat
• Nausea, vomiting, stomach ache

Moderate
condition

• Pneumonia signs (consistent temperature and cough) without hypoxemia
• On a high-resolution CT scan of the chest, there are severe lesions

Severe
condition

• Pneumonia along with hypoxemia

Clinical
condition

• Shock, coagulation problems, encephalopathy, heart problems, and acute
renal failure are all symptoms of acute respiratory infections

24.4.1 Asymptomatic Phase (Stage 1)

SARS-CoV-2 attaches to nasal epithelial cells in the upper respiratory tract after
being inhaled by respiratory aerosols. ACE-2, which is extensively expressed in
human nose epithelia, is the major host receptor facilitating viral penetration into
cells (Wan et al. 2021). Acute replication and proliferation of the virus occur, also as
penetration of ciliated cells in the upper airways. The stage only lasts a few days, and
the immunological reaction produced throughout this period is limited. The patients
are highly susceptible, although having the lowest viral replication during this time,
as well as the virus can be diagnosed using nasal swab analysis (Reyfman et al. 2019;
Sims et al. 2005).
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24.4.2 Stage 2: Upper Airway and Airway Response
(in the Coming Days)

The virus spreads and migrates downward through the large airways from the nasal
epithelium toward the upper airways, triggering a stronger innate immunity. Fever,
fatigue, and hoarseness are all indications of the condition (Tang et al. 2005). Virus-
infected epithelial cells release C-X-C motif chemokine ligand 10 (CXCL-10) and
interferons (IFN- and IFN-) during this phase, resulting in a significant immune
reaction. CXCL-10 is an interferon-responsive gene in this condition (Padmanabhan
et al. 2020; Fehr and Perlman 2015; Knoops et al. 2008; Astuti 2020; Neerukonda
and Katneni 2020; Wan et al. 2021; Reyfman et al. 2019; Sims et al. 2005; Tang
et al. 2005; Hancock et al. 2018).

24.4.3 Stage 3: Hypoxia, Ground-Glass Infiltration,
and Progression to ARDS

Consequently, approximately 20% of people with the disease may proceed to stage
3 of the illness and experience respiratory infiltrates, with many of these resulting in
life-threatening conditions (Wu and McGoogan 2020). The virus subsequently
infects alveolar type II epithelial cells through the human receptor ACE-2 in the
lungs. In comparison to type I cells, SARS-CoV mainly attacks type II cells
(Weinheimer and Becher 2012; Mossel et al. 2008). The contaminated alveolar
units are usually found on the periphery and in the subpleural space. As SARS-
CoV replicates in type II cells, it releases a huge number of viral proteins, causing the
cells to apoptosis and die. As the released virus particle attacks type II cells in nearby
cells, the consequence is most probably a self-replicating respiratory toxin. The
problematic lung regions would certainly lose the majority of their type II cells,
triggering a subsequent epithelium renewal process. Type II cells are usually the
cells that produce type I cells (Qian et al. 2013; Mason 2020). Using the human
receptor ACE-2, the virus invades and infects type 2 alveolar epithelial cells, where
it begins replication to make additional viral nucleocapsids. Many cytokines and
pathological indicators are generated by adware pneumocytes, including interleukins
(IL-1, IL-6, IL-8, IL-120, IL-12), tumor necrosis factor (TNF), interferon (IFN),
CXCL-10, monocyte chemoattractant protein-1 (MCP-1), and macrophage inflam-
matory protein-1 (MIP-1). This "cytokine flood" attracts neutrophils, CD4 helper T
cells, and CD8 cytotoxic T cells, which ultimately become trapped in lung tissue.
These cells defend against the virus, but they are also involved in inflammation and
lung damage. The host cell dies, releasing more virus proteins that infect nearby type
2 alveolar epithelial cells. There is extensive alveolar damage as a result of the
chronic injury induced by localized inflammatory cells and viral multiplication,
which causes the loss of both type 1 and type 2 pneumocytes, resulting in acute
respiratory infections (Mishra and Singh 2020; Chowdhury et al. 2020).
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24.5 Therapeutic Approach for COVID-19

Because the SARS-CoV-2 E, M, and N proteins are essential for viral survival and
replication, they could be used as therapeutic targets. Since these viral proteins are
physically distinct from host proteins, medicines that target them may have minimal
side effects. These structural proteins not only protect the viral genome but also
suppress the host immune system, giving the virus significant benefits over the host
(Bojkova et al. 2020; Borgio et al. 2020). The N protein inhibits RNA silencing and
siRNA-mediated RNA interference. As a result, several siRNA-based treatments
suppress viral replication by targeting viral E, M, and N protein translation. Because
of intrinsic durability problems and the lack of dependable delivery techniques,
siRNA-based medicines are currently not ready for human use. Because of its crucial
role in viral RNA replication and transcription, the N protein is a multipurpose
RNA-binding protein that is considered a potential therapeutic candidate. The N
protein is a multifunctional protein; it covers the virus RNA genome in a ribonu-
cleoprotein structure called a nucleocapsid to defend it. Interestingly, the N protein
seems to be very immunogenic, making it an ideal candidate for a vaccine (McBride
et al. 2014; Tan and Yin 2004). The E protein's capacity to act as an ion channel is
inhibited by hexamethylene amiloride. The drug inhibitor, PJ34, targets a particular
ribonucleotide-binding site in the N protein's N-terminal region. It's important to
note that most such inhibitors are designed to fight the SARS virus; but due to
changes in the SARS-CoV-2 virus, these might not be quite as helpful in fighting the
ongoing COVID-19 virus (Pervushin et al. 2009; Lin et al. 2014). Recently, WHO
has certified eight vaccinations (Table 24.2).

Table 24.2 Vaccine approved by WHO for the treatment of COVID-19 (https://COVID19.
trackvaccines.org/agency/who/)

Form of
vaccine

Number of
clinical trials

Approved in
several
countries

Moderna mRNA-1273 RNA 32 77

Pfizer/BioNTech BNT162b2 RNA 45 10

Janssen (Johnson & Johnson) Ad26.
COV2.S

Nonreplicated
viral vector

16 78

Oxford/AstraZeneca AZD1222 Nonreplicated
viral vector

49 125

Serum Institute of India Covishield
(Oxford/AstraZeneca formulation)

Nonreplicated
viral vector

02 46

Bharat Biotech Covaxin Inactivated 07 10

Sinopharm (Beijing) BBIBP-CorV (Vero
Cells)

Inactivated 17 68

Sinovac CoronaVac Inactivated 26 43

https://covid19.trackvaccines.org/agency/who/
https://covid19.trackvaccines.org/agency/who/
https://covid19.trackvaccines.org/vaccines/22/
https://covid19.trackvaccines.org/vaccines/6/
https://covid19.trackvaccines.org/vaccines/1/
https://covid19.trackvaccines.org/vaccines/1/
https://covid19.trackvaccines.org/vaccines/4/
https://covid19.trackvaccines.org/vaccines/48/
https://covid19.trackvaccines.org/vaccines/48/
https://covid19.trackvaccines.org/vaccines/9/
https://covid19.trackvaccines.org/vaccines/5/
https://covid19.trackvaccines.org/vaccines/5/
https://covid19.trackvaccines.org/vaccines/7/
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24.6 Repurposing of the Drugs to Cure COVID-19

24.6.1 Repurposed Drugs That Act on Virus-Related Targets

The viruses enter the host cell in two ways: i) by endocytosis, in which the virus
enters into the cell along with the endosomes, and ii) by infusion method, the SARS-
CoV-2 utilizes the spike protein "S" found on the virus surface to obtain access into
the host cells. The protein–protein interaction between both the spike protein sub-
units and the active site of the ACE-2 receptor may be considered to find a therapy
target (Wrapp et al. 2020). So, antivirals by constantly changing the active site of the
spike protein can be effective for coronavirus treatment. As a result, the SARS-CoV-
2 spike proteins target the ACE-2 receptor better than the SARS virus that has been
previously investigated (Albini et al. 2020). The receptor-binding domain (RBD) of
the spike protein, in particular, is a known for having antibody-mediated binding
disruption. Several antibodies that have shown to be capable of disrupting this
binding are still in the preclinical development stages (Chen and Hotez 2020; Tai
et al. 2020). Another approach is to use recombinant human ACE-2, which is usually
found on the cell surface, to activate and defeat the ACE-2 receptor. As a result,
delivering an oversupply of soluble ACE-2 inactivates the virus by interacting with
SARS-CoV-2 competitively (Basit et al. 2021; Ameratunga et al. 2020). Arbidol
(umifenovir) seems to be a more potential repurposed medicine that inhibits viral
fusion and penetration by inhibiting the S protein/ACE2 interaction. It is now
approved in Russia and China for the prophylaxis and treatment of influenza and
shows in vitro viral efficacy against SARS-CoV-2, while not being FDA-approved
(Wrapp et al. 2020). Aside from the ACE-2 receptor, the cellular serine protease
TMPRSS2 is also involved in enabling virus penetration into host cells. Camostat
Mesylate, a therapeutically proven pharmacological inhibitor of TMPRSS2, can also
decrease inflammation in human lung cell lines (Hoffmann et al. 2020; Rahman et al.
2020). The virus is absorbed into the cells via a pH and receptor-dependent endo-
cytosis when the spike protein fuses with the ACE-2 receptor (Glebov 2020; Chu
et al. 2006). Another technique for identifying possible therapeutic candidates
against SARS-CoV-2 might be to target endocytosis. AP-2-associated protein kinase
1 (AAK1) controls clathrin-mediated endocytosis (Uitdehaag et al. 2019). The Janus
kinase inhibitor Baricitinib is found as a potential candidate medicine for SARS-
CoV-2 depending on library analysis (Cantini et al. 2021). Ouabain, a clathrin-
mediated inhibitor, is being investigated in therapeutic studies for SARS-CoV-2
positive cases (Sisk and Frieman 2018). Chloroquine as well as its derivative,
hydroxychloroquine, has recently attracted attention as a possible therapy for
SARS-CoV-2 infection. These compounds are mostly used for their antiplasmodium
activity. Chloroquine is derived from the Cinchona plant, which is a potent corona-
virus inhibitor. Many drug studies are being conducted to determine the role of
chloroquine medicine in reducing SARS-C0V-2 virus development. Endosome-
mediated viral penetration or late phases of viral replication are believed to be
inhibited by hydroxychloroquine (Alia and Grant-Kels 2020; Alexander et al.



2020; Costanzo et al. 2020). As weak diprotic bases, chloroquine and
hydroxychloroquine focus endosomes by raising the pH of the endosomal fluid.
The acidic pH of endosomes is required for the virus's potential activity in proteol-
ysis and post-translational modification of promising proteins. The reproduction and
maturation of viruses are inhibited when the essential pH is disturbed. Additionally,
these drugs prevent ACE2 from becoming glycosylated. Defective glycosylation
makes the virus's binding and penetration into host cells even more difficult (Vincent
et al. 2005; Al‐Bari 2017). Because of their immunomodulatory and anti-
inflammatory qualities, statins (hypolipidemic medicines) have pleiotropic effects
that protect against acute lung injury. As a result, it is utilized as a repurposing
medicine to treat COVID-19 patients. The use of statins has been linked to an
increase in ACE2 expression (Tikoo et al. 2015a). Angiotensin II (Ang II), which
causes cardiovascular disease and endothelial dysfunction, is cleaved by ACE2 to
produce angiotensin (1–7), which counteracts Ang II's effects (Ferrario 2011). The
ACE2/angiotensin-(1–7) and angiopoietin/Tie-2 signaling axes are both stimulated
to assist reverse virus-induced endothelial dysfunction and preserve patient homeo-
stasis. Atorvastatin and angiotensin II receptor blockers (ARBs) have been found to
increase the activity of ACE2 (Tikoo et al. 2015a; Ferrario 2011). Immunomodula-
tory effects of statins have been suggested as a possible strategy for MERS
coronaviruses (Ferrario 2011). Myeloid differentiation main reaction protein
(MYD) 88 causes chronic respiratory problems that could lead to death. Statins
have been found to block MYD88 signaling (Durán et al. 2020; Yuan 2015; Wösten‐
van Asperen et al. 2011). Statins also interact with protease inhibitors and thus are
contraindicated when used concurrently (Chauvin and Drouot 2013).
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24.6.2 Repurposed Drugs Act Through Inhibition of Viral
Enzymes

Before packaging into virions, viral RNAs evolve into polypeptide chains that are
broken into proteins. The cleavage of polypeptide chains is carried out by protease
enzymes. HIV-1 is treated with protease inhibitors, which have also been demon-
strated to be effective against SARS-CoV. The enzyme RNA-dependent RNA
polymerase is required for SARS-CoV2 replication (RDRP). The therapeutic drug
target polymerase for SARS-CoV2 and SARS-CoV has been discovered to be highly
conserved. As a result, polymerase inhibitors may be effective against SARS-
CoV2-71. Flavipiravir, lopinavir, and remdesivir, which were developed for other
viral infections, are currently being tested in clinical studies for their efficacy in
preventing the COVID-19 pandemic. Remdesivir is an adenosine analog that
RNA-dependent RNA polymerases (RdRps) incorporate into viral RNA chains,
causing premature transcription termination (Gordon et al. 2020; Cao and Deng
2020). Antiviral medicines such as ribavirin and guanosine are also available.
Hepatitis C and respiratory syncytial viruses are among the diseases for which it is



approved. It even has antiviral properties against SARS and SARS-CoV2 (Graci and
Cameron 2006; Chu et al. 2004). The viral RDRP enzyme is inhibited when the
intracellular GTP supply is low. It also disrupts the capping of mRNA. Favipiravir
and ribaviorin, for example, are guanine analogs that have been approved for the
treatment of many viral infections (Fan et al. 2020). Lopinavir and ritonavir, for
example, are protease inhibitors that target SARS-3C–like CoV-2's protease
(3CLpro). 3CLpro, the major coronavirus protease, seems to control the conversa-
tion of the polypeptide into NSPs (Bhatnagar et al. 2020). Prulifloxacin, tegobuvir,
bictegravir, and nelfinavir were discovered via high-throughput screening for drugs
against 3CLpro (Gordon et al. 2020; Cao and Deng 2020; Graci and Cameron 2006;
Liu et al. 2020b; De Clercq 2006; Barnard et al. 2006).
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24.6.3 Repurposed Drugs Targeting the Virus Uptake
Pathways

The host immune response depends on a well-coordinated cytokine response. Some
SARS-CoV-2–infected individuals have been found to have a hyper-inflammatory
response, presumably due to a dysregulated cytokine response. When compared to
non-ICU patients, COVID-19 patients in the ICU had higher levels of cytokines in
their plasma, suggesting that cytokine dysregulation is involved in the severe type of
COVID-19 disease (Channappanavar and Perlman 2020; Novel Coronavirus 2020).
In addition, compared to ICU naive patients, SARS-CoV-2–infected patients admit-
ted to the ICU have higher amounts of GM-CSF and IL6+CD4+T cells (Boettcher
et al. 2007). The preceding information suggests that inhibiting an overactive
inflammatory response may help to lower the severity of COVID-19 disease. The
pharmacological potential of corticosteroids in decreasing systemic inflammation is
well documented. Their use in COVID-19 patients, however, is still questionable
and requires further research. While current worldwide consensus and the WHO
advise against the use of corticosteroids, Chinese guidelines do recommend short-
term treatment with low-to-moderate dosages of corticosteroids in COVID-19
ARDS. Dexamethasone has recently been discovered to be useful in lowering
mortality in severe patients (Zha et al. 2020; Liu et al. 2020c). It has been shown
that CD4+T cells are triggered to create GM-CSF and other cytokines after SARS-
CoV-2 infection, resulting in the activation of CD14+CD16+ monocytes with
elevated interleukin 6 expression (IL-6). This finding suggests that by inhibiting
the IL-6 receptor, might be able to minimize the immunological stress induced by
SARS-CoV-2 (Conti et al. 2020; Jawhara 2020). The convalescent plasma treatment
is another significant advancement in COVID-19 treatment. With infection rates
rising and no specific treatment available, convalescent plasma (CP) therapy has
been advocated as a primary treatment option. The plasma taken from a disease-free
donor is used to establish humoral immunity toward SARS-CoV-2–infected patients
in this therapy. Human antibodies against infection are obtained from the plasma of



the donor patient (Shi et al. 2020). However, huge human trials are needed to
properly assess and analyze CP as a means of COVID-19 treatment. Rheumatoid
arthritis and inflammatory disorder are treated with tocilizumab. This medicine does
not work against the virus; instead, it reduces the host's cytokine response. It works
by preventing IL-6-induced signaling (Ferrey et al. 2020). In China, the first instance
of COVID-19 was discovered, accompanied with chest discomfort and multiple
myeloma. The patient was given tocilizumab, as well as arbidol and moxifloxacin, as
treatment. However, another patient in the United States remained critically ill
despite treatment with tocilizumab and hydroxychloroquine (Mihai et al. 2020).
Tocilizumab has been evaluated as a promising chemical in chronic autoimmune
illnesses in severe COVID-19 instances, according to a few investigations (Phadke
and Saunik 2020).
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24.6.4 Repurposed Drugs Act Through Host Targets Such
as Antiviral Immunity

Antiviral interferon (IFN) is activated when the host's immune cells recognize viral
pathogen-associated molecular patterns (PAMPs) (Xie et al. 2018). Interferons are
thought to be effective antiviral medicines. Interferons that have been activated
stimulate numerous interferon-activated genes that encode proteins which have a
significant antiviral effect. Type I (IFN, IFN, IFN, and IFN) and type II (IFN, IFN,
IFN, and IFN) IFNs are the most common (IFNs). Pegylated IFN-2a and IFN-2b are
two kinds of pegylated IFN-2 (Li et al. 2021). The host interferon receptor (IFNAR1)
targets pegylated interferon alfa-2b, which boosts the immune response against the
virus. The influenza B virus, parainfluenza virus, and coronavirus have all been
found to be susceptible to recombinant human IFN-2b (Wang et al. 2014). In a study
conducted in Saudi Arabia, researchers discovered that IFN-2b combined with
ribavirin had a possible effect against the coronavirus in rhesus macaques (Khalid
et al. 2015). IFN, in combination with ribavirin, has been observed to affect COVID-
19 patients in China (Bersanelli 2020). On COVID-19 patients, lopinavir and
ritonavir in conjunction with IFN-1b had a prospective effect (Hung et al. 2020).

