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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.” 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

"Bourne 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.

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-a, IL-1f, 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
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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.

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.

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

Target-Based Approaches:
(1) 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
B-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
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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.

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 (WTERT), 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 RARp. Therefore, it becomes important to evaluate and
consider anticancer drugs that target h\TERT 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 e
to Traditional Drug Discovery

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

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

Keywords Drug repurposing - Genomics - Proteomics - Transcriptomics

1.1 Introduction

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

1.2 Rationale of Drug Repurposing

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

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

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

1.4 Roadmap to Modern Drug Repurposing

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

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

1.5 Drug Repurposing Strategies and Approaches

Through the drug repurposing approach, commercial compounds can be identified
for new therapeutic uses (Tables 1.1 and 1.2) that complements the traditional drug
research method by reducing time and cost. Before considering the candidate
medicine for repurposing, drug repurposing procedures include three steps.
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Table 1.1 Breakthrough discoveries using drug repurposing
Disease/targeted
area Drug First marketed for Status Remarks
Central nervous | Galantamine Paralysis FDA approved
system (CNS) | Dimethyl Psoriasis FDA approved
fumarate
Verapamil Hypertension angina Phase 4 NCT03150524
pectoris arrhythmia
Bumetanide Liver disease heart fail- | Phase 3 NCT04766177
ure stubborn oedema
acute and chronic renal
failure
Minocycline Anti-bacterial Phase 3 NCTO01828203
Fenfluramine Simple obesity diabetes | Phase 4 NCT05232630
hypertension
Propranolol Hypertension supra- FDA-approved
ventricular tachycardia
prolonged Q-T interval
thyrotoxicosis
Angiotensin Essential hypertension | Phase 2 NCT04574713
receptor blocker | renal disease diabetes
Amantidine Antiviral FDA-approved
Abatacept Rheumatoid arthritis Phase 2 NCTO1116427
Ceftriaxone Anti-bacterial Phase 3 NCT00349622
Lenalidomide Myelodysplastic syn- | Phase 2 NCT00067743
drome; MM, multiple
myeloma
Pioglitazone Type 1I diabetes Phase 2 NCT00690118
Levetiracetam Cortical myoclonus Phase 2 NCT01463033
Nilotinib Anti-cancer Phase 2 NCT03205488
Cysteamine Nephropathic Phase 2, 3 NCT02101957
bitartrate cystinosis
Laquinimod Immunomodulatory Phase 2 NCT02215616
drug in multiple
sclerosis
Deferiprone Thalassemia Phase 2 NCT00897221
Omavelexolone | Anti-cancer drug Phase 2 NCT02255435
Liraglutide, Anti-diabetic Phase 3 NCTO03672812
exenatide
Edaravone Acute ischaemic stroke | Phase 3 NCT00424463
Ambrexol Expectorant Phase 2 NCT02914366
Thalidomide Multiple myeloma Phase 2, 3 NCTO01094340
Daratumumab Refractory multiple Phase 2 NCT04070378
myeloma
Mifepristone Abortive Phase 3 NCT00867360
Baclofen Muscle relaxant Phase 1 NCT00614328
Tofacitinib Rheumatoid arthritis Phase 2 NCT04799262
Atorvastatin Hypercholesterolemia, | Phase 4 NCT02225834
hyperlipidaemia

(continued)
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Table 1.1 (continued)