24.6.5 Other Repurposed Drugs for the Treatment of COVID

Recently, nitazoxanide (an antiprotozoal agent) has been effective against many
viruses, including coronaviruses, by intrusive host-regulated pathways involved in
viral replication (Rossignol 2016; Yavuz and Ünal 2020). In another study,
nafamostat (an anticoagulant drug) has also been shown to be potent against Vero
E6 cells infected with SARS-CoV2 by inhibiting the protease. Ivermectin
(an anthelmintic drug) has also been observed to have efficiency against some



viral infections. Moreover, it is also believed that it can act via blocking membrane
fusion by decreasing the secretion of cathepsin B. Still, more pieces of evidence need
to be proven to show their effects against COVID-19 infection. Cepharanthine, an
alkaloid, showed a therapeutic effect on leukopenia. It inhibits GX-P2V infection
and reduces the viral RNA production in the pangolin coronavirus GX-P2V model
(Fan et al. 2020). Auranofin (gold-containing triethyl phosphine coated agent) is an
antiarthritic drug. It has found inhibitors against bacterial, parasitic, and viral
infections. Recently it has also been observed that the significant effect of Auranofin
in Huh 7 cells infected with SARS- CoV2 by the inhibition of redox enzymes and the
production of endoplasmic reticulum stress (Rothan and Kumar 2019). Janus kinase
inhibitors (JAK) have antiviral, anti-inflammatory, and immunomodulatory proper-
ties (Mehta et al. 2020). Pan-JAK inhibitor (TD-0903), JAK1/2 inhibitor (baricitinib,
ruxolitinib), and JAK 1/3 inhibitor (tofacitinib) are recently being tested in clinical
trials for the management of COVID-19. In a study, methylprednisolone was
observed to reduce the death rates of COVID-19 patients (Brotherton et al. 2020).
In Table 24.3, various drugs have been studied against COVID-19/SARS-CoV2
infection.
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24.7 Conclusion and Future Perspective

COVID-19 is pandemic condition which is affecting the whole world in all aspects.
After so many trials, eight vaccines namely Pfizer/BioNTech BNT162b2, Janssen
(Johnson & Johnson) Ad26.COV2.S, Oxford/AstraZeneca AZD1222, Serum
Institute of India Covishield (Oxford/AstraZeneca formulation), Bharat Biotech
Covaxin, Sinopharm (Beijing) BBIBP-CorV (Vero Cells), and Sinovac CoronaVac
have been approved by the WHO for the treatment of COVID-19. As it is a
pandemic condition, so a large number of populations are suffering from COVID-
19, which increases the demand for more drugs. Repurposing existing drugs for new
indications is an effective and economic strategy. Several clinical trials have been
done against COVID-19 on existing drugs such as antimalarials, antivirals, ARBs,
ACEIs, statins, and monoclonal antibodies approved by the FDA for the manage-
ment of other disorders. Interestingly, many drugs have shown a potent effect on
COVID-19 and are used to decrease the mortality of patients with COVID-19.
However, controversial results have been reported with the use of
hydroxychloroquine and chloroquine; hence, WHO has stopped the SOLIDARITY
trials on these drugs. Moreover, in-silico studies could be the primary tool to test the
existing drugs of various categories against COVID-19 before going for in-vivo,
in-vitro, and clinical trial studies to save money and time.

https://covid19.trackvaccines.org/vaccines/6/
https://covid19.trackvaccines.org/vaccines/1/
https://covid19.trackvaccines.org/vaccines/1/
https://covid19.trackvaccines.org/vaccines/4/
https://covid19.trackvaccines.org/vaccines/48/
https://covid19.trackvaccines.org/vaccines/48/
https://covid19.trackvaccines.org/vaccines/9/
https://covid19.trackvaccines.org/vaccines/9/
https://covid19.trackvaccines.org/vaccines/5/
https://covid19.trackvaccines.org/vaccines/7/
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Chapter 25
Repurposing of Therapeutic Approaches
for the Treatment of Vitiligo

Shiva Tushir, Monu Yadav, Anil Kumar, and Kajal Joshi

Abstract The present chapter focuses on discussing the redevelopment of old drugs
for repurposing as vitiligo treatments. Vitiligo is a frequent disorder in which mela-
nocytes are destroyed by the immune system, resulting in patches of depigmented
white skin. Vitiligo is a frequent acquired illness with a prevalence of 1–2% world-
wide. Patients may experience significant psychological distress as a result of their
pigment loss like 10% depression, 7–9% accounts for dysthymia, 3.3% for anxiety
and 3% for suicidal ideation of the population suffering from vitiligo. Vitiligo is
classified on the basis of lesion distribution pattern, being either segmental (also called
unilateral vitiligo) or non-segmental (bilateral and typically symmetrical) vitiligo.
Drug repositioning (also known as repurposing, rediscovery, reprofiling, retasking,
or rescue) is the process of discovering new uses for authorised and experimental
medications. Current vitiligo treatment medications, such as immunomodulators
(glucocorticoids) and calcineurin inhibitors focus on skin repigmentation as a pheno-
typic intervention (tacrolimus and pimecrolimus) However, many patients find these
medications unsatisfactory because they are time-consuming expensive and have
adverse reactions. Vitiligo therapy necessitates a multimodal approach that targets
three different components at the same time. The first is to reduce oxidative stress and
optimise the melanocyte microenvironment, followed by immunomodulatory and
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immunosuppressive effects, and finally, melanocyte regeneration. Various methods
are used for achieving each of these goals. A long list of suggested treatment has been
compiled in this chapter. Treatment is based on the disease’s stability and the amount
of body surface area affected, and it must be tailored to the patient’s needs. Abatacept
is the best example it is a fusion protein and is now licensed by the FDA for the
treatment of rheumatoid arthritis. Abatacept’s efficacy in treating vitiligo has been
tested in an open label pilot research.
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25.1 Introduction

Vitiligo is characterised by the loss of melanocytes in the skin. It is a frequent
disorder in which melanocytes are destroyed by the immune system, resulting in
patches of depigmented white skin (Gauthier et al. 2003). Melanin cells are
destroyed by vitiligo. Melanin is the pigment that gives skin its colour. The skin
develops white spots due to a lack of melanin in some areas. Many patients are
concerned about the white patches that are characteristic of this illness. People with
dark skin have more apparent spots (Braun-Falco et al. 2000). Vitiligo is a frequent
acquired illness with a prevalence of 1–2% worldwide. The majority of cases start in
childhood (Handa and Dogra 2003). Vitiligo in males and females are compared on
an equal footing without regard to ethnicity or socioeconomic differences
(Terézhalmy et al. 2013). Vitiligo is classified on the basis of lesion distribution
pattern, being either segmental (also called unilateral vitiligo) or non-segmental
(bilateral and typically symmetrical) vitiligo. In both segmental and non-segmental
vitiligo, immune-based death of melanocytes occurs (Speeckaert and van-Geel
2017). Segmental vitiligo involves pigment loss in skin patches on only one side
of the body; it is rare for stable lesion to begin expanding again. Non-segmental
vitiligo is characterised by widespread, symmetrical pigment loss across the entire
body, the lesions generally first seen on the hands, at the wrists body folds and
orifices. Non-segmental comprise the focal, mucosal acrofacial, common and uni-
versal types (Hann et al. 2019; Alikhan and Hocker 2016). During childhood,
segmental vitiligo appears unilaterally and settles after a time of activity. Before
the introduction of new patches, some patients suffer itching. There are a number of
therapies available, some of which can restore pigment but none of which can cure
the illness (Whitton et al. 2015). Human skin colour is noteworthy for the variety of
colours it contains, as well as fascinating for its science and biology. Vitiligo can
appear at any age, although according to various studies, 50% of cases appear before
the age of 20. Between 16% and 35% of vitiligo, patients have substantial psycho-
logical illness. Depression accounts for 10%, dysthymia for 7–9%, anxiety 3.3% and
suicidal ideation for 3% of the population suffering from vitiligo (Alzolibani 2009).
Vitiligo can also make it difficult to develop relationships, make people avoid
particular social circumstances and make sexual relationships difficult. Vitiligo is
sometimes confused with leprosy, which causes pigment loss as well, further



stigmatising individuals (Pahwa et al. 2013). Vitiligo is a multifactorial polygenetic
illness that causes melanocytic loss in the skin and, in some cases, in the hair. The
genitals may be implicated, posing a unique treatment difficulty. Vitiligo in the
genital area can have a significant impact on a patient’s sexuality (Hamzavi et al.
2015). Surprisingly, information on male genital vitiligo is lacking. Vitiligo with
white patch affects the patients’ self-esteem and is derived from the Latin word
“vitium”which means “blemishing fault” and is a cause of stigma even to this day. It
rarely affects the melanocytes in the eyes and membranous labyrinth of the inner ear
(Khaitan and Sindhuja 2021). Before the introduction of new patches, some patients
suffer itching. Vitiligo symptoms are more likely to appear first on body parts that
are exposed to the sun the most, such as the face, lips, arms and feet. Visible
lightening of regions of skin in vitiligo-affected locations, as vitiligo pigmentation
can extend to the eyes, mucous membranes and facial hour. Vitiligo is a systemic
condition with far-reaching consequences that extend beyond the skin, such as
autoimmune illness, ocular abnormalities and neurological abnormalities (Ezzedine
and Silverberg 2016).
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25.2 Medical Treatment of Vitiligo

Halting diseases progressive (systemic steroids) such as methotrexate,
minicycline, cortisteriods, calcineurin inhibitors, VitaminD3 analogues and cyclo-
sporine are used to treat halting diseases progressive.

Combination therapy, such as physical and medical treatment, physical and
surgical treatment, and surgical and medical treatment.

Physical therapy, such as phototherapy and laser therapy.
Surgical therapy for vitiligo: Surgical therapy for vitiligo is an important topic

that was first reported in 1947 by Haxthasen and colleagues. Since then, surgical
techniques have become more sophisticated and varied, with each method having
unique advantages and disadvantages, such as tissue grafts, mini punch grafts,
bluster grafts, cellular grafts, split thickness skin grafts, cultured grafts.

Photochemotherapy like steroids treatment, non-steroids immunosupressive
agents, depigmentation therapies, micropigmentation.

Other vitiligo oral treatments include phenylalanine, antimalarials, khellin,
levamirale and clafazimime.

25.3 Drug Repositioning

Drug repositioning (also known as repurposing, rediscovery, reprofiling, retasking
or rescue) is the process of discovering new uses for authorised and experimental
medications (Sotiropoulou et al. 2021). Drug repositioning has a lower risk of
failure, shorter timeframes and smaller financial commitment as compared to



traditional drug development (Austin and Gadhia 2017). The present cost of bringing
a novel chemical entity to market is projected to be in the region of US $2–3 billion,
with a time frame of 10–17 years (Nagle et al. 2003). Supposedly cheaper and faster,
repositioned medicine typically costs $300 million and takes 6.5 years to develop
(Nosengo 2016). Sildenafil, which was originally created as a hypertensive medicine
and is now marketed for other purposes like erectile dysfunction, is a good example
of repositioning (Jourdan et al. 2020).
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25.4 Repurposing of Approved Therapeutics for Vitiligo

At a molecular and genetic level, there has been substantial progress in understand-
ing the aetiology of vitiligo, with a greater emphasis on the intracellular environment
and the interplay of cytokines and signalling pathways (Katz and Harris 2021).
Targeted immunotherapy is currently at the forefront of the R &D pipeline, followed
by melanocyte regeneration and the decrease of microenvironmental oxidative stress
(Giri et al. 2020).

25.4.1 Treatment Goals

• Keeping the illness stable for a longer period of time and avoiding recurrences.
• Developing effective medications with a low risk of side effects.
• Extensive repigmentation and aesthetic matching of the depigmented regions.
• Patient satisfaction is important.
• Melanocyte stress-antioxidants are currently one of the most important treatments

in the treatment of vitiligo.
• Targeted immunotherapy interferes with the functioning and signalling of cyto-

kines, facilitating the regeneration and repigmentation of melanocytes.

25.4.2 Disadvantage of Current Vitiligo Therapeutics

Vitiligo susceptibility loci have been identified in genome-wide association studies,
revealing that it is a complex disease network mediated by immunomodulatory
factors, apoptotic and melanogenic proteins (Spritz 2013). Despite the fact that
available research can help us to understand the molecular process of vitiligo,
developing anti-vitiligo drugs remains a difficult task (Wang et al. 2021). Current
vitiligo treatment medications, such as immunomodulators (glucocorticoids) and
calcineurin inhibitors, focus on skin repigmentation as a phenotypic intervention
(tacrolimus and pimecrolimus). However, many patients find these medications



unsatisfactory because they are time-consuming, expensive and have adverse reac-
tions (Valle et al. 2012).
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25.4.3 Advantage Associated with Repurposing of Drugs

Thousands of molecules enter clinical trials each year, but about 70% of phase II
therapeutic molecules fail, while phase III clinical trials have failure rates of more
than 50% (Novac 2013). Failure of therapeutic molecules at a later stage costs
companies money and delays the development and commercialisation of appropriate
medication. To help pharmaceutical businesses deal with high attrition rates,
repositioning or medication repurposing offers a variety of commercial options
through low-risk, high-cost-effective tactics that help realise the potential of drugs
across a wide range of applications (Sleigh and Barton 2010). Drug research and
development can be greatly assisted by drug repurposing (Levin et al. 2020). The
fact that existing knowledge of medication safety and bioavailability profiles is
available strengthens the process and allows for lower failure rates and development
costs, resulting in better treatment choices for diseases with unmet clinical require-
ments (Feldman et al. 2016). The life cycle of a drug molecule starts with the phase
of drug research and development and ends with the stage of marketing and making
the drug available to all patients (Begam and Kumar 2012).

25.4.4 Mechanism Target-Vitiligo

Vitiligo therapy necessitates a multimodal approach that targets three different
components at the same time. The first is to reduce oxidative stress and optimise
the melanocyte microenvironment, followed by immunomodulatory and immuno-
suppressive effects, and finally, melanocyte regeneration (Karagaiah et al. 2020).
Treatment is based on the disease’s stability and the amount of body surface area
affected, and must be tailored to the patient’s needs. The first step is to get the illness
process under control. The focus is on stimulating melanocytes to produce patch
repigmentation (Moretti et al. 2006). For example, bimatoprost was licenced by the
FDA in 2008 for the treatment of eyelash hypotrichosis (Chanasumon et al. 2018).
This treatment caused periocular hyperpigmentation, which was discovered to be a
side effect. According to a detailed evaluation of eyelid biopsies, bimatoprost
increased hyperpigmentation by enhancing melanogenesis without causing irrita-
tion. Bimatoprost may be used to treat vitiligo because it stimulates melanogenesis
(Grimes 2016).
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25.5 Available Therapy

Medical and surgical methods are the two primary categories of current therapy
options. Topical, systemic and phototherapy are the three types of medical treatment
(Colucci et al. 2012). According to the European Dermatology Forum’s consensus
guidelines, the first line of treatment for segmental vitiligo includes topical cortico-
steroids and topical calcineurin inhibitors, as well as triggering factor inhibition and
cosmetic camouflage (Taieb et al. 2013). If repigmentation is not accomplished after
the disease has been stabilised, surgical options can be considered. If stability isn’t
obtained, targeted phototherapy can be employed to slow down the development and
induce pigmentation (Passeron 2017).

25.5.1 Topical Corticosteroids

Local immunomodulation and activation of melanocytes for pigment formation are
the effects of corticosteroids in the afflicted skin (Bagherani 2012). They primarily
function by binding to the glucocorticoid receptor pigment (GC receptor) and
inhibiting the gene expression of a wide range of cytokines, including IL-1, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, GM-CSF and interferon. As a result, the
activation of cytotoxic T cells is inhibited (Masuria et al. 1999). It has also been
shown to suppress B cell responses to self-antigens (Bacigalupi et al. 2012). Class III
and IV corticosteroids were found to be effective in treating non-segmental vitiligo
in a meta-analysis of nonsurgical vitiligo treatments, with 40–56% of patients
achieving >75% repigmentation (Njoo et al. 1998). Although clobetasol propionate
and betamethasone valearate at various concentrations have been shown to be
effective, long-term use has been linked to considerable local adverse effects
(Hengge et al. 2006). On the other hand, mometasone has similar efficacy but has
fewer side effects and a favourable safety profile in both adults and children
(Boström et al. 2001). Fluticasone propionate combined with UVA produced greater
benefits than fluticasone propionate alone in a comparison trial (Passeron and
Ortonne 2006). Topical corticosteroids may be slightly more effective than
calcineurin inhibitors in terms of efficacy, and they function best when used in
combination rather than alone (Falabella and Barona 2009). A few well-known side
effects of topical corticosteroids include atrophy, telangiectasia, hypopigmentation,
straie, folliculitis, and acneiform outbreaks, especially with high-potency corticoste-
roids (Coondoo et al. 2014). Mometasone and fluticasone, on the other hand, can be
used safely in extrafacial locations for short periods of time (Taieb et al. 2013).
When a broad region is involved and strong steroids are administered for lengthy
periods of time in children, systemic absorption and accepted suppression of the
hypothalamic-pituitary-adrenal (HPA) axis may be a concern (Schäcke et al. 2002).
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25.5.2 Topical Calcineurin Inhibitors

Topical calcineurin inhibitors like tacrolimus block IL-2 and IFN-, which have an
immunomodulatory effect on cytotoxic T cells (Ricci et al. 2007), have also been
proven to lower systemic oxidative stress (Ermertcan and Ozturkcan 2007), which
leads to disease control and repigmentation in vitiligo (Lerche and Wulf 2010).
Tacrolimus demonstrated superior repigmentation rates than placebo in a double-
blind randomised controlled experiment, especially on the face and upper back, with
pigment developing within the first 4 months of treatment (Cavalié et al. 2015). A
double-blinded RCT found that tacrolimus 0.1% ointment was more effective than
clobetasol 0.05% ointment (Lepe et al. 2003a, b).

25.5.3 Topical Vitamin D Analogues

Despite the fact that it has shown a moderate response in children, with 50–75%
repigmentation (Silverberg et al. 2004), studies have demonstrated that when paired
with NB-UVB, calcipotriol has no additional effect on repigmentation and may even
delay the start of pigmentation. While a few studies have found that when NB-UVB
and PUVAsol are combined, the response rates are higher, with a faster and more
sustained response in fewer sessions (Kullavanijaya and Lim 2004; Nordal et al.
2011). In patients with unstable vitiligo, a combination of calcipotriol 0.005% and
betamethasone dipropionate 0.05% produced a mild-to-moderate response (25–75%
pigmentation) and was well tolerated (Binić and Stanimirović 2019).

25.5.4 Topical Prostaglandin Analogues

The use of topical prostaglandin analogues in vitiligo was suggested by the
hyperpigmentation of periocular skin when treating glaucoma (Parsad et al. 2002).
Prostaglandin analogues are more effective for treating periocular vitiligo and short-
term diseases. Mild irritability and burning were the only side effects (Kanokrungsee
et al. 2021).

25.5.5 Topical Antioxidants

Antioxidants can be used in conjunction with other treatments. A case study of
33 patients indicated that combining topical pseudocatalase/calcium with short-term
NB-UVB therapy was extremely efficient in producing repigmentation on the face
and dorsum of the hands (Karagaiah et al. 2020).
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25.5.6 Phototherapy

Phototherapy, which is an immunomodulator and inducer of melanocyte growth, is
the first line of treatment for vitiligo that affects more than 10% of the body surface
area, with a special focus on children (Karagaiah et al. 2020).

25.5.7 PUVA-Psoralen Plus UVA-A

It promotes melanocyte growth by stimulating follicular melanocytes and releasing
keratinocyte growth factors if a light source with broad band UVA (320–380 nm)
and either oral or topical psoralen is given, and the dose is increased until the
maximum acceptable dose is attained after identifying the minimum phototoxic
dose (Bansal et al. 2013). Topical 8-methoxypsoralen is favoured over systemic
psoralen because it has fewer negative effects (Ermis et al. 2001).

25.5.8 Narrow Band UVB

NB-UVB operates by stimulating the tyrosinase enzyme and boosting the production
of HMB45 on the melanosome surface, with a peak emission at 311 nm (Cho et al.
2016) (Karagaiah et al. 2020). In the last decade, NB-UVB has replaced PUVA.
According to study by Yones et al. a larger percentage of patients showed more than
50% repigmentation after 6 months of treatment with NB-UVB than those in the
PUVA group (Yones et al. 2007a, b), 44% of patients in the PUVA group had good
colour match, whereas all patients in the NBUVB group had excellent colour match
(Bhatnagar et al. 2007). Erythema, itching and moderate burning are some of the side
effects of NB-UVB, which usually go away after a few hours of treatment (Khanna
and Khandpur 2019).

25.5.9 Other Photochemotherapies

Khellin is a vasodilator furanochrome (Quimby and Ammi visnaga Lam 1953) that
can induce melanogenesis when exposed to UVA radiation (Nordlund and Ortonne
1992). It is taken orally at a dose of 50–100 mg/kg between 45 min and 1 h before
UV exposure (Karagaiah et al. 2020). A repigmentation rate was reported to be
equivalent to PUVA and had fewer side effects, but required longer treatment times
and larger doses (Valkova et al. 2004). Topical khellin, on the other hand, has been
proven to be ineffectual in delivering any further benefit when paired with either
UVA or Monochromatic Excimer laser 308 nm (Felsten et al. 2011).
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• L-Phenylalanine (L-Phe)

Felsten et al. (2011) recommend taking phenylalanine, an important amino acid
for melanogenesis, orally 45 min before phototherapy to achieve good
repigmentation rates of 50–100% (Felsten et al. 2011).

25.5.10 Lasers

25.5.10.1 Monochromatic Excimer Laser (MEL)

The FDA has approved the MEL 308 nm laser for the treatment of vitiligo (Chu
2015). Passeron and Ortonne (2006) suggest that MEL may provide better clinical
outcomes than NB-UVB and is more effective when used in conjunction with topical
hydrocortisone and tacrolimus.

25.5.10.2 Helium Neonspiepr146 Laser

The helium neon (632.8-nm) (HeNe) laser has been used in the treatment of head and
neck segmental vitiligo (Wu et al. 2008).

25.6 Systemic Treatment

In patients who do not respond to topical medicines or NB-UVB, systemic cortico-
steroids (CS) are used as a last resort (Taieb et al. 2013). In comparison to PUVA,
oral pulse steroids achieved the most repigmentation when used as an adjuvant to
phototherapy (El Mofty et al. 2016).