Disease/targeted
area Drug First marketed for Status Remarks
Metformin Type 1I diabetes Phase 3 NCT02593097
Ketamine Anaesthetic Phase 2 NCT01558063
Mecamylamine | Malignant hypertension | Phase 4 NCTO03914677
Fingolimod Transplant rejection Phase 2 NCT04629872
Limaprost Anti-platelet agent Phase 3 NCT02125981
Cycloserine Tuberculosis Phase 2 NCT01343862
Etanercept Autoimmune diseases | Phase 2 NCTO01068353
Brexpiprazole Atypical antipsychotic | Phase 3 NCTO01922258
Carmustine Chemotherapy Phase 2 NCT04222062
Butylphthalide Hypertension Phase 4 NCT05068349
Sevoflurane General anaesthetic Phase 2 NCT02946437
Filgrastim Anti-cancer Phase 2 NCT03656042
Respiratory Tofacitinib Rheumatoid arthritis Phase 2 NCT04332042
system Ruxolitinib Myelofibrosis, Phase 2 NCTO04354714
polycythaemia
Dupilumab Anti-cancer Phase 2 NCT03595488
Dactosilib Anti-cancer Phase 3 NCT04139915
Tamoxifen Oestrogen-dependent | Phase 2 NCT03528902
breast cancer
Statins Hypercholesterolemia, | Phase 4 NCTO01151306
Hyperlipidaemia
Metformin Type II diabetes Phase 4 NCT01247870
Pioglitazone Type II diabetes Phase 2 NCT00994175
Pazopanib Advanced/metastatic Phase 2, 3 NCT03850964
renal cell carcinoma,
Advanced soft tissue
sarcomas
Azithromycin Antibiotic Phase 3 NCT00360464
Inhaled Anti-fungal Phase 3 NCT00425620
amphotericin B
Oral triazoles; Anti-fungal Phase 4 NCT02663674
Glycopyrronium | Peptic ulcers FDA approved
Remdesivir Phase 3 NCT04257656
Baricitinib Anti-arthritis Phase2, 3 NCT04358614
Tocilizumab Phase 2 NCTO05181397
Chloroquine Anti-malarial Phase 2 NCT04323527
Nitazoxanide Anthelmintic and Phase 2, 3 NCT04463264
antiviral
Prulifloxacin Antibiotic Phase 4 NCTO01710488
Itolizumab Psoriasis Phase 2 NCT04475588
Duvelisib Anti-cancer Phase 2 NCT04372602
Bictegravir Anti-viral Phase 2 NCT04734652
Favipiravir Anti-viral Phase 3 NCT02026349
Ribavirin, Anti-viral Phase 3 NCT00014391

(continued)
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Table 1.1 (continued)
Disease/targeted
area Drug First marketed for Status Remarks
Lopinavir Anti-viral Phase 2 NCT04307693
Tocilizumab Phase 2 NCTO05181397
Azathioprine Phase 3 NCT00052039
Ivermectin Phase 3 NCT04703608
Fluoroquinolones | Anti-biotics Phase 3 NCT04879030
Pyrimethamine | Anti-malarial Phase 3 NCT00000727
Clofazimine Leprosy Phase 2 NCTO01691534
Sildenafil Pulmonary arterial Phase 2 NCT05061368
hypertension
Interleukin-2 Malignant neoplasm Phase 4 NCTO04766307
(trachea, bronchus,
lung), squamous cell
carcinoma, and
lymphomas
Meropenem Antibiotic Not disclosed | NCT04402359
Cycloserine Urinary tract infection | Not disclosed | NCT04545788
Azacitidine Anti-cancer Phase 1,2 NCT03941496
Ibuprofen Analgesic Phase 2 NCT02781909
Doxycycline Anti-biotic Phase 2 NCTO02774993
Linezolid Anti-biotic Phase 2 NCTO00727844
Nitazoxanide Anti-parasitic and Phase 2 NCT02684240
antiviral
Cardiovascular | Meropenem Antibiotic Not disclosed | NCT04402359
system Cycloserine Urinary tract infection | Not disclosed | NCT04545788
Azacitidine Anti-cancer Phase 1, 2 NCT03941496
Ibuprofen Analgesic Phase 2 NCT02781909
Doxycycline Anti-biotic Phase 2 NCT02774993
Linezolid Anti-biotic Phase 2 NCT00727844
Nitazoxanide Anti-parasitic and Phase 2 NCT02684240
antiviral
Metformin Type 1I diabetes Under clinical | NCT03331861,
mellitus trial NCT03514108,
NCT02252081
Exenatide Type II diabetes Under clinical | NCT02404376,
mellitus trial NCT02673931
Liraglutide Type II diabetes Under clinical | NCT02673931
mellitus trial
Sildenafil Angina Under clinical | NCT03356353,
trial NCT01616381
Tadalafil Erectile dysfunction Under clinical | NCT02611336,
trial NCT02611258
Allopurinol Gout Under clinical | NCT03700645,
trial NCT03745729
Nevido Testosterone therapy Phase 4 NCTO00131183

(continued)
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Table 1.1 (continued)

Disease/targeted

area Drug First marketed for Status Remarks
Cilostazol Antiplatelet agent Phase 3 NCT02094469
Zibotentan Anti-cancer Phase 2 NCT04097314
Rosiglitazone Anti-diabetic Phase 4 NCT00225355
Sodium zirco- Hyperkalaemia Phase 2 NCT03532009
nium
cyclosilicate
Finerenone Chronic kidney disease | Phase 3 NCT04435626
Acipimox Hypolipedemic agent | Not disclosed | NCT00549614
Empagliflozin Anti-diabetic Phase 2 NCTO03128528
Abatacept Rheumatoid arthritis Phase 2 NCT02232880
Melatonin Jet lag Phase 2 NCT05257291
Mirabegron Overactive bladder Phase 2 NCTO01876433
Rivaroxaban Deep vein thrombosis | Phase 2 NCT03178864
Obicetrapib Hypolipidemic Phase 3 NCT05202509
Dapagliflozin Anti-diabetic Phase 4 NCT03030235
Sitagliptin Anti-diabetic Phase 4 NCTO02655757

Miscellaneous

diseases

Psoriasis Cyclosporine Rheumatoid arthritis FDA approved
Methotrexate Cancer FDA approved

Plaque psoriasis | Etanercept Rheumatoid arthritis FDA approved

Rheumatoid Methotrexate Cancer FDA approved

arthritis Rituximab Cancer FDA approved

Neonatal-onset | Anakinra Rheumatoid arthritis FDA approved

multisystem

inflammatory

disease

Gastrointestinal | Imatinib Chronic myelogous FDA-approved

stromal tumour leukaemia

Influenza A Amantadine Parkinson’s disease FDA-approved

Antiplatelet Acetylsalicylic Inflammation, pain FDA-approved
acid relief

Transplant Cyclosporine Rheumatoid arthritis FDA-approved

rejection

Alopecia Minoxidil Hypertension FDA-approved

Leprosy Clofazime Tuberculosis FDA-approved

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

neuropathic pain

Atopic Doxepin Depression FDA-approved

dermatitis

HIV/AIDS Zidovudine Cancer FDA-approved

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

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

(continued)
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Table 1.1 (continued)

Disease/targeted

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

antiviral

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

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

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

1.5.1 Computational Approaches

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

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

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

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

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

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

1.5.2 Experimental Approaches

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

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

1.6 Opportunity and Challenges in Drug Repurposing

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

Despite a large rise in pharmaceutical company investment, the rate of new medi-
cation approvals stays consistent, owing mostly to high attrition rates. This, along
with a significant unmet need in treating a wide range of disorders, generates an
urgent need for innovation in bringing viable therapeutics to market. In recent years,
drug repurposing has emerged as a feasible technique for increasing the overall
productivity of drug discovery and development. Drug repurposing (also known as
drug repositioning, reprofiling or re-tasking) is a promising area in drug discovery
for uncovering new therapeutic applications for previously investigated medications.
Drug repositioning may simply be summarized as expanding effective medications
and renewing unsuccessful ones. Drug repurposing is a direct application of
polypharmacology, which characterizes the drugs’ potential to act on multiple
targets and disease pathways. The identification of new molecular targets and
pharmacological effects opens up new treatment avenues for clinically utilized
medications. Drug repurposing holds the potential to bring medications with
known safety profiles to new patient populations. This strategy provides for speedier
drug development with less expenditure and risk than the development of a de novo
drug. The majority of repurposing endeavours presently rely on systematic
repurposing approaches that make use of an ever-expanding pool of drug- and
disease-related data, computationally driven hypothesis development, and high-
throughput screening methods to identify fresh applications for existing medications
to increase the speed and ease of the repurposing process.
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Chapter 2 ®)
Drug Polypharmacology Toward Drug s
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.

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).
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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
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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.