25.7 Surgical Methods

The outer root sheath of the hair follicle serves as a melanocyte reservoir, which is
critical for the efficacy of medical therapy (Nishimura 2011). The goal of surgical
treatments is to reintroduce harvested melanocytes into depigmented vitiliginous
lesions. Tissue grafting and cellular grafting are two types of surgical techniques
(Stoner and Wood 2000).
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25.7.1 Cellular Grafts

The goal of cellular grafts is to take viable tissue from a pigmented normal site using
various methods like punch grafting, blister roof grafting, split thickness skin grafts
or STSG and separate the epidermis cells into a suspension before transferring them
to de-epithelialised recipient vitiliginous skin. Melanocyte-only transplantation,
keratinocyte and melanocyte transplantation, and follicular epidermal cell suspen-
sion transplantation are some of the techniques used. This procedure has been shown
to be simple, safe, minimally invasive, and effective, with less donor scarring
(Khunger et al. 2009; Majid and Imran 2012; Karagaiah et al. 2020).

25.8 Emerging Treatments by Drug Repurposing

25.8.1 Minocycline

Because of its inhibitory action on generation of free radicals and cytokine produc-
tion, interference with protein synthesis, potent antiapoptotic properties and
modulation of matrix metalloproteinases, minocycline, an antibiotic with immuno-
modulatory and anti-inflammatory properties (Parsad and Kanwar 2010), has
recently been tried in active vitiligo patients. Some adverse effects may be observed,
and the drawback of using medications on a daily basis is that it may impair
compliance (Miquelin et al. 2019).

25.8.2 Methotrexate

Methotrexate is an antimetabolite and antifolate medication (Hannoodee and Mittal
2021) that has been used for many years in the treatment of autoimmune illnesses
and has been found to be safe when used for lengthy periods of time (Koźmiński
et al. 2020). It reduces the number of T cells that produce TNF-α, which may aid
with vitiligo (AlGhamdi and Khurrum 2013). A prospective randomised open-label
study found that oral methotrexate 10 mg weekly dose was comparable to cortico-
steroid oral mini pulse (total weekly dose of 5 mg dexamethasone) after 6 months of
treatment, and was well tolerated. Lesions that were exposed to the sun responded
the best, but lesions on the palms, soles and mucosa did not respond well to
methotrexate. Methotrexate is known to produce myelosuppression and hepatotox-
icity; therefore, blood parameters must be regularly watched (Singh et al. 2015).
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25.8.3 Cyclosporine

By blocking NFAT, a transcription factor required for the transcription of genes
producing interleukin 2, cyclosporine, an oral calcineurin inhibitor, interferes with
interleukin 2 syntheses (IL 2). Inhibiting IL 2, a critical cytokine that mediates
lymphocyte inflow could be a treatment option for vitiligo patients (Junjappa et al.
2018). A recent study found that treating 18 individuals with oral cyclosporine
(3 mg/kg/day) in two divided doses for 3 months resulted in a statistically significant
reduction in Vitiligo Area Scoring Index (VASI) score (Karagaiah et al. 2020). Thus,
cyclosporine was capable of producing repigmentation as well as slowing disease
progression, most likely due to its direct effect on melanogenesis (Ibrahim et al.
2021).

25.8.4 JAK-STAT Inhibitors

Oral JAK 1/3 inhibitor tofacitinib 5 mg twice daily was reported to result in complete
re-pigmentation of depigmented lesions on the face and hands after 5 months of
treatment in a case with widespread progressive vitiligo (Khondker 2020). In another
case series of 10 patients, 5 reacted to oral tofacitinib with some repigmentation, and
all of them had received either enough sun exposure or low dosage of NBUVB (Liu
et al. 2017). In 11 patients with vitiligo on the face, the combination of topical 2%
tofacitinib and NBUVB was tested for 2–4 months, and the VASI score was reduced
by 70% on average (Ciechanowicz et al. 2019). Tofacitinib is mostly metabolised in
the liver by CYP3A4, with a small contribution from CYP2C19. Tofacitinib phar-
macokinetics can be affected by CYP3A4 inhibitors (ketoconazole) or strong
CYP2C19 inhibitors (fluconazole), which reduce metabolism and lead to higher
tofacitinib levels (Dowty et al. 2014). To avoid dosage-dependent side effects, such
circumstances necessitate a dose decrease. Other than arthralgia, weight gain, slight
increase in lipids and liver enzymes, and dose-dependent drop in blood counts, oral
tofacitinib is well tolerated in most patients (Bae et al. 2020).

25.8.5 Ruxolitinib

In a 20-week, open-label pilot study, 11 individuals with vitiligo and a maximum of
10% body surface area (BSA) involvement did well with topical ruxolitinib 1.5%
cream applied twice daily. The best results were reported in cases of facial vitiligo.
On average, the VASI score was reduced by 76% (Rothstein et al. 2017). Eight
individuals with vitiligo were treated for 32 weeks with 1.5% topical ruxolitinib
cream with optional NBUVB in an open-label trial, which was completed by five
participants. The average improvement in vitiligo of the face was 92%. Because



low-dose light therapy is required to stimulate the melanocytes, concomitant
NBUVB and enough sun exposure result in good repigmentation (Joshipura et al.
2018). One randomised controlled trial investigated the therapeutic potential of
ruxolitinib cream in patients with vitiligo and reported efficacy and safety up to
52 weeks. Treatment with ruxolitinib cream was associated with substantial
repigmentation of vitiligo lesions, and all doses were well tolerated (Rosmarin
et al. 2020).
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25.8.6 STAT Inhibitors

The first person to respond to oral simvastatin was a 55-year-old man who was being
treated for uncontrolled hypertension and long-standing vitiligo. Simvastatin and
atorvastatin are two types of statins. Trials with topical atorvastatin are being done in
vitiligo to circumvent the possible hazards of high-dose systemic statins and
NBUVB (Zar et al. 2019; Verma et al. 2021).

25.8.7 Alpha-Melanocyte-Stimulating Hormone (MSH)

MSH is a synthetic analogue of the naturally occurring hormone alpha-melanocyte-
stimulating hormone (MSH) that has a higher affinity for the melanocortin 1 receptor
(MC1R) and a longer half-life and can stimulate melanogenesis and enhance
eumelanin transfer inside the melanosome (Minder 2010). It may also restore
cytokine equilibrium by acting on inflammatory cells that express the MC1R
receptor (neutrophils and lymphocytes) (Rouzaud et al. 2005). To investigate the
safety and efficacy of afamelanotide subcutaneous implants in generalised vitiligo,
28 patients were randomly assigned to combination therapy (Afamelanotide plus
NB-UVB) and 27 to monotherapy with NBUVB in a randomised comparative
multicentre trial. The combination therapy group received 16 mg of afamelanotide
subcutaneous implants monthly after receiving NB-UVB for 1 month, while the
other group received NB-UVB monotherapy. In 72% of patients, afamelanotide
combination therapy was found to be superior than NB-UVB monotherapy, and
when paired with other treatment choices, more repigmentation was attained (Lim
et al. 2015a, b).

25.8.8 UVA1 Lasers

Because of its deeper penetration and immunomodulatory capabilities, UVA1 rep-
resents a new potent tool in the phototherapeutic arsenal (Kemény et al. 2019).
During oxidative phosphorylation in the mitochondria, the UVA-1 laser primarily



mediates the creation of reactive oxygen species, which causes damage to DNA,
proteins, lipids and cellular organelles. This may suppress immunological responses
while promoting melanogenesis. Transient irritation and erythema were the only side
effects (Karagaiah et al. 2020).
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25.8.9 Photodymanic Therapy

It generates singlet oxygen and other active oxides under 635-nm laser irradiation,
which can damage cell membranes, mitochondria and DNA, cause necrosis and
apoptosis, and then destroy sick cells. Some researchers have discovered that PDT is
effective by stimulating local specific immunity in recent years. PDT caused epider-
mal keratinocytes and Langerhans cells to die, according to one study. However, no
clinical investigations on the therapeutic mechanism of PDT in vitiligo have been
conducted (Serrano et al. 2009; Rahimi et al. 2021); 5-aminolevulinic acid ALA is
successful in treating vitiligo when the medication concentration is 1.5%, the
application time is 3 h, the irradiation dose is 80 mw/cm2 and the irradiation time
is 20 min. As a result, ALA-PDT is safe and effective in treating vitiligo, with just
minor side effects, and may provide a novel treatment option in the future (Zhang
et al. 2018).

25.8.10 Oral Antioxidants

In a double-blind, placebo-controlled trial, oral ginkgo biloba as a monotherapy
significantly reduced vitiligo progression compared to placebo (Szczurko et al.
2011). Oral polypodium leucotomos has shown a considerable improvement in the
repigmentation rates of head and neck lesions when paired with narrow band UVB
(Pacifico et al. 2021).

25.8.11 Topical Immunosuppressants

In selected cases (Gawkrodger et al. 2008), topical immunosuppressants can be used
as steroid substitutes.

25.8.12 Basic Fibroblast Growth Factor

In vitro investigations have revealed that b-FGF activates melanogenesis and migra-
tion of perilesional melanocytes in depigmented macules and that it is mitogenic to



melanocytes (Singh 2011). The goal of a multicentre phase IV double-blind
randomised control trial on bFGF-related deca peptide was to see if it was effective
in repigmenting stable non-segmental vitiligo macules on sun-protected areas, as
well as to evaluate the safety and efficacy of topical deca peptide in vehicles and in
combination with NB-UVB. In the absence of sun exposure, deca peptide alone was
found to be less effective in repigmenting vitiligo. In the patients, it was well
tolerated (Ramaiah et al. 2015).
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25.9 Targeted Immunotherapy

Many studies have highlighted the importance of cytokine and signalling molecule
imbalances in the pathogenesis of vitiligo and its link to increased cytokines such as
TNF-, INF-, IL-1, IL-2, IL-6, IL-8 and IL-17 (Singh et al. 2019). Newer compounds
targeting the specific immune pathway are being developed as the need of the hour to
tackle the problem of a lack of safe and effective medications in treating vitiligo
(Narayanan 2015). With the efficacy of rituximab (a murine/human monoclonal
antibody to CD20) in autoimmune illnesses in mind, a pilot study was conducted in
which five patients with active vitiligo received 1 g of rituximab in a single
intravenous infusion and were observed for 6 months. Three patients showed
significant clinical and histological improvement, whereas one patient showed
only minor improvement. One patient showed no improvement. These findings
point to the need for more clinical studies of human monoclonal antibodies to
CD20 in the treatment of vitiligo (Ruiz-Argüelles et al. 2013). Recently, researchers
have explored the role of low-dose cytokines, growth factors and neuropeptides in
treating vitiligo. Neovir is a sodium oxo-dihydro-acridinyl-acetate (ODHAA)-based
intramuscular immunomodulatory drug used to treat multiple sclerosis, immunode-
ficiencies and oncological disorders (Agarwal et al. 2020). In an experimental study,
60 patients with active non-segmental vitiligo were treated with 10 doses of
ODHAA every 48 h. The findings were outstanding, with high effectiveness in
attaining long-term non-segmental vitiligo stability (Gianfaldoni et al. 2018).
Abatacept is a fusion protein that is connected to the extracellular domain of
CTLA-4, an immunological checkpoint regulator, via the Fc region of the immuno-
globulin IgG1 and is now licenced by the FDA for the treatment of rheumatoid
arthritis. Abatacept’s efficacy in treating vitiligo has been tested in an open-label
pilot study (Moreland et al. 2006).

25.10 Future Scope

Preclinical trials of PD-1 ligand (PD-L1, a PD-1 agonist) for the treatment of
psoriasis and inflammatory bowel disease are presently used its involvement in
immunological homeostasis; it may become a therapeutic alternative in the future



(Vanella et al. 2021). IL15 works through the JAK STAT signalling pathways and
has recently been linked to melanocyte death caused by oxidative stress. Targeting
IL15–JAK STAT interactions, according to researchers, could be a possibility to
investigate in the future (Shenoy et al. 2014). In an attempt to investigate the effect of
miR-155 on CD8+ T cell proliferation, Treg cell proliferation and melanocyte
proliferation, a recent study found that miR-155 agonist can greatly increase Treg
cell expression, limiting CD8+ T cell expansion and encouraging melanocyte
proliferation. As a result, activation of mi-RNA could be a potential therapy option
for vitiligo (Lv et al. 2019). HLA-A2, A30, A31, B13, B27, B46, B56, B60, Cw4,
Cw6, DR4, DR5, DR7, DR53 and DQ3 are among the HLA-associated genes
implicated in the vitiligo causes in diverse populations (Karagaiah et al. 2020).
Other MHC region genes linked to generalised vitiligo include low molecular weight
polypeptide-2 and -7 (LMP2 and LMP7) and transporter associated with antigen
processing protein-1 (TAP-1) (Jin et al. 2011). As a result, these foci could be a
unique target for gene therapy in many populations. Catalase deficiency in vitiligo
patients may be caused by mutations in or near the CAT gene, which codes for the
enzyme catalase (Casp et al. 2002). In the future, these genes could be used as
medicinal targets.
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25.11 Reported Clinical Trials

Various drugs have been studied by conducting clinical study on patients of vitiligo.
Some of them are shown in the Table 25.1.

25.12 Future Prospects and Conclusion

Medication repurposing is a groundbreaking new strategy for harnessing the poten-
tial of a single medicinal molecule to treat a wide range of ailments while also
repurposing it for new therapeutic purposes. Compared to the previous method, this
method is less expensive and time-consuming. Repositioning medicine is considered
a commercially desirable approach because preclinical and clinical development
data for the drug (phase I and phase II studies) are already available. Drug
repositioning is typically beneficial for rare diseases because of the benefits of tax
exemptions, quicker approval, grants and monetary funding (orphan medications).
The results of drug repurposing have proved beneficial in the treatment of autoim-
mune disorders like vitiligo and other rare diseases that are not prioritised by
industry due to minimal financial return.
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Table 25.1 Reported clinical trials of drug repurposing for vitiligo treatment

Study design & year Sample size Interventions Result

Nguyen et al. (2018)
Interventional,
bicentric, prospec-
tive, randomised
single-blind trial

30 patients Group A: Atorvastatin
(40 mg/d for 1 month
followed by 80 mg/d for
5 months) along with
NB-UVB phototherapy
Group B: NB-UVB
alone phototherapy
twice a week for
6 months

NB-UVB phototherapy
alone can effectively
decrease spreading of
active vitiligo. Atorva-
statin did not add any
benefit to NB-UVB
treatment for
repigmentation or halt-
ing disease progression

Vanderweil et al.
(2017)
Randomised, double-
blind, placebo-con-
trolled, phase II clin-
ical trial

15 patients with
vitiligo affecting
3–50% of their
body surface area

40 mg of simvastatin
daily for the first month
and 80 mg for the
remaining 5 months of
the study period, or
placebo

The treatment group
experienced an average
worsening of disease

Razmi et al. (2018) 30 patients ECS was applied to
1 lesion and

Significantly superior

Prospective,
observer-blinded,
intra-patient, active-
controlled,
randomised clinical
trial

ECS + FCS was applied
to the anatomically
based paired lesion of
the same patient. No
adjuvant treatment was
given

Repigmentation out-
come with epidermal
and follicular cell sus-
pension was observed
in treatment-resistant
acral vitiligo and
non-segmental vitiligo

Lim et al. (2015a, b)
Randomised,
multicentric clinical
trial

55 patients
(n = 28) combina-
tion therapy vs
NB-UVB
monotherapy
(n = 27).

Narrowband UVB
monotherapy vs com-
bined NB-UVB photo-
therapy and
afamelanotide

Afamelanotide implant
and NB-UVB photo-
therapy resulted in
clinically apparent, sta-
tistically significant
superior and faster
repigmentation com-
pared with NB-UVB
monotherapy

Redondo et al.
(2015)
Randomised, double-
blind, intra-individu-
ally placebo-
controlled clinical
trial

24 individuals Cultured epidermal cell
suspension (CES) and
amniotic membrane
(AM)–cultured epider-
mal cell grafting (CEG)

Both CES and
AM-CEG treatments at
the 3 and 6 month
evaluations appeared to
have a greater
repigmentation effect
compared with the
control intervention

Craiglow and King
(2015)
Therapeutic trial

1 Treatment with oral
tofacitinib citrate
(Xeljanz) was initiated
at a dosage of 5 mg
every other day. After
3 weeks, the dosage was
Increased to 5 mg/d

After 2 months of ther-
apy, partial
repigmentation of the
face and upper extrem-
ities was evident.
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Table 25.1 (continued)

Study design & year Sample size Interventions Result

Bae et al. (2017)
Open-label trial

14 patients Treated twice a week
using a gain-switched
311-nm TSL (Pallas;

Marked response using
a 311-nm TSL to treat

Laseroptek). The treat-
ment dose started at
300 mJ/cm2 and was
increased by 50 mJ/cm2

in each subsequent ses-
sion until post-treatment
erythema occurred.
Subsequently, the dose
was kept constant at the
minimal erythemal
dose. Topical
tacrolimus ointment,
0.1%, was applied con-
currently to all lesions
throughout the treat-
ment period. Sun pro-
tection was
recommended

Patients with
non-segmental vitiligo
on the face and neck

Grimes et al. (2013)
Randomised clinical
trial

56 patients Efficacy and safety of
afamelanotide and
NB-UVB phototherapy
compared with
NB-UVB monotherapy

Developed
repigmentation based
on the scientific pre-
mise of combining a
melanocyte agonist
(afamelanotide) with
NB-UVB phototherapy
in the treatment of
non-segmental vitiligo

Yones et al. (2007a,
b)
Double-blind
randomised study

56 patients Efficacy of oral
psoralen–UVA (PUVA)
with that of
narrowband– B
(NB-UVB) photother-
apy in patients with
non-segmental vitiligo-
twice-weekly therapy
with PUVA or
NB-UVB

NB-UVB therapy is
superior to oral PUVA
therapy in the treatment
of non-segmental
vitiligo

Nordal et al. (2011)
Randomised double-
blind trial

40 patients Half-side with
tacrolimus ointment
(0.1%) and half-side
with placebo ointment

Combination of NB-
UVB and tacrolimus
ointment (0.1%) is
more effective than UV
treatment alone

Hamzavi et al.
(2004)
Prospective,
randomised,

22 Treatment with
NB-UVB was given
3 times a week to half of
the body on all patients

Patients treated with
NB-UVB achieve
approximately 42.9%
repigmentation after

(continued)



controlled, bilateral
left- right comparison
trial

for either 60 treatments
or 6 months. The con-
tralateral side served as
a no-treatment control
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Table 25.1 (continued)

Study design & year Sample size Interventions Result

6 months of treatment,
with the greatest
response being
achieved over the trunk
and nonacral portions
of the extremities

Mulekar 2004Long-
term follow-up study

50 patients Autologous,
non-cultured melano-
cyte-keratinocyte cell
transplantation

Patients with segmen-
tal and focal vitiligo
can experience a
prolonged disease-free
period, which may
extend through the rest
of their lives

Travis et al. (2003)
Therapeutic trial

3 Topical 0.1%
tacrolimus ointment
was begun for the face
and eyelids in each of
these patients

All 3 patients have
maintained
repigmentation after
6–9 months of follow-
up, even with discon-
tinuation of treatment

Lepe et al. (2003a, b)
Randomised double-
blind trial

20 children Treatment with topical
tacrolimus and
clobetasol for a 2-month
period

Tacrolimus proved
almost as effective as
clobetasol propionate
to restore skin colour in
lesions of vitiligo in
children

Westerhof et al.
(1999)
Prospective,
randomised, con-
trolled, left- right
comparison study

135 FP alone and a combi-
nation of FP and UVA
(FP group) or with UVA
alone and a combination
of FP and

Combination treatment
with FP and UVA is
much more effective in

UVA (UVA group).
Fluticasone propionate
cream was applied once
daily at about bedtime,
and UVA (10 J/cm2)
exposure was twice a
week

Reaching complete
repigmentation than
are FP and UVA used
alone
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Chapter 26
Emerging Infections and Their
Management

Pramil Tiwari and Prity Rani Deshwal

Abstract Emerging infectious diseases (EIDs) are infections with increasing inci-
dence and spread with a threat to increase in the near future. New EIDs have evolved
at an alarming rate in recent years, and a global pandemic has erupted to emphasize
the necessity of managing such infections. The origin of EIDs has always been a
mystery to researchers. Many interconnections between human and animal hosts,
further the factors like socioeconomic, environmental, and ecological factors are
linked with the emergence of the infections. Past emergence of these infections has
signified the association of evolutionary pathogenesis with the occurrence of EIDs
and it also indicated the importance of understanding variations in the pathogenesis
of EIDs. In recent decades, the most challenging in combating emerging and
re-emerging infections has been the development of universal and reliable methods
of early identification. Several classes of molecules have been scrutinized as pro-
spective biomarkers or candidates with diagnostic potential. The databases and
hotspots of EIDs are identified with promising roles in the pursuit of early identifi-
cation. However, a strategic management and organization perspective is the need of
the hour for controlling the emergence of such infections. The risk assessment and
surveillance systems are vital epidemiological methods for keeping a track of a
population’s health, guiding priority-setting, planning, and evaluating the public
health policy and strategies. On the other hand, repurposing of drugs becomes a
novel approach for the management of such emerging infections.
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SIR Susceptible-Infected-Recovered Model
TMPRSS2 Type 2 transmembrane serine protease
VRE Vancomycin-resistant Enterococci
WHO World Health Organization
XDR-PA Extensively drug-resistant, Pseudomonas aeruginosa

26.1 Emerging Infections

Emerging infectious diseases (EIDs) are illnesses brought on by pathogenic organ-
isms that are becoming more prevalent among people. These include pathogens that
are now gradually changing, dispersing to new geographical regions, going
unnoticed, or being former infections that are reappearing as a result of flaws in
public health procedures. Infectious diseases whose prevalence has increased over
the last 20 years or which appear to be on the rise are the emerging infections
(Woolhouse 2002; Woolhouse and Gowtage-Sequeria 2005; National Institute of
Allergy and Infectious Diseases (NIAID) 2018). Therefore, the broad category of
EIDs consists of (i) new diseases brought on by novel pathogens or novel strains of
recognized pathogens, (ii) well-known diseases that have spread to new regions or
host populations, and (iii) well-known diseases whose incidence has increased as a
result of novel transmission mechanisms, environmental changes, or unusual



virulence mutations (National Institute of Allergy and Infectious Diseases (NIAID)
2018; Anderson et al. 2004; Shope and Oaks 1992).
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The National Institute of Allergy and Infectious Diseases categorized emerging
infectious diseases into three groups based on the pathogen’s priority list in consid-
eration of risk to public health and national security. The list is revised on a regular
basis in collaboration with its government partners, including the U.S. Department
of Homeland Security, which establishes threat assessments, and the Centers for
Disease Control and Prevention (CDC), which is responsible for disease surveil-
lance. The description of categories and a list of emerging pathogens in their
respective categories are represented in Table 26.1.