N _ : '\ FDA
\\ candidate candidate repurposing & \, postmarket
selction ~ possesion developement 7 safety
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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 Target Drug

based based

2.6 Methodology for Drug Repurposing

1.Virtual 2. Structure 3. Chemical 4. Prediction
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2.6.1 Virtual Screening
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Disease
based

5. Molecular
docking

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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target

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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virtual screening
and target selection

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
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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

calculate the docking energy are AutoDock, AutoDock Vina, GOLD, ITscore, etc
(Fig. 2.5).

2.9 Successful Example of Drug Repurposing

Drug Original indication | New indication
Amphotericin B Fungal infection Leishmaniasis
Aspirin Inflammation, pain | Antiplatelets
Bromocriptine Parkinson’s Diabetes mellitus

diseases
Finasteride Prostate Hair loss

hyperplasia
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/
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potential in blood vessels carrying blood toward the heart (Regular aspirin intake and
acute myocardial infarction 1974).

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 a-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).
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Chapter 3 )
Pharmacovigilance-Based Drug s
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.

Keywords Pharmacovigilance - Drug repurposing - Serendipity - Inverse signaling -
Mechanistic profiling - Signature matching
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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
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Adverse effect 1 Adverse effect 2 Adverse effect 3 Adverse effect 4

Drug A

Drug B

Drug C

Drug D

Drug X

DrugyY

DrugZ

!

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)

l

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

Approved Indications

|| Possible repurposing Indications

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)

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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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 2x2 contingency table to depict the
numbers associated with drug—event combinations.
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Reports of events of | Reports of all other
interest events Total
Reports of drug of |a b a + b (Total events for
interest target drug)
Reports of all other |c d ¢ + d (Total events for
drugs other drugs)
Total a + c (Total target b + d (Total other

events) events)

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

Traditional | Relative (Probability of adverse events with specific a*[(a+b+c+d)
reporting drug) / (Probability of all adverse events in (a+b)(a+0)]
(RR) database)
Bayesian Information |Log, RR Log,a *
component [(@a+b+c+d)
(a+Db)(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.

3.24.1.1 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.



3 Pharmacovigilance-Based Drug Repurposing 43

Pharmacovigilance
database

Drug-event
combination

l Observed > expected Observed < expected l

Signal Detection

Inverse signal
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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,
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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.

3.4 Future Perspectives

Pandemics might become a new routine as already experienced by frequent break-
through infections of SARS-CoV1 followed by MERS 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 e
of PQBP1 for Potential Drug Repurposing

Shah Kamranur Rahman

Abstract PQBPI1, 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
PQBPI1 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 pgbpl 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 PQBPI 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).

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
PQBPI. 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
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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
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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.

4.3 Results and Discussion

The BioGRID (Stark 2006) database records 47 unique cellular interactors of
PQBPI1 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 US—15KD and
WBPI11 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 PQBPI1, namely POU3F2 (Brn-2), MED31 and
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Table 4.1 Cellular interactors of PQBP1 (Source: BioGrid https://thebiogrid.

org/115393/summary/homo-sapiens/pgbp1.html)

Abbreviations

Full names of cellular interactors

of interactors of PQBP1

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 IT 220 kDsubunit

TXNL4A Spliceosomal U5 snRNP-specific 15 kDa protein

POU3F2 (Brn- | Nervous system-specific octamer-binding transcription factor N-Oct-3.

2) Also known
as Brn-2.

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

COPS7A COP9 signalosome subunit 7A

APBBI 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 |

MAPREI1 microtubule-associated protein, RP/EB family, member 1

LZTS2 leucine zipper, putative tumor suppressor 2

SCO2 SCO2 cytochrome ¢ oxidase assembly protein

OBSLI1 Obscurin-Like 1

ESR1 Estrogen receptor 1

EWSRI EWS RNA binding protein 1

SAE1 SUMOI activating enzyme subunit 1

RRBP1 Ribosome binding protein 1

SLIRP SRA stem-loop interacting RNA binding protein

UBL4A Ubiquitin-like 4A

RCVRN Recoverin

C140RF1 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

ZC3HIIA Zinc finger CCCH-type containing 11A

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

RBMS|1 RNA binding motif, single stranded interacting protein 1

MRPLS53 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

S. K. Rahman
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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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Chapter 5 )
Drug Repurposing Opportunities in Cancer e

Popat Kumbhar, Kapil Kole, Arehalli Manjappa, Niraj Kumar Jha,
John Disouza, and Vandana Patravale

Abstract Cancer is the second most vital health concern across the globe. Chemo-
therapy has long been a popular option for the treatment of different sorts of cancer.
Chemotherapy, on the other hand, has a number of pitfalls, including non-specificity,
resistance by tumor cells, fatal toxicities, and high drug costs. Furthermore, devel-
oping new therapeutics is an extensive and expensive process with poor chances of
success. As a result, drug repurposing (DR) has transpired as a new path in which a
medicine previously licensed for one condition can now be used to treat another
condition, such as cancer. This avenue is superior to de novo with respect to the time
and money. In addition, there is less probability of failure of repurposed therapeutics
in clinical trials. Large numbers of studies have reported the potential of repurposed
therapeutics and phytochemicals in various cancers. In the present chapter, we have
discussed the importance of repurposed therapeutics, barriers in DR, and computa-
tional approaches in DR.

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.

Keywords Cancer - Drug repurposing - Computational tools - Small-molecules -
Phytochemicals - Clinical trials

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
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Repurposed drug candidates for different cancers

Gastric cancer
Aspirin, Ibuprofen,
Statins, Albendazole

Breast Cancer
Aspirin, Naproxen,
Statins, Metformin,
Phenformin, Valporic
acid, Raloxifene,
Trifluoperazine, Ritonavir,

Colorectal cancer

Aspirin, Diclofenac, Metformin Melfinavir, Ciprofloxacin, Liver cancer
Penfluridol, Naproxen, Esophageal Flunarizine, Amod Aspirin, Diclofenac, Statins
Clotrimazole, ltraconazole, cancer Imipramine, Fluspirilene, Nelfinavir
Auranofin Aspirin, Statins  Mebendazole Chloroquine
A 6 9 baY
Skin cancer : Lung cancer
Diclofenac, Metformin Brain cancer F Pancreatic cancer Aspirin, Ibuprofen,
Phenformin, Lopinavir Tnﬂuoperazlne Chlorpromazine Diclofenac, Penfluridol, Trifluoperazine, Fluoxetine,
Ciprofl in, Nifu l i in, Clotrimazole Ritonavir, Penfluridol, Lopinavir,
Amodiaquine, Chloroquine Prazosin, Fenofibrate Moxifl in, Itrac Clotri A i 3
Mebendazole, Lefl de henformin, Imiprami Auranofin, Fenofibrate Mebendazole, Disulfiram
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Fig. 5.1 Repurposed small-molecule non-oncology drug candidates for various cancers

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), GO/G1 cell cycle
arrest, and apoptosis (Goel et al. 2003). Furthermore, it suppresses mTOR signaling
(Din et al. 2012), Wnt-signaling, and p-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-kB) network (Liao et al.
2015). Moreover, it prevented inhibition of nuclear factor-kB kinase (IKK-f)-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 ICAM;) 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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Table 5.1 Repurposed small-molecule non-oncology drugs for the treatment of various cancers

Cancers against
which drug is

Category Drug repurposed Molecular mechanisms

Non-steroidal Aspirin Colorectal, esopha- | Induced cell cycle arrest, apopto-

anti-inflammatory geal, gastric, liver, | sis, changes in mRNA expression

drugs & breast and AMP kinase, inhibited mTOR
signaling, Wnt-signaling,
B-Catenin phosphorylation,
NF-xB network, matrix
metalloproteinase-9 and
urokinase-type plasminogen acti-
vator, GRP78 protein, ICAM; and
KDMG6A/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- Induced apoptosis, T arginase
atic, skin colorectal, | activity, | VEGF levels, | vascu-
soft tissue, & liver | larization levels (Sleire et al. 2017;

Albano et al. 2013; Falkowski
et al. 2003; Mayorek et al. 2010)