Table 26.1 Emerging infectious diseases/pathogens category (National Institute of Allergy and
Infectious Diseases (NIAID) 2018)

Category Description Pathogens

A • Pose the highest risk to national
security and public health
• Can be easily disseminated or

transmitted from person to person
• Result in high mortality rates and

have the potential for major public health
impact
• Might cause public panic

Bacillus anthracis (anthrax), clostridium
botulinum toxin (botulism), Yersinia
pestis (plague), Variola major (smallpox)
and other related pox viruses, Francisella
tularensis (tularemia), viral hemorrhagic
fevers (dengue, Ebola and Marburg
viruses)

B • Second highest priority organisms/
biological agents
• They are moderately easy to dis-

seminate
• Result in moderate morbidity rates

and low mortality rates
• Require specific enhancements for

diagnostic capacity and enhanced disease
surveillance

Burkholderia pseudomallei, Coxiella
burnetii, Brucella species, Burkholderia
mallei, chlamydia psittaci, ricin toxin,
epsilon toxin, staphylococcus enterotoxin
B (SEB), typhus fever, food- and water-
borne pathogens, bacteria, viruses, proto-
zoa, fungi and mosquito-borne viruses

C • Third highest priority and include
emerging pathogens that could be
engineered for mass dissemination in the
future
• Ease of production and dissemina-

tion
• Potential for high morbidity and

mortality rates and major health impact

Nipah and Hendra viruses, additional
hantaviruses, Tickborne hemorrhagic
fever viruses, Tickborne encephalitis
complex flaviviruses, Tickborne encepha-
litis viruses, tuberculosis, including drug-
resistant TB, influenza virus, rabies virus,
prions, severe acute respiratory syndrome
associated coronavirus (SARS-CoV),
MERS-CoV, and other highly pathogenic
human coronaviruses

Other • Additional emerging infectious dis-
eases/pathogens

Acanthamebiasis, Anaplasmosis,
Australian bat lyssavirus, Bartonella
henselae, BK virus, Bordetella pertussis,
Borrelia mayonii, Borrelia miyamotoi,
Ehrlichiosis enterovirus 68, enterovirus
71, hepatitis C, hepatitis E, human her-
pesvirus 6, human herpesvirus 8, JC virus,
leptospirosis, Mucormycosis, poliovirus,
Rubeola (measles)
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26.2 Origin of Emerging Infections

The major portion of emerging infection occurrences are induced by zoonoses,
primarily originate in wildlife (such as Ebola and Marburg virus) and are on the
rise (Petersen et al. 2018). Several reviews have indicated interconnections between
human and animal hosts (Palmer et al. 1998; Chomel 1998; Daszak et al. 2000).
Approximately 60% of identified human infections and near to 75% of “emerging”
human pathogens are generally caused by zoonotic infectious agents (Taylor et al.
2001; Kilpatrick and Randolph 2012). The spread of zoonotic pathogens to humans
through direct contact or food, water or environment has the potential to cause a
major public health threat problem. Majorly, transmissions into human hosts are as a
result of various ecological, demographical, and socioeconomic factors.

Two unique zoonotic disease emerging pathways have been recognized. Despite
their beginnings as zoonoses, certain viruses appear to have evolved to human
pathogens after migrating from animals to humans and becoming mostly or entirely
human infections. Others require ongoing reintroduction from animal hosts and have
never established themselves as self-sustaining epidemics in the human population
(Cleaveland et al. 2007).

Bacteria or rickettsia are responsible for a substantial number of emerging
infectious disease (EID) cases, indicating a huge number of drug-resistant microor-
ganisms. However, EID origins are also strongly linked to socioeconomic, environ-
mental, and ecological factors and could be used to highlight areas where new EIDs
are most likely to emerge as “hotspots” of an emerging disease (Woolhouse and
Gowtage-Sequeria 2005; Shope and Oaks 1992; Cleaveland et al. 2007).

Understanding the development of new infectious illnesses has been aided by the
population genetics and molecular epidemiology of RNA virus. The five major
processes of evolutionary change—genetic mutation, recombination, natural selec-
tion, and migration—interact to form the genetic structure of populations and are
also essential to comprehending the evolution of RNA viruses, despite the fact that
their relative strengths differ from those found in DNA-based species (Moya et al.
2004; Antia et al. 2003). To understand the cross-species infection scientists are
extracting virus mostly from a chronically infected patient and characterizing it
before using it to discover cell cultures that are tolerant for that particular infection
in humans, pigs, and deer (Shukla et al. 2011).

The five intergrading stages explain how a pathogen that exclusively infects an
animal may be transformed into a pathogen that exclusively infects a human. A
microorganism seen in animals but not in human under natural context is considered
to be at the first stage of infection. Stage two of transmission involves animal
pathogen that has been transferred from animals to humans (primary infection) but
not between humans (secondary infection). To reach the third stage, animal patho-
gens must only be capable of transmitting themselves between humans for a few
cycles before it became extinct in the human population. The fourth stage is of
Sylvatic cycle which is a natural cycle of transmission from animals to humans, and
that also traverses extensive periods of transmission between humans without the



assistance of animal hosts. Fourth stage is further classified in three substages; 4a,
4b, and 4c. Sylvatic cycle is far more significant than direct transmission from
human to human in Stage 4a. Sylvatic and direct transmission are essential in
stage 4b. Human-to-human transmission is the most widespread in stage 4c. The
last stage, stage 5 includes pathogens found solely in humans (Petersen et al. 2018;
Wolfe et al. 2007).
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26.3 ESKAPE Pathogen

It has emerged that pathogens have an inherent ability to withstand antimicrobial
medications that have been administered over long periods of time. Resistance to
antimicrobials often arises when bacteria and other pathogens develop resistance to
commonly used treatments. Resistance to drugs has been related to human life and
travel, animals and food commerce, wild animal movement and transportation, as
well as water and wind flow, since ecosystems have no boundaries. Furthermore,
EIDs are becoming untreatable and unmanageable as the existing treatment arma-
ment shrinks, owing primarily to AMR (Asokan and Kasimanickam 2013). Further,
every year, over 700,000 deaths are associated with AMR (Silva et al. 2020).
Antibiotic-resistant bacteria are predicted to cause over 33,000 deaths in the
European Union (EU) by the year 2050 (Gajdács and Albericio 2019; EARS-Net
ECS 2019).

ESKAPE pathogens, which stand for Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species, are accountable for the most dangerous and
potentially fatal hospital-acquired infections.

Opportunistic bacteria such as Enterococcus faecium, which are responsible for
serious infectious illness. It is a Gram-positive bacterium that is widely known for
causing urinary tract infections, wound infections, endocarditis, and nosocomial
bacteremia, all of which can lead to sepsis (Higuita and Huycke 2014). Enterococci
have the ability to develop resistance to erythromycin, vancomycin (vancomycin-
resistant enterococci; VRE), aminoglycosides, glycopeptides, gentamicin, tetracy-
cline, and streptomycin (Kayser 2003; Cetinkaya et al. 2000).

The study of population genetics as well as genomics revealed that E. faecium
comprises two distinct subpopulations. The first subpopulation is made up of
commensals that live in the gastrointestinal tract and are often not causative for
clinical infections. The second subpopulation consists of hospital-associated
E. faecium lineages. These lineages are the ones that are responsible for nosocomial
epidemics and opportunistic infections in inpatients (Zhou et al. 2020).

Gene acquisition and gene loss in E. faecium, aided by plasmid transfer, homol-
ogous recombination and mediated by insertion sequence elements, both certainly
contributed to the transformation of E. faecium as a hospital-adapted pathogen
(Leavis et al. 2007).
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Staphylococcus aureus is a Gram-positive bacterium which causes the skin,
bone, soft tissue, joints, or even infections linked with indwelling catheters or
prosthetic devices. Skin infections are the most prevalent kind of infection caused
by S. aureus (Tong et al. 2015). Methicillin, which spawned a novel superbug
S. aureus that is resistant to methicillin. The methicillin-resistant S. aureus
(MRSA) has long been known as a pathogen in healthcare facilities, it has worse
clinical outcomes than methicillin-sensitive S. aureus (MSSA) (Ippolito et al. 2010).
MRSA is known to commonly be the cause of severe skin and soft tissue infections
that are purulent. Sepsis can also be raised on by infections in the blood that are
driven on by S. aureus (Creech et al. 2015).

Predisposing factors for the establishment of MRSA include the use of antibiotics
without including a prescribed medication, a lack of knowledge, the use of antibi-
otics prior to hospitalization, and long-term inpatient care (Ansari et al. 2013).
S. aureus can become resistant either by horizontal transfer of resistance genes
from mobile genetic elements like plasmids, transposons, and the staphylococcal
cassette chromosome, or by mutations in chromosomal genes. Horizontally acquired
resistance may result from any of the following mechanisms: (i) enzymatic drug
modification and inactivation, (ii) enzymatic modification of the drug binding site,
(iii) drug efflux, (iv) bypass mechanisms involving the acquisition of a novel drug-
resistant target, or (v) displacement of the drug to protect the target. Further,
acquisition of resistance by mutation can result in (i) modification of the drug target
that hinders the inhibitor from binding, (ii) de-repression of chromosomally encoded
multidrug resistance efflux pumps, and (iii) multiple stepwise mutations that alter the
structure and/or composition of the cell wall and/or membrane, thereby reducing
drug access to its target (Foster 2017).

Klebsiella pneumoniae is becoming increasingly resistant to the medications
penicillin and ampicillin as it employs beta lactamases. In addition, the bacteria is
a strain of extended-spectrum beta-lactamase, also known as ESBL, and it exhibits
an increasing level of multidrug resistance to a broad spectrum of antibiotics—for
example, cephalosporin or ceftazidime (Viale et al. 2013).

Carbapenems are normally reserved for usage as a last option in the treatment of
multidrug-resistant infections in hospital patients. Unfortunately, several studies
have identified that carbapenem-resistant Klebsiella pneumoniae (CRKP) infection
is resistant to practically most of existing antimicrobials, is associated with signif-
icant death rates, and is recognized as one of the most serious antibiotic resistance
concerns by the CDC and the World Health Organization (WHO) (Band et al. 2018;
Centers for Disease Control and Prevention (CDC) 2019; World Health Organiza-
tion 2017).

Acinetobacter baumannii, which is Gram-negative pathogen, usually causes
infections in critically ill in-patients and accounts about a quarter of infections that
occur in ICUs across the world (Fournies and Richet 2013). The resistance mecha-
nisms in A. baumannii include enzymatic drug degradation, target changes,
multidrug efflux pumps, and permeability defects (Gordon and Wareham 2010;
Lin and Lan 2014).
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Pseudomonas aeruginosa has become a prime driver of healthcare-associated
infections (Rosenthal et al. 2014). It is most commonly found in hospitalized
patients, and it has rapidly evolved resistance to drugs like ciprofloxacin and
levofloxacin. P. aeruginosa builds a “shield” on surfaces by developing a biofilm,
making it particularly difficult to eradicate, especially in cystic fibrosis patients
(Lister et al. 2009). The recent advent of extensively drug-resistant P. aeruginosa
(XDR-PA), which is characterized by strains that are exclusively sensitive to one or
two types of antipseudomonal drugs, has become a serious concern because of the
absence of a viable antibiotic therapy (Lister et al. 2009; Falagas et al. 2008). One of
the mechanisms of resistance to antibiotics in its arsenal is the presence of several
chromosomal determinants, in addition to the intricate regulatory networks that are
engaged in both intrinsic and adaptive resistance (Horcajada et al. 2019).

Enterobacter spp. is largely responsible for numerous of severe nosocomial
infections. These infections reflect a wide range of multidrug resistance due to the
presence of plasmid-encoded ESBLs, Klebsiella pneumoniae carbapenemases and
metallo—lactamase (Navidinia 2016). Factors predisposing to such an infection
include long-term antibiotic usage, immunocompromised conditions, such as malig-
nancy, the exposure of invasive medical devices, recent hospitalization, or invasive
surgery (Ramirez and Giron 2021).

26.4 Variations in the Pathogenesis of EIDs

Over the past decades, human lives have seen pandemics across several geographical
locations of the globe. The understanding of the pathogenesis of the different
emerging infectious diseases can help to plan effective preventive or therapeutic
measures at an early stage against these pandemics (Jacobsen et al. 2016).

The genesis of infectious diseases in the past has indicated a relationship between
evolutionary etiology and the incidence of these EIDs. For example, in the
re-emergence of dengue fever, which has been exacerbated by alarming rises in a
dangerous and formerly rare variant of the disease, hemorrhagic fever, a very lethal
type. It arose from dengue viruses evolving to avoid high insight, as demonstrated in
increasing viral virulence and human immunopathogenesis due to antibody-
dependent intensification of viral infection (Morens 1994).

However, in case of cholera outbreaks environmental strains appear to serve as
repositories for human virulence genes. These undergo gene transfer events that
produce new strains with additional virulent gene combinations (Faruque and
Mekalanos 2012; Davidson et al. 2012).

To enter the host cell, coronavirus utilizes the type 2 transmembrane serine
protease (TMPRSS2) and the ACE2 receptor protein, which allows it to fuse and
endocytose with the host cell after entering through one of the mucous membrane
entrance points (Fehr and Perlman 2015; Chen and Guo 2020). Translated viral
proteins are made from the RNA that has been devoid of its coating. New RNA is
synthesized for new virions with the aid of RNA-dependent RNA polymerase. Once



the cell is lysed, plenty of other additional virions are released into the patient’s
system. Inflammatory cytokines are released in great quantities as a result of the
infection, creating a “cytokine storm” (Schreiber et al. 2022). When a growing
infection affects immunity, it can lead to an immunopathological cytokine storm
that can be fatal. During cytokine storms, the levels of IL-6, IL-1, IL-8, TNF, and/or
IP-10 are frequently increased. This phenomenon is also observed in a variety of
newly developing infectious disorders (Yang et al. 2001; Yeh et al. 2006; Meftahi
et al. 2020). Anti-IL6R and/or anti-IL1 antibodies are indicated for the treatment of
COVID-19 cytokine storm. In addition, coronavirus infections have been associated
to T helper cell type 17 (Th17) responses, which have been connected to immuno-
suppressive medication (Wong et al. 2017; Buckley et al. 2020).
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The understanding of individual pathogenesis adds to the clarity on the emerging
infections; and, this helps in taking effective preventive measures against epidemics.

To understand this heterogeneity in pathogenesis, the immunopathogenesis of
major emerging viral illnesses may be categorized into four groups: (i) insufficient
immunity with disseminated viremia (e.g., West Nile virus, Ebola);
(ii) pneumocytotropism with/without subsequent hyperinflammation (e.g., SARS-
CoV-1/2, Swine flu); (iii) increased immunopathology (e.g., Avian flu); and
(iv) antibody-dependent (Yang and Yang 2021).

26.5 Identification

In recent decades, the most important challenge has been the development of
universal and reliable methods for the early identification of emerging infectious
diseases. The occurrence or origin of such disease usually emerges in the local
region initially; however, the global economy and migration increase the risk of
these infectious diseases the worldwide.

There has been a significant social and economic impact from the COVID-19
pandemic, the most recent infectious illness outbreak. The World Health Organiza-
tion estimates that about 690 million people are undernourished, with tens of
millions at risk of sliding into extreme poverty as a result (ILO, FAO, IFAD and
WHO 2020).

Emerging infectious diseases are among the most significant risks to civilization
since they pose such a threat to human life across the planet. Fortunately, it is
expected that early detection and identification of such diseases considerably reduces
mortality. With the use of markers, databases and hotspots which have the potential
for early identification of emerging infectious diseases, the scientists may be able to
detect novel infectious illnesses before they dispersed to the population at large. This
section encompasses the use of markers, databases and the hotspots for earlier
identifications of EIDs.
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26.5.1 Markers

Biomarkers are defined as “any substance, structure, or process that can be measured
in the body or its products and influence or predict the incidence of outcome or
disease” (Meftahi et al. 2020). When it refers to infectious diseases, the initial steps
toward disease control must proceed with the characterization and identification of
host and pathogen predictors of protection or progression to disease in subjects who
have been exposed to the pathogen. The research of this special concern, which
brings together a mass of vital information on specified diseases and gives a glimpse
into reliable methods for developing highly specific and sensitive biomarkers to
determine the presence as well as the severity of infectious infection is the need of
the hour (Jacobs and Wong 2016).

The platelet and lymphocyte ratios act as a marker in Crimean Congo Hemor-
rhagic Fever, predicting the requirement of blood transfusion and risk of mortality.
Similarly, thrombocytopenia, prolonged activated partial thromboplastin time
(APTT), melena, and somnolence were also reported to perform well in identifying
patients at risk of mortality in Crimean-Congo hemorrhagic fever patients (Eren et al.
2016; Çevik et al. 2008).

Antibodies, metabolic activity markers, cytokines, and mycobacterial antigens
have all been discovered as biomarkers of tuberculosis. Antigenic biomarkers are
notably important in the establishment of novel tuberculosis diagnostics. One of
most investigated antigens are CFP-10 (10-kDa culture filtrate protein), Ag85A,
ESAT-6 (6-kDa early secretory antigenic target) CFP-7, Ag85B, and PPE18. A few
of these antigens have been introduced as biomarkers for assessing crucial pathogen
and host responses to infection (Rodríguez-Hernández et al. 2020).

Currently, research is more oriented on identifying single metabolites and more
complex metabolomic signatures that are associated with severity of illness and
clinical outcome in patients with systemic infections. Oxidative stress metabolomic
indicators, steroid hormone and amino acid pathways, and nutritional markers are a
few examples of these pathways (Zurfluh et al. 2018). During sepsis, peripheral
blood neutrophilia, which includes demarginating and increased marrow recruit-
ment, may cause tissue damage and organ failure due to inflammatory processes,
when combined with systemic neutrophil activation (Rosales 2018).