Ibuprofen Lung, prostate, & Induced apoptosis, inhibited the

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

Naproxen Bone, bladder, Activated cell cycle arrest and
colon, melanoma, apoptosis, inhibited immunosup-
leukemia, & breast | pressive state, T TNF-alpha, |

PGE2 (Deb et al. 2014; Kim et al.
2014)

Statins Simvastatin Esophageal, liver, | AKT and ERK signals, activated
gastric, breast, & cell cycle arrest and apoptosis,
chondrosarcoma blocked cell proliferation

(Nagayama et al. 2021; Kirtonia
et al. 2021)
Biguanides Metformin Skin, bone, breast, | Induced GO-G1 phase cell cycle
& colorectal arrest, apoptosis, AMPK pathway
and autophagy, inhibited cell pro-
liferation and mobility (Tomic
et al. 2011; Park et al. 2019)
Phenformin Ovary, glioma, Induced AMPK activation, cellu-

breast, & skin

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)

(continued)
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Category

Drug

Cancers against
which drug is
repurposed

Molecular mechanisms

Selective estro-
gen receptor
modulators

Raloxifene

Breast

Inhibited MMP-2 enzyme tumor
invasion and angiogenesis
(Agardan 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 GO/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

T p21 level, induced GO/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, T 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, ¢)

(continued)
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Category Drug

Cancers against
which drug is
repurposed

Molecular mechanisms

Nifuroxazide

Thyroid & skin

Induced apoptosis, | MMP-2,
MMP-9 and ALDHI, T 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 GO/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 Flunarizine

drug

Skin

Induced autophagy, | N-Ras pro-
tein (Zheng et al. 2018)

Antihypertensive | Prazosin

drug

Brain, prostate

Induced caspase3, DNA damage
stress, and G2 phase cell cycle
arrest, inhibited AKT cascade, |
PKC-8 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 GO/G1 cell cycle arrest,
DNA damage and apoptosis,
inhibited PUMA, | HIF-1 and
VEGF (Hu et al. 20164, 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)

(continued)
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Table 5.1 (continued)

Cancers against
which drug is

Category Drug repurposed Molecular mechanisms
Albendazole Ovary, gastric, & | VEGF-A, VEGF-C, TNF-alpha,
ocular and VEGFR-2 levels, induced

STAT-3 and STAT-5, inhibited
angiogenesis (Yang et al. 2021;
Cho et al. 2019)

Antirheumatics Leflunomide Bladder, skin, & Activated apoptosis, cell cycle
oral 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, & | ¢cAMP, hexokinase, ROS and
pancreas ATP production, inhibited
TxnRd1 and HIF-1 (Goenka and
Simon 2020; Han et al. 2019; Rios
Perez et al. 2019)

Alcohol antago- | Disulfiram Breast, skin, & Induced cell cycle arrest at the
nist drug lungs G2/M phase and mitochondria-
dependent apoptotic (Yang et al.
2016; Cen et al. 2004; Duan et al.
2014)

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

20164, 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
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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).

5.5.2.1.4 Naproxen

Naproxen is a propionic-acid analog that is a non-selective COX-blocker (Han and
Kiigiikgiizel 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 (GO-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 SERM member 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 (Agardan 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
GO/G1 cell cycle arrest and lowering the levels of both cyclinD1/CDK4 and cyclin
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E/CDK2 (Feng et al. 2018). Furthermore, trifluoperazine inhibited melanoma cell
growth and migration to the lungs, bones, and brain by causing GO/G1 cell cycle
seize and mitochondrial-dependent intrinsic apoptosis (Xia et al. 2021).

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 (-
y-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 GO/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
5.5.29.1 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 p5S3/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, ¢).

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 GO/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 a-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-9),
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 GO/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
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self-renewing (Jin et al. 2017). Besides, it hindered Wnt/-catenin and caused mito-
chondrial malfunction, suppressing renal cell cancer (Zhao et al. 2016).

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 theuma-
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 (TxnRdl)
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 GO/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
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Repurposed phytochemicals for different cancers
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Fig. 5.2 Repurposed phytochemicals against various sorts of cancers

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/ p21WAFVCIPL apd p27¥IF!
pathways to cause cell cycle arrest and death in prostate malignancy (Singh et al.
2017).

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 GO/G1 phase cell cycle arrest (Sun
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Table 5.2 Repurposed phytochemicals for the treatment of various cancers

Cancers against which
phytochemical is

Phytochemical repurposed Molecular mechanisms

Resveratrol Lung, prostate & breast Altered SIRT1/-catenin signaling pathway,
induced cell cycle arrest, p53/ p21 W AFVCIPT apg
p27%™! pathways (Jin et al. 2019; Li et al.
2018a, b; Singh et al. 2017)

Epigallocatechin- | Bladder, skin, & liver Activated GO/G1 phase cell cycle arrest and

3-gallate apoptosis, inhibited sonic Hedgehog pathway,

tumor cell proliferation and NF-kB, | mito-
chondrial membrane potential and IL-1 produc-
tion (Zhang et al. 2015; Sun et al. 2019; Ellis
etal. 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, Bel-x1 and proinflammatory mediators
(Hamsa and Kuttan 2012; Katiyar et al. 2009)

Sanguinarine

Lung

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

Oxymatrine

Brain & lung

Induced cell cycle arrest in the GO/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, T ROS, | glutathione
(Kudugunti et al. 2011)

Capsaicin

Skin

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

Eugenol

Skin

Induced apoptosis, | c-Myc, H-ras, and Bcl2, T
P53, Bax, and active Caspase-3 (Pal et al. 2010)

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

etal. 2011).
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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-x1) 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
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cells from migrating by hindering the phosphoinositide 3-kinases/Akt/Racl signal
cascade (Shin et al. 2008).

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 GO/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
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Table 5.3 List of repurposed drugs undergoing clinical trials against various cancers

P. Kumbhar et al.

Clinical Phase of
Drug(s) identifier study Type/stage of cancer Status
Itraconazole and NCTO03513211 |PhaseI | Prostate cancer Recruiting
hydroxychloroquine &II
NCT03081702 |Phase I | Platinum-resistant epithelial | Completed
& 11 ovarian cancer
Itraconazole NCT04081831 |- Gastrointestinal cancer Completed
NCT02357836 | Early NSCLC Completed
phase I
NCTO00887458 | Phase I | Prostate cancer Completed
NCTO01108094 | Phase II | Skin cancer Completed
NCT04018872 | Phase II | Esophagus squamous cell Recruiting
cancer
Aspirin & Vitamin NCTO03103152 |Phase I | Prostate cancer Completed
D3 & 111
Aspirin NCT04081831 |- Gastrointestinal cancer Completed
NCT02301286 | Phase Colon cancer Recruiting
111
Diclofenac, NCTO01358045 | Phase II | Basal cell carcinoma Completed
diclofenac, &
calcitriol
Diclofenac epolamine | NCT01380353 | Early Breast cancer Completed
phase I
Statin NCTO01813994 |- Gastric adenoma Completed
Simvastatin & aspirin | NCT02285738 | Early Solid tumor cancer Recruiting
phase I
Simvastatin NCT01099085 | Phase Gastric cancer Completed
I
NCTO04457089 | Early Recurrent ovarian cancer Recruiting
phase I
Atorvastatin NCT05103644 | Phase I | Breast cancer Recruiting
& 1T
NCTO01988571 |Phase IT | Breast cancer & lymphoma | Completed
NCTO01759836 | Phase I | Prostatic neoplasms Completed
Metformin hydro- NCT02948283 | Phase I | Multiple myeloma lympho- | Completed
chloride & ritonavir cytic leukemia
Metformin NCT04947020 |- Rectal cancer Recruiting
NCTO01266486 | Phase II | Breast cancer Completed
NCTO01243385 | Phase I | Prostate cancer Completed
NCT01205672 | Early Endometrial cancer Completed
phase I
NCTO01677897 | Phase II | Metastatic prostate cancer Completed
Raloxifene and NCTO00003906 | Phase Breast cancer Completed
tamoxifen I
Imipramine NCT03122444 | Early Breast cancer Recruiting
phase I

(continued)
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Table 5.3 (continued)