In patients with infections, the neutrophil:lymphocyte ratio (NLR) and other
leucocyte ratios have been described as relevant biomarkers. This reflects an
underlying immunological dysfunction, at least in the peripheral blood. The
NLR has potential to predict infections including, the malignant pertussis, postop-
erative sepsis after percutaneous nephrolithotomy (Sen et al. 2016), febrile
urinary tract infection (Yang and Yang 2021), diabetes-related osteomyelitis or
amputation (Yapıcı et al. 2017), variety in debridements of Fournier’s gangrene
(Kahramanca et al. 2014), and in-hospital outcomes in infective endocarditis (Turak
et al. 2013).
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26.5.2 Databases

Surveillance systems that track illnesses, infections, and clinical outcomes have
historically been a pillar of infectious disease control (Thacker and Stroup 1994).

Traditional surveillance systems are known for their high time delays and limi-
tations of spatial resolution; hence, more efficient, local, and timely systems are
required. For emerging and reemerging illnesses, such as pandemic influenza, severe
acute respiratory syndrome, Middle East respiratory syndrome, Zika, Ebola, and
drug-resistant pathogens, monitoring and forecasting are of great relevance
(Woolhouse et al. 2015).

More information is being produced by biological research on infectious diseases
which are connected to the data end of the continuum and cannot be presented in
conventional literature (Zou et al. 2015).

Biological databases are in charge of disseminating the knowledge generated to
the scientific community. The primary data is extracted from the published literature
in most biological databases, which serves as a minor literature resource (Leonelli
and Ankeny 2012).

Research on biological databases passes through a lot of stages, including
administration and curation of biological data, as well as quality assurance, integra-
tion, and data mining. Not only contemporary biological databases include data, and
they often fit perfectly with powerful querying and data analysis capabilities. There
is also enough information on infectious diseases available on the web that might be
useful for scientific study of these diseases (Swetha and Anbarasu 2016).

On the other hand, the datasets like HealthMap were created through the intro-
duction of an approach such as ResistanceOpen which is a new online platform for
monitoring of bacterial drug resistance, based on timely scanning, aggregation,
analysis, and dissemination of local and regional online resistance index reports
are an example of the extension of prior efforts to track infectious disease outbreaks
globally by curating and analyzing a variety of online data sources. The majority of
the data in HealthMap is presented in the form of a map, with each point denoting a
different epidemic. The information may be sorted in a number of different ways,
including by disease, region, source, species, and date (Brownstein et al. 2008).

The infectious diseases databases, as well as theWHO and UN datasets, both of
which provide public access to their webpages, give a wide diversity of the infor-
mation that has been gathered. GIDEON (Global Infectious Illnesses and Epidemi-
ology Network), which is particularly helpful for tropical and infectious diseases,
epidemiology, microbiology, and antimicrobial chemotherapy; the Global Burden
of Disease, for which data was gathered and released from 1970 up until 2016,
encompasses 333 different diseases and injuries and contains information on both
communicable and noncommunicable diseases; Observatories such as the Infectious
Diseases Data Observatory (IDDO), which provide the methods, governance, and
infrastructure to translate data into evidence that improves outcomes for patients
worldwide. The ProMED (Program for Monitoring Emerging Disease), collects
data through media reports, official reports, online summaries, and other local



observers. The databases important in view of data availability on the infectious
diseases have been enlisted in the Table 26.2 (WHO n.d.; ProMED (Program for
Monitoring Emerging Disease) n.d.; Global Infectious Diseases and Epidemiology
Network n.d.; Observatories like Infectious Diseases Data Observatory (IDDO) n.d.;
Bollyky et al. 2019).

26 Emerging Infections and Their Management 603

26.5.3 Hotspots

In general, hotspots have been defined as places of increased incidence or preva-
lence, increased transmission performance or risk, or increased likelihood of disease
development (Hotez 2014; Lessler et al. 2017).

To be more precise, the term “burden hotspot” is used to describe areas with a
high prevalence or incidence of disease, while “transmission hotspot” or the “risk
hotspot” designates areas with a high transmission efficiency or a greater risk of
disease acquisition, and “emergence hotspot” designates areas with a higher prob-
ability of disease occurrence or reappearance (Lessler et al. 2017).

According to 2017 reports, the global distribution of the EID risk index is more
concentrated in tropical regions of globe. Zones having a higher likelihood of EID
occurrence are uniformly dispersed across the continents, with no major landmass
predicted to be free of EID-prone areas. Outside of the tropics, locations with dense
populations, such as cities in Europe, the United States, Asia, and Latin America,
remain at the top of the danger index. More widespread areas of predicted EID
prevalence are found in tropical regions of North America, Asia, Central Africa, and
South America (Allen et al. 2017).

Along with revealing the regions with potential infectious disease threats,
hotspots also uncovered the specific factors that make a region predisposed to
disease emergence.

Additionally, the bulk of the estimated geographic risk range is based on
observed data of MERS, Marburg Virus Disease, and Rift Valley Fever which
have been identified to exist in arid nations spanning the Middle East and Eastern
regions of Africa. Although it is anticipated that Lassa fever and Ebola virus disease
would be common across Western and Central Africa, in especially in the moist
rainforests of those regions (Jagadesh et al. 2020).

26.6 Management of EIDs

26.6.1 Surveillance

Infectious disease surveillance is a vital epidemiological method for keeping track of
a population’s health (Murray and Cohen 2017). Disease surveillance data primarily
(i) serves as an early alert system for oncoming emergence and spread that could
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Table 26.2 List of databases that represent the data on the outbreak of infectious diseases

# Database Description of database Link to access

1 Global burden of disease • The mortality, morbid-
ity, incidence, and prevalence
are frequently used to estimate
the burden of disease

http://ghdx.healthdata.org/
gbd-2016/data-input-sources

2 Nature study • The original study,
‘Global Trends in Emerging
Infectious Diseases,’
published by Jones et al.
(2008), has been revised by
Allen et al. (2017), ‘Global
Hotspots and Correlates of
Emerging Zoonotic Diseases’

https://www.nature.com/arti
cles/nature06536
https://www.nature.com/arti
cles/s41467-017-00923-8

3 Global infectious diseases
and epidemiology network
(GIDEON)

• Interactive infectious
disease diagnostic tool. Diag-
nosis, epidemiology, treat-
ment, and microbiology are
covered

https://www.gideononline.
com/

4 HealthMap • Boston Children’s hos-
pital launched HealthMap in
2006 to enable real-time sur-
veillance of infectious disease
epidemics
• The software makes

advantage of publicly accessi-
ble, informal web data sources
such as ProMED, WHO, OIE,
FAO, Google news, and
EuroSurveillance

https://www.healthmap.org/
en/

5 Program for monitoring
emerging disease (ProMED)

• ProMED is a database of
infectious disease reports that
has been archived
• It is an International

Society for Infectious Diseases
initiative that monitors infec-
tious disease outbreaks and
acute toxicity exposures

https://promedmail.org/

6 WHO/UN • Datasets for particular
infectious diseases of diseases,
such as HIV/AIDS, TB,
malaria, neglected tropical
diseases, cholera, influenza,
meningitis, and sexually
transmitted infections, are
accessible

https://www.who.int/data/
gho/data/themes/mortality-
and-global-health-estimates
https://www.euro.who.int/
en/data-and-evidence/
databases

7 Health protection research
unit - healthcare associated
infections and antimicrobial
resistance

• This database supports
the National Institute for
health and care Research’s
health protection research unit
in healthcare associated

https://www.hra.nhs.uk/plan
ning-and-improving-
research/application-summa
ries/research-summaries/

(continued)

http://ghdx.healthdata.org/gbd-2016/data-input-sources
http://ghdx.healthdata.org/gbd-2016/data-input-sources
https://www.nature.com/articles/nature06536
https://www.nature.com/articles/nature06536
https://www.nature.com/articles/s41467-017-00923-8
https://www.nature.com/articles/s41467-017-00923-8
https://www.gideononline.com/
https://www.gideononline.com/
https://www.healthmap.org/en/
https://www.healthmap.org/en/
https://promedmail.org/
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
https://www.euro.who.int/en/data-and-evidence/databases
https://www.euro.who.int/en/data-and-evidence/databases
https://www.euro.who.int/en/data-and-evidence/databases
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/


infections and antimicrobial
resistance (AMR)
• This is a partnership

between Imperial College
London and Public Health
England

26 Emerging Infections and Their Management 605

Table 26.2 (continued)

# Database Description of database Link to access

database-for-infectious-dis
ease-surveillance-models/

8 PathoPhenoDB • Created by King Abdul-
lah University of Science and
Technology academics in
partnership with the Univer-
sity of Cambridge in the
United Kingdom
• It can aid in the diagno-

sis and treatment of infectious
diseases, as well as the
research of the molecular pro-
cesses underlying pathogen-
host interactions

NA

9 Infectious disease biomarker
database

• It is a community anno-
tation database that uses col-
laborative web 2.0 features to
link infectious diseases or
pathogens to protein, gene, or
carbohydrate biomarkers via
search tools

http://biomarker.cdc.go.kr/

10 Point prevalence survey
database (HAI-net)

• The HAI-net point prev-
alence survey (PPS) of
healthcare-associated infec-
tions (HAIs) and antimicrobial
usage online database pro-
vides European reference data
on HAIs and antimicrobial use
in acute care hospitals
throughout Europe

https://www.ecdc.europa.eu/
en/healthcare-associated-
infections-acute-care-hospi
tals/surveillance-disease-
data/database

11 Interactive database systems • The surveillance
resource center organizes and
makes accessible to members
of the public health surveil-
lance community recommen-
dations generated by the CDC
and its partners for enhancing
surveillance practices

https://www.cdc.gov/
surveillancepractice/data.
html

12 Infectious diseases data
observatory (IDDO)

• It is a multidisciplinary,
scientifically independent coa-
lition of worldwide infectious
disease and emerging infec-
tion communities

https://www.iddo.org/

https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/database-for-infectious-disease-surveillance-models/
http://biomarker.cdc.go.kr/
https://www.ecdc.europa.eu/en/healthcare-associated-infections-acute-care-hospitals/surveillance-disease-data/database
https://www.ecdc.europa.eu/en/healthcare-associated-infections-acute-care-hospitals/surveillance-disease-data/database
https://www.ecdc.europa.eu/en/healthcare-associated-infections-acute-care-hospitals/surveillance-disease-data/database
https://www.ecdc.europa.eu/en/healthcare-associated-infections-acute-care-hospitals/surveillance-disease-data/database
https://www.ecdc.europa.eu/en/healthcare-associated-infections-acute-care-hospitals/surveillance-disease-data/database
https://www.cdc.gov/surveillancepractice/data.html
https://www.cdc.gov/surveillancepractice/data.html
https://www.cdc.gov/surveillancepractice/data.html
https://www.iddo.org/


become public health emergencies, (ii) involves the monitoring and analysis of the
impact of an intervention, and (iii) supervises and reinforces the epidemiology of
health problems, guiding priority-setting and planning and evaluating public health
policy and strategies (WHO 2021). It entails the continuous systematic gathering,
analysis, and interpretations of the data, as well as the timely dissemination of the
whole data to those responsible for disease prevention and control (Thacker and
Berkelman 1988).
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Traditional methods of disease surveillance involve the use of disease-specific
surveillance systems to monitor specific pathogens, diseases, or syndromes in a
population of interest (Balajee et al. 2021); on the other hand, syndromic surveil-
lance systems involve the real-time or near real-time collection, analysis, character-
ization, and propagation of health-related data for the purpose of identifying
potential health threats as early as possible (Morgan et al. 2021); a real-time or
near real-time manual or automatic collection and analysis of metadata is performed
by an event-based surveillance system. This information comes from a wide variety
of text sources and is written in a number of languages. The goal is to identify
potential or confirmed health hazards (Balajee et al. 2021). However, the appearance
of SARS-CoV shed light on the shortcomings of conventional systems of disease
surveillance in virtually every nation.

Therefore, future surveillance systems should be based on integrated technolo-
gies. A solid surveillance foundation is required to keep a methodical, consistent,
and statistically sound sight on the population; laboratory confirmation must be
scaled accurately for different diseases and risks in these surveillance systems; a
digitized system with specific health identifiers used to link individual-level data and
privacy controls in place; and surveillance programs must employ standardized case
definitions and common data components, and the community, state, and federal
health authorities, regional bodies, and WHO must have sufficient access. Lastly,
disease surveillance must be appropriately funded (Morgan et al. 2021).

26.6.2 Risk Assessment

Assessment of factors that defines the risk of occurrence of infectious disease has the
potential to significantly reduce the impact of EIDs on human lives especially in
view of emergence.

The World Health Organization has classified the risk factors of emerging
infectious diseases into, distal risk factors which include extreme poverty, inequal-
ity, economic stagnation, environmental fragility, ethnic rivalry, resource competi-
tiveness, climate change, political instability, proliferation of armaments, and
seismic hazard; intermediate risk factors which include armed conflict, psycho-
logical and physical stress, abusive relationships, natural disasters, displacement,
breakdown of government services, food insecurity/shortage, access to/utilization of
health services; and proximate risk factors involving overcrowding, inadequate
shelter, insufficient nutrient intake, insufficient vaccination coverage, violence, high



exposure to disease vectors, poor water, sanitation, hygiene conditions and lack of
and/or delay in treatment (World Health Organization and Regional Office for
South-East Asia New Delhi 2005).
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The unavailability of data, which is critical for risk assessment and decision-
making, has become a major challenge for international health authorities
responding to EID outbreaks in the Asia-Pacific zone (McCloskey et al. 2014).

These challenges are amplified when seeking to develop preparations in advance
of an epidemic, when epidemiological data relevant to a specific nation may not exist
or be easily accessible to academics, policymakers, and response experts (Moss et al.
2016). Furthermore, pandemic risk estimates based on earlier than usual, insufficient
information should be interpreted cautiously, because the recognition of highly
contagious individuals and severe cases is more probable, and because surveillance
resources are more readily available in high-income populations, where pathogen
transmission characteristics may be atypical. Regardless of these challenges,
assessing possible epidemic risks is critical for making timely decisions on effective
preparedness and response methods (Cauchemez et al. 2013).

Rapidly developed transmissibility and severity estimates are critical for antici-
pating the magnitude and time course of a pandemic when considering the threat of
emerging infectious disease (Morgan et al. 2021).

Transmissibility is generally evaluated through the use of the early growth rate of
case numbers, which is independent of the proportion of cases reported (White et al.
2009). The fundamental reproduction number of an infectious disease is a key
statistic that is important for the overall assessment of transmissibility (R0). This is
the average number of secondary cases that would be created by a primary case in a
community that is vulnerable to the disease. It is characterized as “incidence rate.” It
offers an overall estimation of an infection’s propensity for transmission throughout
a population and is based not only on the transmission coefficient but also on the
average length of infectiousness. The higher the value of R0, the higher the percent-
age of the population that must be vaccinated in order to eliminate a disease (Miller
2003). However, early estimations of this epidemiological construct are frequently
given disproportionate weight when evaluating the likelihood for a pandemic
(Fisman et al. 2014).

In light of recent developments in risk assessment, the utilization of mathematical
modeling as a method for supporting risk assessment and decision-making in regards
to planning and reaction during an EID epidemic is one that might be considered
(Woolhouse 2011; Keeling and Rohani 2011).

The development of a differential equation model of a disease, such as the typical
deterministic susceptible-infected-recovered (SIR) model, is one of the most popular
modeling techniques for assessing treatments in dynamic systems (Keeling and
Rohani 2011; Gilbert et al. 2014; Vynnycky and White 2010). Additionally, the
basic reproduction number, R0—the typical number of secondary infections that
would follow a primary infection in an uninfected host population—can also be
determined from the differential equation model using a closed-form solution
(Gilbert et al. 2014).
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Depending on a disease’s R0 score, there are three possible outcomes for its
potential spread or decline: (i) If R0 is lower than 1, each infection that already exists
results in less than one new infection. In this instance, the illness will deteriorate and
ultimately vanish. (ii) There won’t be an outbreak if R0 is equal to 1, but the disease
will still persist. (iii) If R0 exceeds 1, the number of cases may increase exponen-
tially, leading to an epidemic or perhaps a pandemic (Chen 2020).

26.6.3 Repurposing of Drugs

Drug repurposing is a newly popular drug development strategy that entails
researching novel molecular mechanisms and intervention targets to give existing
drugs a new indication (Strittmatter 2014; Saul and Einav 2020).

Innovative methods for target validation, such as gene editing by CRISPER/Cas9,
and new experimental models have facilitated the identification of new antiviral
drugs and the elucidation of molecular mechanisms underlying viral disease
(Grammer and Lipsky 2017; Meganck and Baric 2021). The repurposed drugs for
emerging infections are enlisted in the following Table 26.3.

Remdesivir is an antiviral medication with a broad range of activity that has
shown encouraging signs of success in the treatment of Middle East respiratory
syndrome and severe acute respiratory syndrome. It is the repurposed medication
that has received the maximum attention in relation to the ongoing COVID-19
pandemic. The strategy used for it is investigating the drug molecules that block
virus-cell fusion to prevent virus entry (Morgan et al. 2021).

The timeline for the repurposed medicine “remdesivir” is presented in Table 26.4
and extends from 2009 to February of 2020. In the year 2020, it was repurposed as a
therapy for the COVID-19 infection. This table is compiled using information that is
freely available in open domain (Mercorelli et al. 2018).

Table 26.3 Repurposed drugs for management of emerging infections

S. no. Drug name Original indication New indication

1 Favipiravir Influenza COVID-19

2 Remdesivir Broad-spectrum antiviral COVID-19

3 Sarilumab Rheumatoid arthritis COVID-19

4 Danoprevir/ritonavir Danoprevir-Hep C
Ritonavir-HIV

COVID-19

5 Dexamethasone Immunosuppressants COVID-19-associated ARDS

6 Hydroxychloroquine Malaria COVID-19

7 Methylprednisolone Immunosuppressant COVID-19

8 Tocilizumab Cytokine release syndrome COVID-19 & severe pneumonitis

9 Interferon B1 b Multiple sclerosis MERS



S. no. Event

26 Emerging Infections and Their Management 609

Table 26.4 Timeline of the repurposed drug: Remdesivir

Time (month/
year)

1 2009 • Gilead’s remdesivir is an investigational new drug (IND)
• Remdesivir was developed as a result of study into hepatitis C

(HCV) and respiratory syncytial virus that began in 2009

2 2013 • antiviral profiling
• Remdesivir has the potential to have broad-spectrum antiviral

action

3 2014 • Remdesivir has been identified as having the potential to be active
against emerging viruses such as Ebola.

• the collaboration received a National Institutes of Health (NIH)
funding in 2014 to assist the development of novel drugs against
coronaviruses, among other studies.

4 July 2015 • Gilead files IND application for Remdesivir.

5 August 2015 • Gilead launched phase 1 trials in healthy volunteers to assess the
safety and pharmacokinetics of remdesivir

6 2016 • the NIH launched a study of remdesivir in Ebola survivors
• the NIH carried out studies of remdesivir in a non-human primate

model of MERS infection

7 2018 • NIH began a study of remdesivir and other investigational treat-
ments in patients with Ebola disease in the Democratic Republic of the
Congo

8 Jan 2020 • Remdesivir was provided to the China CDC to test the compound
against isolates of the virus that causes COVID-19 through their inde-
pendent antiviral assays

9 Feb 2020 • supporting multiple clinical trials by Gilead to evaluate the safety
and efficacy of remdesivir as a potential treatment for COVID-19

However, during the current COVID-19 epidemic, a multitude of benefits and
potential drawbacks of adopting the repurposing strategy for the management of
newly developing infectious diseases have been brought to the forefront. The use of
the repurposing technique has a number of potential benefits, including: a low cost
with smaller time investment; a higher probability of crossing preclinical trials and
directly entering phase 2 clinical trials; the potential for combination strategies with
the possibility of reducing resistance associated with monotherapy; formulations and
manufacturing channels that are already established for the large-scale production,
which eliminates the need for additional costs associated with the further launch
(Sultana et al. 2020).

On the other hand, repurposing of drugs faces challenges/pitfalls like target
identification in case of drugs that show polypharmacology, misidentification of
toxic drugs as active as a result of high dose employment during screening and issues
in exploration of medicinal chemistry in order to build more powerful analogs
without sacrificing their potential for further applications (Swathi et al. 2021;
Mercorelli et al. 2018).
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Chapter 27
Repurposing of Minocycline, a Tetracycline
Antibiotic, for Neurodegenerative Disorders

Ranjana Bhandari Sanshita, Paavan Sood, Deeksha Thakur,
and Anurag Kuhad

Abstract Minocycline, a semisynthetic, broad spectrum tetracycline antibiotic has
been widely used as a bacteriostatic drug. It exerts its anti-bacterial action on its
attachment to the smaller subunit of prokaryotic ribosome (30S) and inhibits the
translation process. Minocycline (C23H27N3O7) has a small size and shows high
lipophilicity, due to which it can cross the blood–brain barrier and enter the CNS;
therefore, its use can be repurposed in neurodegenerative disorders like Parkinson’s
disease, Huntington’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis
multiple sclerosis, etc. Drug repurposing involves identifying uses for drugs
(approved and investigational) that are other than their original medication indica-
tions. Minocycline plays a role in neurodegenerative disorders by variable mecha-
nisms such as exerting its anti-apoptotic action by inhibition of the intrinsic and
extrinsic pathways of apoptosis, anti-inflammatory effects by modulation of
microglia, cytokines, lipid mediators, metalloproteases, etc. It also acts as an anti-
aggregatory drug and exerts its action on protein misfolding which is a major cause
of neurodegenerative disorders. The repurposing of minocycline is being observed
by performing clinical and pre-clinical trials which have also been discussed in this
chapter.

Keywords Tetracycline · Minocycline · Neurodegenerative diseases · Alzheimer’s
disease · Parkinson’s disease · Huntington’s disease · Amyotrophic lateral sclerosis
(ALS) · Multiple sclerosis
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ALS amyotrophic lateral sclerosis
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ALS FRS-R amyotrophic lateral sclerosis functioning rating scale
APOE Apo-lipo-protein E
APP Amyloid Precursor Protein
ATP Adenosine Triphosphate
BBB blood–brain barrier
BD Twice a day
CGN Cerebellar granule neurons
CN cranial nerve
CNS central nervous system
DA Dopamine
DAT Dopamine Transporter
DATATOP Deprenyl and Tocopherol Antioxidative Therapy of

Parkinsonism
DNA Deoxyribose Nucleic Acid
EAE encephalomyelitis
ETC Electron Transport Chain
FDA Food and Drug Administration
FVC forced vital capacity
HD Huntington’s disease
IL interleukin
IL-1 β Interleukin-1beta
iNOS Inducible Nitric Oxide Synthase
LMN lower motor neuron
LRRK2 Leucine-rich repeat kinase 2
MAO-B Monoamine oxidase-B
MAPK Mitogen-activated protein kinase
MC Matched control
MCI Mild cognitive impairment
MMT manual muscle testing
MPP+ 1-methyl-4-phenyl pyridinium
MPTP 1- Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRI Magnetic resonance Imaging
MRS Magnetic resonance spectroscopy
MS multiple sclerosis
NADPH oxidase Nicotinamide adenine dinucleotide phosphate
NMDA Receptor N-methyl-D-aspartate Receptor
PARK7 Parkinsonism associated Deglycase
PARP1 Poly Adenosine Diphosphate-Ribose polymerase
PD Parkinson’s Disease
PINK1 PTEN-induced kinase 1
PPMS Primary progressive multiple sclerosis
PRKN Parkin RBR E3 Ubiquitin Protein
PRMS Progressive relapsing multiple sclerosis
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RBANS Repeatable battery for the assessment of Neuropsychological
Status

RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
RRMS relapsing remitting multiple sclerosis
SNCA Synuclein Alpha
SNpc Substantia Nigra pars Compacta
SPMS secondary progressive multiple sclerosis
TNF-α Tumour Necrosis Factor-alpha
UMN upper motor neuron
UPDRS Unified Parkinson’s Disease Rating Scale
WHO World Health Organisation

27.1 Introduction

Minocycline is a semisynthetic, broad-spectrum, second-generation tetracycline
antibiotic (Li et al. 2013). Tetracyclines are divided into two classes: first-generation
antibiotics which include oxytetracycline, chlortetracycline and tetracycline, and
second-generation antibiotics like minocycline, doxycycline and lymecycline
(Garner et al. 2012). Minocycline is bacteriostatic in nature, i.e. stops growth of
bacteria, and keeps them in the stationary phase of growth and bacterial cells fail to
replicate.

Minocycline is effective against Rickettsiae, Mycoplasma pneumoniae, Chla-
mydia trachomatis, Chlamydophila psittaci, Chlamydia trachomatis, Ureaplasma
urealyticum, Borrelia recurrentis, Campylobacter fetus, Escherichia coli,
Enterobacter aerogenes, Shigella species, Acinetobacter species, Haemophilus
influenzae, Kelbsiella species, etc. Chemically minocycline is 7-dimethyl-amino-6-
demethyl-6-deoxytetracycline hydrochloride (Macdonald et al. 1973). For the
molecular formula, molecular weight and structure of minocycline, refer to
Fig. 27.1 below.

Minocycline shows its anti-bacterial action by inhibiting protein synthesis. In
addition to anti-microbial activity, minocycline demonstrates neuroprotective
actions in amyotrophic lateral sclerosis (ALS), ischaemia, multiple sclerosis,

Fig. 27.1 Minocycline: molecular formula, molecular weight and structure (structure of
minocycline created using ChemDraw)



Huntington’s, Alzheimer’s and Parkinson’s disease (Bantubungi et al. 2005; Lampl
et al. 2007; Cudkowicz 2010) (Fig. 27.2).
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Fig. 27.2 Indications of minocycline

Fig. 27.3 Advantages of drug repurposing

We will be focusing on the repurposing of minocycline, a tetracycline antibiotic
in neurodegenerative disorders.

Drug repurposing is additionally called drug repositioning, re-profiling,
re-tasking, drug rescuing, drug recycling, drug redirection and therapeutic switching,
and is a concept which involves identifying uses for drugs (approved and investi-
gational) that are other than their original medication indications (Pushpakom et al.
2018) (Fig. 27.3).

Neurodegenerative diseases, which are chronic and progressive, show selective
and symmetric neuronal loss in motor, sensory or cognitive systems in the brain and
spinal cord (Spivey et al. 1958; Li et al. 2013). Demyelination, loss of dendrites and
neuronal death are the physiological signs of neurodegenerative conditions
(Rekatsina et al. 2020).

Minocycline has small size (495 KDa), high lipophilicity and lipid solubility due
to which it can cross the blood–brain barrier and enter the central nervous system
where it targets various molecular pathways common to various neurodegenerative
disorders (Noble et al. 2009b) and exerts anti-inflammatory, anti-apoptotic, proteol-
ysis inhibitory actions, glutamate-antagonist properties, inhibiting microglial activa-
tion, proliferation and neuronal protection (Kim and Patel 2014; Shamsi et al. 2020).
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27.2 Minocycline, a Tetracycline Antibiotic

27.2.1 Structure

Minocycline a tetracycline derivative depicts anti-bacterial property (Allen 1976).
Tetracycline is a four-ring structure, chemically named as tetracyclic naphthacene
carboxamide ring system (Fig. 27.4). The four rings are responsible for its antibiotic
activity (Minocycline n.d.).

Tetracyclines have 2 zones—peripheral and upper zone. Modifications in the
lower zone led to a decrease in the antibiotic and non-antibiotic properties of the
drug. On the other hand, modifications in peripheral zone enhance the activity of
biological target. In the tetracycline ring, OH, =O and OH at position 10, 11 and
12 form chelate with divalent and trivalent metal ions like Ca2+, Mg2+, Zn2+, Fe2+

and Fe3+ and inhibit the calcium influx through NMDA responsive glutamate
receptors. This chelation illustrates the neuroprotective action of minocycline against
excitotoxity (Shultz and Zhong 2017).

Dimethylamino group attached at position 7 of tetracycline increases the
antibacterial activity of the drug (Minocycline Hydrochloride Dihydrate n.d.). Phe-
nol group is responsible for antioxidative property by removing hydrogen atom from
phenolic group and leading to free radical production. But the free radicals produced
during this process are less reactive due to stearic hindrance and resonance
stabilization.

Carboxyamide functional group attached with aromatic ring inhibits PARP-1 [
POLY(ADPribose) polymerase-1] (Alano et al. 2006) which is involved in DNA
repairing. Inhibition of PARP-1 is also one of the important therapeutic targets
responsible for neuroprotective action. Epimerization decreases the antibacterial

Fig. 27.4 Structure and IUPAC nomenclature of minocycline and tetracycline respectively (struc-
tures of minocycline and tetracycline created using ChemDraw)



activity against Gram-negative bacteria. Any modification at R1, R2 and R3 position
lead to antifungal activity not antibacterial activity (Fuoco 2012).
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27.2.2 Physicochemical Properties

Every drug molecule exhibits physicochemical properties depending on the nature of
the drug, pKa value, solubility, molecular weight, molecular bonding, etc. The
physicochemical properties help to determine the formulation system and the deliv-
ery route of the drug. The physicochemical properties of minocycline are given in
Table 27.1.

27.2.3 ADME profile

27.2.3.1 Absorption

There exists a linear relation between minocycline absorption and the dose admin-
istered which can be seen from Table 27.1, and the absorption is considered to be
complete post-oral administration (Saivin and Houin 1988; Gonzalez and Henwood
1989). Minocycline can be administered through oral and intravenous route (Saivin
and Houin 1988). The absorption profile of minocycline can be seen in Table 27.2.

When understanding the absorption characteristics of minocycline, we consider
Cmax, Tmax and AUC (Fig. 27.5).

Minocycline is well absorbed orally; however, the absorption is impaired in
presence of an antacid or cations (divalent and trivalent). Tetracyclines form chelates
(Chukwudi 2016) with divalent and trivalent cations which can stick to the teeth
(leads to permanent staining) and in bones of growing children. Therefore, tetracy-
clines are not to be taken with milk and iron supplements due to chelate formation
and are not given in pregnancy because they can stop foetal growth.

27.2.3.2 Distribution

Minocycline has a small size and high lipophilicity due to which it shows excellent
distribution and has high bioavailability and can permeate across the blood–brain
barrier (Li et al. 2013). High concentrations of minocycline are seen in liver, kidneys
and the GIT, and minocycline shows approximately 70–80% plasma protein binding
(Saivin and Houin 1988); it has been observed that minocycline has the maximum
activity against bacterial infections among the other tetracyclines (Macdonald et al.
1973).
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Table 27.1 Physicochemical properties of minocycline

Physicochemical properties Property value Description

2.88X10-3

1.90X10-3

7.78X10-5

2.63X10-5

3.07 mg/ml

Mole 
frac�on

1. Solubility (Li et al. 2021)
(A) Methanol
(B) Ethanol
(C) Acetonitrile
(D) Ethyl acetate
(E) Water (Minocycline

Hydrochloride n.d.)

The solubility of alcohol is
more as compared to ethyl ace-
tate and other solvents because
of alcohol can make hydrogen
bond with minocycline (1)

2. XlogP3 (Minocycline
Hydrochloride Dihydrate n.d.)
LogP
LogS (Minocycline Hydro-

chloride n.d.)

-0.6
-0.03
-2.2

3. Hydrogen bond donor count 5

4. Hydrogen bond accepter
count

9

5. Molecular weight 457.18

6. Colour Bright yellow orange

7. Crystalline nature (Hazard-
ous Substances Data Bank
(HSDB) n.d.)

Amorphous solid

8. Optical rotation Specific rotation = 166°

9. Maximum absorption 352 and 263 nm
380 and 243 nm

0.1 N HCl
0.1 N NaOH

10. Odour Odourless

11. Nature Hygroscopic

12. pKa 2.8
7.8

Acidic
Basic

13. Stability Stable in air
Sensitive to light

Cause darkened product

14. Boiling point 753.2

15. Refractivity 122.54 A0

Table 27.2 Absorption profile of minocycline

Route of administration Dose (mg) Cmax (mg/L) Tmax (h) AUC (mg × h/L)

Oral 100 1.6 1.9 31.6

Oral 200 3.1 2.5 48.3

27.2.3.3 Metabolism

Minocycline biotransformation occurs in the liver and three inactive metabolites are
produced. The principle metabolite is 9-hydroxy minocycline, and the other two
metabolites are produced due to removal of methyl groups at position 9 and 4 of
minocycline.
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Fig. 27.5 Cmax, Tmax and AUC

27.2.3.4 Excretion

Only about 10% is excreted in unchanged form in urine (Welling et al. 1975). About
20–35% of minocycline is removed through the faecal route and the rest of
minocycline is excreted in the form of metabolites through urine or faeces (Saivin
and Houin 1988).

27.2.3.5 Half-Life and Clearance

Biological half-life of minocycline varies between 11 and 26 h with normal renal and
hepatic functioning (Martins et al. 2021). Total clearance of minocycline is about
33.6–5.7 L/h (Saivin and Houin 1988).

27.2.3.6 Adverse Effects and Toxicity

Minocycline can lead to vestibular toxicity and produces ataxia, vertigo and nystag-
mus which revert to normal conditions on discontinuation of drug.

27.2.4 Mechanism of Action

27.2.4.1 Anti-microbial Action

Minocycline is a tetracycline antibiotic and after uptake into the cell (Fig. 27.6) acts
by inhibiting protein synthesis reversibly by binding to the 30S bacterial ribosomal
subunit. Tetracyclines are broad spectrum anti biotics (Li et al. 2013) and to
penetrate the bacterial cell, they follow different paths in Gram-positive and Gram-
negative bacteria.

To understand the mechanism by which minocycline exerts its anti-bacterial
action, we must first understand the translation process (Fig. 27.7). Protein synthesis
also known as translation is a ubiquitous process seen in almost all biological
systems (Zhao and Krishnan 2014) and involves the ‘decoding’ of a messenger



Ribosome, mRNA and initiator tRNA (Czworkowski and Moore ) together
form the initiation complex. The 30S subunit of the bacterial ribosome attaches

1996

RNA (mRNA) (Ramakrishnan 2002) to build a polypeptide from polymerization of
amino acids. The process of translation occurs in three steps initiation, elongation
and termination, and involves the mRNA (genetic template), the ribosome (assembly
machinery) and the aminoacyl transfer RNAs (aa-tRNAs) (Zhao and Krishnan
2014).
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Fig. 27.6 Mode of uptake of tetracyclines

Ribosomes are cell organelles which are consisting of two subunits, one large and
one small, which are present separately in the cytosol and combine only when
protein synthesis has to take place (Fig. 27.8). The eukaryotes have 60s and 40S
(together form 80S) subunits, whereas in prokaryotes (bacteria), they are 30S and
50S (together forms 70S) (Ramakrishnan 2002; Opron and Burton 2019) which
forms basis of selective toxicity.

Ribosomes have three sites for tRNA binding. The A site (acceptor site) (Opron
and Burton 2019) accepts the incoming aminoacyl-tRNA, which holds the new
amino acid which will be added to the polypeptide chain, the P site (peptidyl site),
which holds the tRNA with the nascent peptide chain (Zhao and Krishnan 2014),
i.e. binds to the tRNA holding the growing polypeptide chain of amino acids and the
E site (exit site), which holds the deacylated tRNA before it leaves the ribosome and
serves final transitory step where a tRNA goes after it has transferred its polypeptide
to another tRNA (which now occupies the P site) (Ramakrishnan 2002). The process
of translation consists of three steps (Fig. 27.9).

Before the initiation step starts, charging of tRNA molecule takes place,
i.e. before an amino acid is added to the growing polypeptide chain, it should get
attached to a molecule called tRNA, in a process known as tRNA charging or
aminoacylation. Amino acid is activated by its attachment to its corresponding
tRNA. This is catalysed by enzymes called aminoacyl-tRNA synthetases. The
charged tRNA participates in the chemistry of peptide bond formation in protein
synthesis (Raina et al. 2014).

27.2.4.1.1 Translation

Step 1: Initiation



towards the 5’ end of mRNA. Ribosome recognizes the initiator codon on mRNA
and the charged initiator tRNA (Laursen et al. ) having anticodon brings the
first amino acid to the site of initiator codon. Codon-anticodon recognition (Dever

2005
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Fig. 27.7 Diagrammatic representation of translation. (a) Initiation of protein synthesis; (b) tRNA
carrying AA 1 enters P site; (c) tRNA with AA 2 enters A site and peptide bond formation occurs
between AA 1 and AA 2; (d) translocation: tRNA at A site along with dipeptide pulled towards P
site; (e) elongation of polypeptide chain; (f) termination of translation. (Created using BioRender)



et al. ) occurs to start polypeptide chain formation. Later bigger ribosomal
subunit also attaches to the mRNA forming initiation complex.

2018
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Fig. 27.8 Structure of
ribosome (created using
BioRender)

Fig. 27.9 Three steps of
translation

Step 2: Elongation
Elongation of polypeptide chain occurs (Czworkowski and Moore 1996).

Charged tRNA with first amino acid enters the ribosome at P site. Second
amino acid enters A site. Peptide bond formation between the first amino acid
located at P site and second amino acid at A site takes place. Peptidyl transferase
(Czworkowski and Moore 1996) enzyme enables formation of peptide bonds
between adjacent amino acids. After this, the first tRNA becomes free or
uncharged and leaves the ribosome (Zhao and Krishnan 2014) and the A site is
occupied by second tRNA and two amino acids linked by peptide bond.

Ribosome and mRNA now move until the second tRNA shifts from A site to P
site and the A site is now ready to receive third charged tRNA with third amino
acid. Now P site has second tRNA with 2 amino acids linked through a peptide
bond and A site has third tRNA with third amino acid. Next step is formation of
peptide bond between second and third amino acids. Again, ribosome and mRNA
move till third tRNA with three amino acid occupies P site and second tRNA gets
uncharged (Czworkowski and Moore 1996) and is free to take its task again. Now
A site is ready to receive fourth charged tRNA. This process continues to further
elongate the polypeptide chain.

Step 3: Termination
Polypeptide chain (Fig. 27.10) formation comes to an end by process of

termination which occurs when stop codons in the mRNA enters the A site.
Stop codons are recognized by proteins called release factors, which fit into the P
site. The stop codons are UAA, UAG and UGA (Brown et al. 1990; Chavatte



et al. 2003). Tetracyclines bind to 30S ribosome and inhibit the aminoacyl tRNA
attachment to A site; therefore, further steps of translation will not take place and
bacterial growth ceases.
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Fig. 27.10 Polypeptide chain (created using BioRender)

Fig. 27.11 Characteristics of apoptosis

Fig. 27.12 Apoptotic pathways

27.2.4.2 Anti-apoptotic Actions

Apoptosis (Fig. 27.11) refers to programmed cell death (Elewa et al. 2006) and the
activation of apoptotic pathways plays a role in various neurodegenerative diseases
like Alzheimer’s disease, Parkinson’s and Huntington’s disease (Noble et al. 2009b).

Minocycline shows its anti-apoptotic action by inhibiting extrinsic (death recep-
tor) and intrinsic pathway (mitochondrial) of apoptosis (Fig. 27.12) (Stirling et al.
2005; Inoue et al. 2009; Noble et al. 2009b).

Cytochrome c released from mitochondrial membrane (Elewa et al. 2006; Noble
et al. 2009b) activates caspases, which are aspartate-specific cysteine proteases and
promote neuronal cell death (Inoue et al. 2009). Minocycline stabilizes the mito-
chondrial membrane (Noble et al. 2009b) which inhibits the release of cytochrome c



and in turn caspases are not activated, thereby exerting its anti-apoptotic action.
Neural apoptosis can be prevented by neuronal growth factors. These growth factors
regulate the expression of the two gene products Bax and Bcl-2, Bax being
proapoptotic and Bcl-2 being antiapoptotic. Minocycline also exerts its anti-
apoptotic action by promoting the release of anti-apoptotic protein bcl-2 (Elewa
et al. 2006).
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27.2.4.3 Anti-inflammatory Action

Minocycline has been suggested to exert its anti-inflammatory effects (Fig. 27.13) by
modulating microglia, immune cell activation and subsequent release of cytokines,
chemokines, lipid mediators of inflammation, matrix metalloproteases (MMPs) and
nitric oxide release (Stirling et al. 2005). Tetracyclines (Minocycline) show anti-
inflammatory action in brain injury (acute and chronic) (Elewa et al. 2006) and
various neurodegenerative disorders because they cross blood–brain barrier (Cheng
et al. 2015).

Minocycline inhibits enzymes which play a role in inflammatory mechanisms like
nitric oxide synthase which decreases the nitric oxide levels from monocytes (Elewa
et al. 2006; Noble et al. 2009b).

It has also been seen that minocycline inhibits the release and formation of
pro-inflammatory cytokines (tumour necrosis factor, interleukin 1, interleukin
6, etc.) (Dunston et al. 2011). Tetracyclines also inhibit lipopolysaccharide mediated
activation of macrophages and microglial cells (Dunston et al. 2011).

Minocycline also suppresses free oxygen radical formation and neutrophilic
migration and degranulation which helps to manage neutrophil mediated tissue
injury (Elewa et al. 2006).

Fig. 27.13 Minocycline and its anti-inflammatory effect
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27.2.4.4 Inhibition of Matrix Metalloproteinases

Matrix metalloproteinases are enzymes involved in degradation of the extracellular
matrix (Matrisian 2000). These enzymes help in passage of leukocytes across the
matrix barriers, and leukocytes are involved in diseases like multiple sclerosis
(Brundula et al. 2002). Minocycline has been seen to inhibit MMP 9 and MMP
12 (Elewa et al. 2006).

27.2.4.5 Effect of Minocycline on Protein Misfolding

Protein misfolding is seen in many neurodegenerative diseases (Noble et al. 2009b).
Misfolding means the adoption of abnormal conformations, by certain proteins, such
that they tend to form large insoluble aggregates. Proper folding of proteins is
needed to convert amino acids into functional proteins. If misfolding occurs, the
proteins formed are non-functional, and aggregates will be formed which led to
neuronal cell death. Alzheimer’s disease, Huntington's disease, Parkinson’s disease,
Amyotrophic lateral sclerosis, etc. involve the misfolding of proteins and can be seen
in Fig. 27.14 given below.

Minocycline acts on amyloid proteins by polar interactions and hydrogen bond
formation. Minocycline acts as an anti-aggregatory agent and has also shown a
decrease in huntingtin aggregation and also effective in reducing the development of
abnormal tau species (Noble et al. 2009b). The different mechanisms of action of
minocycline are summarized in Fig. 27.15.

27.2.5 Why Can Minocycline Be Repurposed
in Neurodegenerative Diseases?

Minocycline has been in the market since last 30 years as a promising anti-microbial
agent used in long-term treatment of chronic conditions like acne vulgaris and

Fig. 27.14 Neurodegenerative diseases characterized by protein misfolding



rosacea. The drug has rarely shown any autoimmune syndrome during the treatment.
Minocycline has established the records of its safety in long-term use. It has edge
over other tetracycline in terms of its small size (496 KDq) and high lipophilicity
which is advantageous in conferring problems of bioavailability and blood–brain
barrier permeability (Chisholm et al. 2011).
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Fig. 27.15 Minocycline and its mechanisms of action

Other than antimicrobial activity, minocycline has also shown anti-inflammatory
activity which marks the point of taking interest in repurposing it. The
neuroprotective effect of minocycline in several models of acute and chronic neu-
rodegenerative disease like multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD), Parkinson’s disease (PD), epilepsy or
haemorrhagic and ischaemic stroke, spinal cord injury and traumatic brain injury.
The evidence from the pre-clinical studies is helping in favours of minocycline to use
as potential neuroprotective agent based on its excellent combination with central
nervous system (CNS) penetration and well-established clinical safety, making
minocycline a viable candidate to use in therapy for neuroprotection (Chisholm
et al. 2011).

Neurodegeneration comes with progressive loss of neurons from nervous system
and neuroinflammation with abnormal protein assemblies. Due to high lipophilic
nature of minocycline, it can readily cross the blood–brain barrier and exerts
beneficial effects like anti-inflammatory and anti-apoptotic which finally leads to
neuroprotection.

Minocycline has shown promising effects in proven by several studies like
inhibition of neuroinflammation and neuron death in mouse models of AD with
amyloidal plaques, ALS, HD, PD, Down’s syndrome, and stroke. It also inhibits tau
protein phosphorylation and prevents aggregation of insoluble tau, inhibit caspase



3 activation (Cheng et al. 2015). All these factors lead to great area of potential for
minocycline.
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27.3 Repurposing of Minocycline in Neurodegenerative
Diseases (Pre-clinical & Clinical Evidence)

27.3.1 Alzheimer’s & Other Related Dementias

Dementia is referred as an overall decline in memory characterized by progressive
and deterioration of cognitive function. Patients with dementia have problems with
cognition, behaviour and functional activities of everyday life (Dementia n.d.).

Alzheimer’s disease (AD) is a neurodegenerative disorder that is mainly seen in
geriatric population with dementia, behaviour change and cognitive impairment as
major sign and symptoms. AD is also one of the common types of dementia
(Schachter and Davis 2000). Beta amyloid protein is deposited along with neurofi-
brillary tangles in cerebral cortex and subcortical grey matter (Schachter and Davis
2000).

Five drugs are approved by FDA for improving cognitive functions:

• Cholinergic activators: Tacrine, rivastigmine, donepezil, galantamine
• Glutamate antagonist: Memantine

27.3.1.1 Pathology

(i) Tau Protein Phosphorylation and Amyloid Beta Hypothesis (Pressman and
Rabinovici 2014)
In the cortical region of the brain, amyloid precursor protein (APP) is present in
the cell membrane along with alpha, gamma and beta secretase enzymes. APP’s
main function is to grow and repair neurons. Alpha secretase enzyme divides
the APP along with gamma secretase and form water-soluble peptide. But if
beta secretase enzyme comes into play, it results in insoluble and sticky
peptides called amyloid beta. This monomer of amyloid beta combines with
more monomers in the synapse and form amyloid beta plaque (Fig. 27.16).
These plaques come in between the neurons and disrupt the signalling as shown
in Fig. 27.17.

Neurons are held together by cytoskeleton which is made up of microtubules
along with tau proteins that prevents them from disintegrating and apoptosis.
But due to the formation of amyloid beta plaque, it activates phosphokinase
enzyme. This enzyme changes the shape of tau protein, and it stops supporting
the microtubule and clumps up with other tau proteins or get neurofibrillary
tangles. These tangles stop the functioning of microtubules and may lead to
apoptosis of the neurons as shown in Fig. 27.18.



In brain, many reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are produced that have two effects—(a) cellular signalling and
(b) damage cellular structure that depend on the oxygen consumption of the
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Fig. 27.16 Amyloid beta plaque formation (created using BioRender)

Fig. 27.17 Amyloid beta
plaque (created using
BioRender)

(ii) Oxidative Stress Hypothesis (Gella and Durany 2009)



brain. Neurons that are basic functional unit in brain will combine with ROS
and lead to lipid peroxidation and apoptosis. If concentration of glutathione is
also less, it can result in oxidative stress injury.
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Fig. 27.18 Neurofibrillary
tangles (created using
BioRender)

(iii) Cholinergic Hypothesis
Apo-lipo-protein E (APOE) (Kim et al. 2009) is important genotype that

causes risk for Alzheimer disease specifically due to apoE4 gene. This gene
decreases acetylcholine in the synaptic cleft, as less amount of Ach is available
to bind in the receptor site.

Cholinergic receptor binding become less in the brain that results in
impaired memory, learning and attention. So it is advised to give acetylcholin-
esterase inhibitors which will increase the availability of acetylcholine in the
synapse. Four drugs are approved by FDA for this—Tacrine, rivastigmine,
donepezil, galantamine (Hampel et al. 2018).

27.3.1.2 Pre-clinical Trails

Depending on the in-vivo and in-vitro studies, we determine that minocycline shows
therapeutic efficacy against tau protein phosphorylation in mice. At primary stage, it
was observed that minocycline prevents amyloid beta induced neuronal death,
decreased capase-3 activation and lowered the production of caspase-3-cleaved tau



fragment. In case of in-vivo studies, we concluded that minocycline also reduces the
caspase-3 activation and lowers the production of caspase-3-cleaved tau fragment.
Through this experiment, it was finally concluded that minocycline is effective in
doing confirmational changes in tau during the drug regimen, but the amount of tau
protein is not directly related to the drug (Noble et al. 2009a).
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In another experiment which was done on a mouse shows that minocycline also
has anti-inflammatory activity. Htau mouse of AD was taken for the experiment and
showed that minocycline reduces the abnormal tau species in htau mouse. Immuno-
histochemical analyses were done that showed that minocycline treatment leads to
less activation of astrocytes in many cortical regions of htau mouse but shows no
effect in Astro cytosis of hippocampus. Pro-inflammatory cytokines levels are also
increased in htau mouse. These results showed that minocycline can target new
cytokine to inhibit tau pathology in-vivo (Garwood et al. 2010).

To check the reduced anti-inflammatory parameters in brain structure and serum
and reverse memory, impairment that is caused by administering amyloid beta in
mice caused due to minocycline was noted. A male mouse was treated with oral
minocycline drug for a period of 17 days after injecting amyloid beta oligomer via
intracerebroventricular administration. It was observed in the mice that when
minocycline was orally given, it reverses the increased levels of interleukin
(IL-1β), tumour necrosis factor-alpha (TNF-α) and IL-10 caused by Aβ (1–42) in
hippocampus, and in cortex, it increases the levels of IL-1β, TNF-α and IL-4. In
serum, it also increases the levels of IL-1β and IL-4. Through these above-stated
results, it is can be said that minocycline leads to improve spatial memory and
cytokine levels in brain (Garcez et al. 2017).

27.3.1.3 Clinical Trials

Clinical trials on repurposing minocycline in AD patients were conducted at Hun-
tington Medical Research Institutes Pasadena, California, United States. Thirteen
participants with normal individuals, patients with mild cognitive impairment (MCI)
or Alzheimer's disease (AD) were enrolled in phase 2 clinical trials. Clinical
screening, neuropsychological tests, blood and urine analyses, quantitative magnetic
resonance imaging (MRI) and proton (1H ) and carbon 13 (13C) magnetic resonance
spectroscopy (MRS) were performed to know the effect of minocycline in AD
patients (Minocycline in Patients with Alzheimer’s Disease n.d.).

Outcomes that were measured during the trails:
Repeatable battery for the assessment of neuropsychological status (RBANS).

Hippocampal volumes measured in three groups: Alzheimer’s disease (AD), mild
cognitive impairment (MCI) and normal, age-matched controls (NC). Biomarker
NAA/ml measured in three groups: Alzheimer’s disease (AD), mild cognitive
impairment (MCI) and normal, age-matched controls (NC).
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27.3.2 Parkinson’s Disease

Parkinson's disease (PD) is a neurodegenerative disorder in which dopaminergic
neurons in the nigrostriatal pathway are degenerated and result in hypokinetic
movements (Kouli et al. 2018). This type of disorder is more common in populations
that are more than 50 years old. Major causes of PD are associated with other
diseases such as co-poisoning, Mn in toxification, calcification of basal ganglia,
brain tremors, strokes and viral diseases. Genes that cause mutation and result in PD
are LRRK2, PARK7, PINK1, PRKN and SNCA gene (Dias et al. 2013).

Signs and symptoms include tremors, bradykinesia, i.e. slowness of movement,
muscle rigidity, change in tone of speech, micrographia, uns posture and dementia.

One of the most frequent neurodegenerative diseases is Parkinson's disease.
According to the Parkinson's Disease Foundation, the disease affects around 1 mil-
lion people in the United States. In the United States, there are about 20 instances of
Parkinson's disease per 100,000 persons per year (60,000 per year), with a typical
onset age of around 60 years. In persons 60 years and older, the prevalence of
Parkinson's disease is estimated to be around 1%, increasing to 1–3% in those aged
80 and up (DeMaagd and Philip 2015).

Pathogenesis

(i) In nigrostriatal pathway, a compound homology to dopamine called N-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is preferentially transported by
dopamine transporter (DAT) to presynaptic neuron.

MPTP in the presence of MOA-B in the synaptic cleft get converted into
MPP+ which replaces dopamine from synaptic cleft. MPP+ is reuptaken by
DAT in presynaptic neuron and is stored in the vesicles. MPP+ inhibit ETC in
mitochondria (mainly affect complex II) that result in decreased ATP produc-
tion and degeneration of neurons as seen in Fig. 27.19. This all cascade is
responsible for PD in elderly (Langston 2017).

(ii) Reactive Oxygen Species (ROS) (Dias et al. 2013)
Oxidative stress plays an important role in degeneration of dopaminergic

neurons as our brain consumes 20% of oxygen supply that converts oxygen into
ROS. ROS produced during this process leads to metabolism of dopamine in
outer mitochondrial membrane with the help of MOA-A and MAO-B. Dopa-
mine quinones that are generated after metabolism of dopamine are neurode-
generative in nature. ROS also leads to low concentration of glutathione and
high levels of iron and calcium in substantia nigra pars compacta. A significant
increase in cysteinyl adducts of dopamine in PD substantia nigra suggests
accelerated oxidation according to post-mortem brain analysis.

(iii) Molecular Theory
Alpha-synuclein is a presynaptic neuronal protein that has shown genetical

and neuropathological roles in PD (Stefanis 2012). This protein is transcribed
by a gene named SNCA that is predominantly present in the brain. This gene is
responsible for the modulation of synaptic vesicle transport and release of



neurotransmitters. If any mutation is seen in the SNCA gene, then alpha
synuclein will be converted into an amyloid form (misfolding of SNCA)
gene, which will disrupt the vesicle storage of DA (Srinivasan et al. 2021).
These beta sheets get polymerized into Lewis bodies that form aggregates in the
neuron and disrupt the DA vesicles. Lewis bodies are marked as a hallmark in
pathological studies of PD and are basically intraneuronal inclusions that
include immunoreactive alpha synuclein protein aggregates (Wakabayashi
et al. 2007). The disruption of vesicles leads to oxidative stress in the brain
and results in the degeneration of dopaminergic neurons. Oxidative stress is
produced due to the breakdown of peroxidase and catalase enzymes that results
in the production of ROS. ROS produced will take electrons from the biomol-
ecule and cause oxidative stress (Klein and Westenberger 2012).
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Fig. 27.19 Reuptake inhibition of dopamine via MPTP+ (created by BioRender)

27.3.2.1 Pre-clinical Studies

Many animal models have been used to see the neuroprotective action of
minocycline in parkinsonism.

One of the primary causes of Parkinson's disease is the degeneration of dopamine
in the nigrostriatal dopaminergic pathway. In an experiment, 8-week-old mate mice
were taken to have iNOS deficiency. In this study, four intraperitoneal injections of
MPTP-HCl saline in a 2-hour interval were given for MPTP intoxication in mice. It
was observed that minocycline not only increased the number of surviving SNpc
TH-positive neurons but also led to the formation of interleukin-1β. The activation of
NADPH-oxidase and iNOS was also seen. From these above observations, we



concluded that iNOS is not the only culprit that is responsible for MPTP toxicity.
Through this study, we came to know that microglial-related anti-inflammatory
events play an important role in the MPTP neurotoxin effect, and minocycline
shows neuroprotective activity (Wu et al. 2002).
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In another experiment, in-vivo studies of mesencephalic and cerebellar granule
neurons (CGN) were done that showed minocycline inhibits MPP+-iNOS expression
and NO-induced neurotoxicity, but MPP+-induced toxicity will only be inhibited in
the case of glia. Minocycline also inhibits NO-induced phosphorylation of p38
mitogen-activated protein kinase (MAPK) in CGN, and the p38 MAPK inhibitor,
SB203580, blocks NO toxicity in CGN (Du et al. 2001).

27.3.2.2 Clinical Trails

A randomized, double-blind clinical trial was held by prioritizing creatine and
minocycline in phase 2 clinical trials for Parkinson’s disease in March 2003.
About 195 ([CSL STYLE ERROR: reference with no printed form.]) people were
taken for the trails and randomized to 3 groups. The participants that were enrolled in
clinical trials were diagnosed PD within 5 years, but don’t require medicine for the
management of system. The primary outcome was the change in total Unified
Parkinson's Disease Rating Scale (UPDRS) score from baseline to the time when
there was enough disability to warrant symptomatic PD therapy or 12 months,
whichever came first. The subjects were randomly assigned to one of three treat-
ments: creatine 10 g/day, minocycline 200 mg/day or a matching placebo. Based on
the placebo/tocopherol arm of the Deprenyl and Tocopherol Antioxidative Therapy
Of Parkinsonism (DATATOP) trial, the futility threshold was set at a 30% reduction
in UPDRS progression. p values less than or equal to 0.1 indicate futility (Ravina
et al. 2006).

The result was that creatine and minocycline both can be considered to go for
phase 3 trails where safety, tolerability, activity and cost are examined.

27.3.3 Huntington's Disease

Huntington’s disease (HD) (Fig. 27.20) is an autosomal (Kim and Suh 2009) genetic
neurodegenerative disease (Bantubungi et al. 2005) which occurs due to mutations in
the gene coding for huntingtin protein (Cleren et al. 2010). Apoptosis, excitotoxicity,
metabolic impairment and oxidative stress also play a role in the aetiology of HD
(Kim and Suh 2009; Romero-Miguel et al. 2021). Neuronal degeneration is seen in
spiny neurons of striatum (Romero-Miguel et al. 2021), cerebral cortex (Bantubungi
et al. 2005) and in GABAergic neurons in caudate nucleus and putamen (Kim and
Suh 2009).

The causative gene is located on chromosome 4 and codes an abnormal CAG
triplet repeat expansion resulting in mutant huntingtin (Kim and Suh 2009) which



aggregates, impairs proteasomal degradation and leads to caspase-mediated apopto-
sis (Thomas et al. 2004). This disease is characterized by involuntary motor changes.
The movements start in the distal extremities such as fingers and toes, but also in
small facial muscles. Other manifestations of this disease include unstable walking,
extension of back muscles, difficulty in talking or swallowing, dysarthria and
dysphagia. Hypokinesia, akinesia and rigidity are also observed (Roos 2010).
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Fig. 27.20 Huntington’s disease

27.3.3.1 Pre-clinical Evidence

It was observed that minocycline inhibited the upregulation of caspase 1 and 3 in
transgenic HD R6/2 mouse models in the year 2000 (Kim and Suh 2009), and it was
observed that caspase 1 and caspase 3 inhibition were essential for neuroprotective
action (Thomas et al. 2004). Minocycline acts as a caspase inhibitor and delayed HD
progression and extended survival by 14% in the HD mouse models (Bonelli et al.
2003). It was also seen that the expression of iNOS was elevated in HD models of
R6/2 mouse brains, and treatment with minocycline reduced iNOS activity by 14%
(Kim and Suh 2009). To observe the anti-apoptotic effect of minocycline, two
groups of HD phenotypic rat models were taken: the caspase-dependent and the
calpain-dependent HD models. Minocycline exhibited neuroprotective action only
in caspase-dependent models (Romero-Miguel et al. 2021). It was also observed that
minocycline inhibits huntingtin aggregation at hippocampal slice culture model of
R6/2 mouse HD model (Kim and Suh 2009).

The above observations were contraindicated by some studies where no improve-
ments were seen after minocycline treatment in genetic HD mice models (Romero-
Miguel et al. 2021).
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27.3.3.2 Clinical Evidence

Depending on the results of in-vivo and in-vitro studies, minocycline was exposed to
an open-label study where it was found that 10 out of 14 HD patients received
minocycline showed an improvement in motor UHDRS (Unified Huntington’s
disease Rating Scale) (Kim and Suh 2009). This study was contradicted by Thomas
et al. who reported that no significant change was observed in UHDRS score when
patients were administered minocycline over a time span of 6 months (Bonelli et al.
2003; Kim and Suh 2009). The first clinical view was seen by an isolated study in
2002, which showed that after 1 year of treatment, remission of symptoms was
observed (Romero-Miguel et al. 2021).

Very less number of clinical trials have been performed for the use of minocycline
in HD, which contraindicated the beneficial and future effects of minocycline
treatment; therefore, it is difficult to draw solid conclusions (Romero-Miguel et al.
2021).

27.3.4 Amyotrophic Lateral Sclerosis (ALS)

ALS disease is related to the death of upper motor neuron in the motor cortex of the
brain and death of corresponding lower motor neurons in the brain stem and
spinal cord.

ALS is involved with the damage of upper motor neurons as well as lower motor
neurons which mainly consists of efferent system with two type of neuron system—
proximal upper motor neuron (UMN) AND distal motor neuron (LMN). Motor
neurons damage in a distal proximal pattern, i.e. the distal musculature became
weaker and paralyzed before proximal musculature. The loss is asymmetrical in
nature (Grad et al. 2017).

27.3.4.1 Pathophysiology

(i) The biochemical mechanism of ALS involved the formation of structures called
inclusion bodies (abnormal protein aggregates of TDP-43, SOD1 or FUS) in
the cytoplasm of motor neurons due to genetic mutations shown in Fig. 27.21.
These abnormal proteins unable to fold correctly leads to altering the 3-D
shape. These misfolded protein sticks to one another and forms larger aggre-
gates called as inclusion bodies. These inclusion bodies are called as prions
when they move to infect other cell (van den Bos et al. 2019).
These inclusion bodies damage motor cells following different mechanisms:

(ii) Glutamate-mediated excitotoxicity—this mechanism involves release of neu-
rotransmitter glutamate from pre-synaptic neuron and binds to receptors on
post-synaptic neurons. This glutamate is taken up by the astrocyte with the help
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Fig. 27.21 Pathophysiology of amyotrophic lateral sclerosis (ALS) (created using BioRender)

of some protein. The mutations introduced in the protein transporter will hinder
the uptake of glutamate into the astrocyte, leading to abnormally high levels of
glutamate in the synapse. Due to increase in glutamate in synapse, more
glutamate will bind to post-synaptic receptor which opens the calcium chan-
nels. The calcium influx inside the cytoplasm of motor neuron increases leading
to excitotoxicity and death (Shaw et al. 1997).

(iii) Mutant protein aggregation to prions—the mutant gene encodes for mutant
protein like SOD1 or FUS. These mutant proteins misfold and tend to stick with
other protein ligand to become large protein aggregate called prion. When prion
is inside the motor neuron, it causes the cell to enter into oxidative stress
leading to death. The contents of dead motor neuron will leak out including
prion and infect other motor neuron (Blokhuis et al. 2013).

(iv) Prions also cause activation of microglia and astrocyte which eventually start
releasing noxious chemicals which will initiate an inflammatory response. It
will further attack the axon of motor neuron leading to neural death (Rostalski
et al. 2019).

(v) Laboratory studies have indicated the presence of inducible nitric oxide
synthase iNOS and activation of caspase enzyme leading to motor neuron
death in ALS (Chen et al. 2010).

Signs and symptoms: Corticospinal signs and symptoms induced in ALS can be
seen in Fig. 27.22.

The corticospinal tract consists of upper motor neuron originating in the motor
cortex and lower motor neuron that goes to skeletal muscle. In ALS, the damage of
these neurons will result in problems of skeletal muscle contractions which lead to
different signs as shown in Table 27.3.
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Fig. 27.22 Corticospinal signs and symptoms induces in ALS (created using BioRender)

Table 27.3 Corticospinal signs of upper and lower motor neurons induced in ALS

Upper motor neuron damage—signs Lower motor neuron damage—signs

Hypertonia Hypotonia

Hyper-reflexia Hypo-reflexia

Spasticity/clonus Fasciculation

Hoffman’s sign atrophy

Inverted supinator sign

(+) pronator drift

All these signs shown in Fig. 27.22 can manifest as skeletal muscle weakness
eventually leading to paralysis, respiratory weakness leading to respiratory failure
and also have bowel and bladder dysfunction (Garg et al. 2017).

ALS is also associated with bulbar dysfunction—it involves damage to
corticobulbar tracts similar to corticospinal tracts. it also includes upper motor
neuron and lower motor neuron but the difference is that the lower motor neurons
in corticobulbar tracts go to muscles in head, face and neck (cranial area) (Kühnlein
et al. 2008). So bulbar dysfunction in a nutshell is a dysfunction of cranial nerves.
The damage to these nerves leads to signs shown in Table 27.4.

27.3.4.1.1 Causes

The average age of onset of ALS is about 60 years; it affects about two people per
one hundred per year but only 5–10% cases were genetically associated and the other
90% of the cases are due to environmental component that triggers the onset of
disease. The exact environmental component and its roles in genetic are known.
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Table 27.4 Corticobulbar signs of upper and lower motor neurons induced in ALS

Bulbar dysfunction—upper motor neuron Bulbar dysfunction—lower motor neurons

Dysphagia (CN IX, X) Dysphagia (CN IX, X)

Dysarthria (CN X) & laryngospasm Dysarthria (CN X) & hoarseness

Pseudo bulbar affect Incomplete eye closure (CN VII)

Jaw stiffness (CN VII) Poor lip closure (CN VII)

Brady kinetic tongue (CN XII) & sialorrhea Hypotonic tongue and deviation (CN XII)

Facial droop/weakness (CN VII) Facial droop/weakness (CN VII)

Soft palate droop (CN X) Soft palate droop (CN X)

There is no cure for ALS at present, and the average survival from the onset to
death is about 2–4 years. But some patients do live longer than the average survival,
because 5–10% of ALS is variant cases in which the disease progresses until it gets
very worse and then suddenly stops progressing due to fatigue (Haverkamp et al.
1995).

27.3.4.1.2 Treatment

Riluzole—it produces modest lengthening of survival. It acts by diminishing gluta-
mate release and thereby decreasing excitotoxic neural cell death.

Antisense oligonucleotides—it acts by diminishing expression of mutant SOD1
protein.

Rehabilitation aids—like foot-drop splints facilitate ambulation, finger exten-
sion splints potentiate grip.

27.3.4.1.3 Minocycline in ALS

In ALS, the motor neuron follows the apoptotic pathway to final cell death under the
influence of oxidative stress. The molecules which cause apoptosis increase the
levels of caspase 1 and 3 activity in spinal cord, resulting in altering the balance of
pro-apoptotic and anti-apoptotic regulatory protein which favours apoptosis
(Chisholm et al. 2011).

Minocycline acts as an anti-apoptotic agent by inhibiting caspase through intra-
ventricular administration. Through the study on mouse model of ALS, chronic
inhibition of caspase will significantly inhibit neuroprotective effects of genetic
manipulation leading to overexpression of anti-apoptotic agent in transgenic mice.

Minocycline also acts by inhibiting the activity of iNOS and caspase enzyme. It
has shown promised affects in protection of nerve cells by reducing cell death and
prolonging survival.

The clinical trials of minocycline have been conducted on two preliminary
humans who have proven its safe use in ALS. Its tolerability is well when conjugated
with riluzule—only FDA-approved drug for ALS.
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A randomized, placebo-controlled phase 3 trial was also conducted; after
4 months running the trial, the outcome was measured in two parts:

(a) The difference of ALS functioning rating scale (ALSFRS-R).
(b) Forced vital capacity (FVC), manual muscle testing (MMT) and the quality of

life, safety and survival.

In minocycline group, the ALSFRS-R was recorded faster, whereas the FVC
declined in comparison to placebo group which lead to greater mortality rate in
patients having minocycline. The minocycline group had also faced adverse events
like non-serious gastrointestinal and neurological problems and decrease in quality-
of-life score (Gordon et al. 2007).

Another randomized placebo-controlled tolerability trial of minocycline was
conducted in which 78 in first trial and 23 in second trials were taken in.

In first trial, among 78, 19 people received riluzule drug 200 mg daily or placebo.
After 6 months, no adverse events were recorded over placebo.

In second trial, 23 patients were taken for cross-over trial for 8 months in which
they were given 400 mg drug for 4 months (mean tolerable dose—387 mg daily)
which gave result about adverse gastrointestinal effects at higher, increased blood
urea nitrogen and liver enzyme (Gordon et al. 2004, 2007).

27.3.4.1.4 Minocycline and Riluzule (Rilitek)

The combination of riluzule—500 mg /BD (drug used in ALS) and minocycline—
100 mg has shown no significant increase in adverse effects. A pilot study was
conducted to evaluate the safety of this combination on 20 ALS patients for 6 months
(Pontieri et al. 2005).

27.3.5 Multiple Sclerosis

Multiple sclerosis is a chronic complex neurodegenerative disease. Multiple sclero-
sis is a demyelinating disease of central nervous system which includes brain and
spinal cord. It affects myelin, a protective sheath that surrounds the axons of neurons
allowing them to quickly send electrical impulses. The myelin is produced by
oligodendrocytes (group of cells that supports neurons) (Huang et al. 2017).

Pathophysiology: The immune system inappropriately attacks and destroys the
myelin, which makes the communication between neurons to break down, ultimately
leading to all sorts of sensory, motor and cognitive problems as shown in Fig. 27.23.

The auto reactive immune cell like t-lymphocytes and b-lymphocytes crosses the
blood–brain barrier (BBB) by attaching to the right ligand or surfaced molecule.
Once they cross the BBB, t-cells get activated by myelin which in result do some
alteration in BBB membrane which expresses more receptors for immune cells to



bind and cross BBB to cause local inflammation resulting in demyelination, gliotic
scarring and axonal loss (Lucchinetti et al. 2000; Glass et al. 2010).
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Fig. 27.23 Immune system attacking myelin leading to breakdown of communication between two
neurons. (Created using BioRender)

Multiple sclerosis is a type 4 hypersensitivity reactions, i.e. cell-mediated hyper-
sensitivity. The myelin-specific t-cells release inflammatory cytokines like IL-1,
IL-6, TNF-alpha and interferon-gamma, which dilates blood vessels and helps
more immune cells to get in (Ferguson et al. 1997; Mars et al. 2007). These
inflammatory mediators cause damage to oligodendrocytes. The cytokines further
attracts b-cells and macrophages which includes establishment of ectopic lymphoid
follicles within the CNS , antigen presentation, cytokine and antibody production
(Lassmann et al. 2012). The b-cells begin to make antibodies that mark the myelin
sheath proteins, and macrophages use those antibodies markers to engulf and destroy
the oligodendrocytes. Without oligodendrocytes, there is no myelin to cover the
neurons that leaves the area of scar tissue called plaques or sclera. These immune
attacks happen in bouts. The attacks on oligodendrocytes might happen and then
regulatory t-cells will come in to inhibit or calm down the other immune cells leading
to reduction in inflammation. Early on in multiple sclerosis, the oligodendrocytes
will heal and extend out new myelin to cover the neurons. This process is called
remyelination (Chari 2007). But overtime, oligodendrocytes die off, the
remyelination stops and the damage becomes irreversible with the loss of axons as
shown in Fig. 27.24.

Cause: The exact cause of multiple sclerosis is unknown but linked to both
genetic and environmental factors.

(a) Genetic factors—being female and having genes that encodes specific immune
molecule called HLDA-DR2 (used to identify and bind to foreign molecules).

(b) Environmental factors—infections, vitamin D deficiency (Ghasemi et al. 2017;
Sintzel et al. 2018)
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Fig. 27.24 Pathophysiology of multiple sclerosis (created using BioRender)

Fig. 27.25 Types of multiple sclerosis (MS) (created using BioRender)

Types of Multiple Sclerosis (Based on Pattern of Symptoms Over Time)
Shown in Fig. 27.25.

(i) Relapsing remitting multiple sclerosis, RRMS—This is the most common
type of MS. In this the bouts of autoimmune attacks happens for months or even
years, apart from causing an increase in the level of disability. For e.g., during a
bout, a person may lose some vision followed by improvement in case if there
is remyelination shown in Fig. 27.26. More often, the remyelination process is
not completed which leads to some residual disability. As more attacks take
place, the central system gets more irreversibly damaged. There is no increase
in disability between bouts indicated by flat lines during that time (Cunill et al.
2018).
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Fig. 27.26 Bouts in relapsing remitting type (RRMS) (created using BioRender)

(ii) Secondary progressive multiple sclerosis, SPMS—similar to RRMS, but
over time the immune attack becomes constant causes steady progression of
disability (Inojosa et al. 2021).

(iii) Primary progressive multiple sclerosis, PPMS—in this, there is one constant
attack on myelin which causes steady progression of disability over patient’s
lifetime (Ontaneda and Fox 2015).

(iv) Progressive relapsing multiple sclerosis, PRMS—it is also one constant
attack with bouts superimposed in between causes increased disability in faster
way (Andersson et al. 1999).

Symptoms vary from person to person and location of plaques affects 2.5 million
individuals worldwide mainly 20–40-year-old, affecting female twice as more often
than men (Tafti et al. 2021).

Symptoms: can worsen over weeks, linger for months.

(i) Charcot’s neurological triad includes dysarthria, nystagmus and intention
tremor.

(a) Dysarthria—it is due to plaques in the brainstem, affects nerve fibre that
control muscles of mouth and throat, interfere with conscious movements
like eating, talking and leads to stutter and unconscious movements like
swallowing (Hartelius et al. 2000).

(b) Nystagmus—it is due to plaques around the nerves controlling eye move-
ments. Plaques on optic nerve causes loss of vision due to damage of optic
nerve called optic neuritis. Some symptoms also include blurring or greying
of the vision and dark point in the centre of vision. There is also damage to
nerves that controls eye movement. The eye movement can be painful and
even causes double vision. Eyes can no longer move in coordinated way
(Serra et al. 2018).



646 R. B. Sanshita et al.

(c) Intention tremors—caused by plaques along the motor pathways in the
spinal cord. It affects out band signals like skeletal muscle control. Motor
symptoms include muscle weakness, muscle spasms, tremors, ataxia (loss
of balance and coordination). In serious cases, it can lead to paralysis
(McCreary et al. 2018).

(ii) Plaques in sensory pathways can affect inbound signals sensations from the
skin causes numbness, pins and needles, paresthesias (tingling feeling which
can be painful, itching or burning sensation) (Frohman et al. 2006). Plaques
also involve autonomic nervous symptoms—bowl and bladder symptoms like
constipation and urinary incontinence and sexual symptoms like sexual
dysfunction.

(iii) Lhermitte’s sign—it is like an electric shock which runs down the back and
radiates to the limbs when a person bends their neck forward (Khare and Seth
2015).

(iv) High order activities of brain can also be affected causing poor concentration
and critical thinking. It also causes depression and anxiety.

27.3.5.1 Diagnosis

Diagnosis is primarily clinical and depends on neurological signs and symptoms. To
differentiate multiple sclerosis from other conditions, various criteria are used
including McDonald criteria which is based on demonstration of lesions (Milo and
Miller 2014).

(i) MRI—uses gadolinium; contrast agent, it shows multiple central system
lesions called white matter plaques. The RRMS can be diagnosed at early
stages after one relapse.

(ii) Cerebrospinal fluid—contains high level of antibodies.
(iii) Visual evoked potential—it measures nervous system’s response to visual

stimuli (Milo and Miller 2014).

Treatment—several drugs are being used which act by different mechanism.
There is no cure for multiple sclerosis, but there are medications typically

effective in RRMS because they lessen the severity of relapses and make them
happen less frequently as shown in Table 27.5.

Table 27.5 Disease modifying treatment of multiple sclerosis (MS)

Treatment Mode of action

Interferon—beta Immune modulation

Glatiramer acetate Immune modulation

Fingolimod Immune modulation

Monoclonal antibody to alpha4-integrin
(nataizumab)

Immune modulation (blocks lymphocytes entry
into CNS)

Mitoxantrone Immune suppression(cytotoxic)
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(i) RRMS—corticosteroids, cyclophosphamide (cell cycle inhibitor), intravenous
immunoglobulin can all be used to help blunt the autoimmune process. First-
line drugs for RRMS—interferon—beta-1 a (avenex), glatiramer acetate.

(ii) Plasmapheresis can be effective (plasma filtered to remove disease causing auto
antibodies).

(iii) Chronic treatment includes—immunosuppressant like recombinant beta-IFN
which decreases the level of inflammatory cytokines in the brain and increases
the function of t-regulatory cells.

(iv) Other immunosuppressant block t-cells from getting into the brain by interfer-
ing with cell surface molecules that gain passage through the BBB. Brain
inflammation is also reduced by agents like daclizumab; humanized antibody
acting against IL2R alpha in addition to mild functional blockade of CD4 T
cells.

(v) PPMS—fewer options available and treatment targeted at managing the symp-
toms like depression, bladder dysfunction (Goldenberg 2012). Physical therapy
and cognitive rehabilitation therapy can be helpful with sensory, motor and
cognitive symptoms.

(vi) Vitamin D has also proven beneficial to bring out therapeutic effects.

27.3.5.2 Minocycline in Multiple Sclerosis

Although there are approved drugs available in the market for multiple sclerosis but
some patients don’t respond to this drug which opens up more area to explore for
better treatment. As minocycline has shown anti-inflammatory action, in addition, it
had also shown immunomodulatory neuroprotective effects in several pre-clinical
and clinical studies by the various mechanisms like suppression of migratory
inflammatory cells, modulating peripheral immune response and inhibiting
microglia activation within the CNS.

27.3.5.3 Mechanism of Action

Minocycline crosses the BBB and inhibits reactive microgliosis, production of
IL-1β, upregulate nitric oxide synthase and activate CD4+ T cells.

It also acts as anti-apoptic agent.
On the basis of clinical studies, minocycline had decreased gadolinium-

enhancing activity for over 6 months in patients having relapsing-remitting MS
(RRMS) (Zabad et al. 2007).

It attenuates the conversion of demyelination from the very event to clinically
definite MS. Minocycline had also reduced the EAE (encephalomyelitis) severity
because of immune-modulating activity. On oral consumption of minocycline, no
relapses were observed between 6 months and 2 years despite the moderately high
relapse rate of 1.3/year. It also antagonizes the pro-inflammatory IL-12 receptors



which were reportedly found to be high MS and decreases the activity of matrix
metalloproteinase-9 (Hahn et al. 2016).
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27.3.5.4 Pilot Study of Minocycline in RRMS

To test minocycline on the areas of safety and tolerability, pilot scale study was
conducted which ran on 10 potential relapsing remitting type MS patients. The
results came out to be safe and tolerable with annual relapse rate of 0.25 percent
during treatment despite of 1.2 percent rate before treatment. The active lesions were
also lowered during the first 6 months of treatment. The trial was run on small scale
and hence, was not enough to support its potential and safety in RRMS (Zhang et al.
2008).

27.3.5.5 Minocycline and Interferon-β

A randomized, double-blind and placebo controlled study was also conducted in
which IFN β1-a (44μg, sc) was administered three times weekly for first 3 months
along with RRMS patient also randomized to give minocycline 100 mg, BD or
placebo. The whole treatment lasted for 96 weeks which resulted in changing brain
volume due to enlargement of T2-weighted lesions and qualifying relapses which
holds no significant difference for minocycline versus placebo. Although no unex-
pected adverse effects were reported, but many has discontinued therapy due to
adverse effects resulted from minocycline versus placebo (Sørensen et al. 2016).

27.4 Future Perspectives

As more areas are being explored with different clinical or pre-clinical research for
the use of minocycline in different areas, its road to future is going to go in long run.
From the antimicrobial agent, it is being explored in neuroprotective region which
opens up huge market of minocycline like:

(i) Minocycline has also been identified as novel treatment of depression. The
on-going trials of minocycline for bipolar and unipolar depression have been
conducted which showed statically significant antidepressant effect (Rosenblat
2018).

(ii) In fragile x-knock out mouse, minocycline has rescued the dendrite spine and
synaptic structural abnormalities. This also improved language and behavioural
patterns. This created a huge area of research in both behavioural and language
measure (Utari et al. 2010).

(iii) Minocycline has also shown non-infectious cytoprotective action in myocardial
ischaemia by the mechanism of reperfusing injury (Thind et al. 2015).
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(iv) The current on-going study of minocycline in animal model of schizophrenia
has also claimed its action by reversing cognitive effects of MK801 (Levkovitz
et al. 2007).

(v) Combined treatment of minocycline and atorvastatin is also being explored to
suppress the severity of EAE (encephalomyelitis) induced in mice by
exhibiting anti-inflammatory and neuroprotective action (Luccarini et al. 2008).

27.5 Conclusion

Minocycline can be repurposed in neurodegenerative diseases, as it delays the
alteration of motor activities, inflammation and apoptosis of neurons in Huntington’s
disease, Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson's disease and
multiple sclerosis after performing clinical and pre-clinical trials. In AD,
minocycline has shown good results in pre-clinical trials in mice having tau protein
phosphorylation and amyloid beta aggregation, but in phase 2 clinical trials when
minocycline was given to patients with mild AD for 2 years, good results were not
obtained. So minocycline was not used further. In Parkinson's disease, pre-clinical
trials were successful in decreasing MPTP neurotoxicity that is induced by iNOS and
results in neuroprotective activity. Clinical trials for Parkinson's disease with
minocycline and creatine yielded positive results, prompting the decision to move
forward with phase 3 trials to assess safety, tolerability, activity and cost. Clinical
and pre-clinical trials of Huntington’s disease showed contraindicating studies that
make it difficult to have a solid conclusion on this. When minocycline was given
with riluzule in mice, then good results were seen, but in clinical trials, the combi-
nations of these two drugs have shown no such good results. In clinical and
pre-clinical trials, minocycline alone has manifested beneficial effects. In multiple
sclerosis, minocycline is really effective in clinical and pre-clinical trials.
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