Clinical Phase of
Drug(s) identifier study Type/stage of cancer Status
Temozolomide NCT04224441 | Phase Il | Glioblastoma Recruiting
Ritonavir NCT01009437 | Phase I | Breast cancer Completed
NCT00002366 | Phase II | Kaposi sarcoma Completed
Nelfinavir NCTO00704600 |Phase I | Colorectal cancer Completed
& 11
NCTO01445106 |PhaseI | Solid tumors Completed
NCT01065844 | Phase II | Head and neck cancer Completed
Ciprofloxacin NCT02173262 | Phase Breast cancer Completed
v
Chloroquine NCTO01023477 |Phase I |Ductal carcinoma Completed
& 11
Mebendazole NCT02644291 |Phase I | Medulloblastoma Recruiting
NCTO01729260 | Phase I | High-grade glioma Completed
Leflunomide NCTO03709446 |Phasel | Breast cancer Recruiting
& 11
Auranofin NCTO01747798 | Early Ovarian epithelial cancer & | Completed
phase I | fallopian tube cancer
NCT01737502 | Phase I |NSCLC Recruiting
& 11
Disulfiram & copper | NCT00742911 |Phase I | Solid tumor Completed
gluconate
Disulfiram NCT00256230 |Phasel |Stage IV melanoma Completed
& 11
NCTO01118741 |NA Prostate cancer Completed
NCT03323346 | Phase II | Breast cancer Recruiting

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).

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
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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.

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 s
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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Fig. 6.1 Basic chemical 13
structure of flavonoid

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).

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
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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
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antimitotic

Cancer
protection

Fig. 6.3 Flavonoids anticancer activity and their targets

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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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

MALIGNANT
CONVERSION

INITIATION
MUTANT CELLS BENIGN TUMOR
e @ s s
NORMAL CELLS Flavonoids MALIGNANT TUMOR
Inhibition of CYPs Induces phase 2 enzymes

Activation of
procarcinogens
by CYPs

Inactivation by
phase 2

Detoxification or
increased elimination

Fig. 6.4 Molecular mechanism of action of flavonoids
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(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.

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
1nactive.

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
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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.

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 ICs, values of 1.29 and 17.83 pg/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 y-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 pg/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 (K4) was found to be 25.6 + 3.5 pmol/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 H,0,-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 (ICs value of 93.7 + 3.7 pM 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 CD26™&"/ Akt
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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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 ICs, value of 80 + 6 pM determined from
the MTT assay. Studies have shown that it may be a potential flavonoid for the
treatment of NSCLC.

. 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 Smad?2 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
EGCQG, 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 K4 = 3.47 pM.

. 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 CoCI2 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/
VEGFR?2 signaling pathways (55 pM on A549 cells) (Pal et al. 2013).

. 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 (ICsy value of 72 uM) (Tian et al. 2014). The FoxM1
protein was weakened by genistein, and a number of FoxMI1 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).

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 YAPI1 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.

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 ICsy values of 19.28 + 3.21 and
37.63 + 7.27 pg/mL, respectively.

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 ICs, values for A549 and
A549-CR cells were 214.47 pM and 320.42 pM, 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 GO/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 NEAT 1/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-
3B/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



6 Repurposing of Flavonoids as Promising Phytochemicals for the Treatment. . . 107

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.

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

Tanuja Yadav, Velisha Mehta, Nilam Bhusare, Meena Chintamaneni,
and Y. C. Mayur

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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Highlights

* 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
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Fig. 7.1 Classification of lung cancer types

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 AKTI, DDR2, fibroblast growth factor receptor 1(FGFRI1),
MEKI1, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA), EGFR, and phosphatase and tensin homolog (PTEN) (Ruiz-Ceja and
Chirino 2017).

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
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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).

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 p-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
https://www.epa.gov/sites/production/files/2016-02/documents/2012_a_citizens_guide_to_radon.pdf

7 Targeted Therapies Used in the Treatment of Non—Small-Cell Lung Cancer:. . . 115

Stages of

/ S \

Early stage

ate stagy

Stage 1: Only in one part of

] > Stage 3: Extensively spread within the chest
lung cancer is observed

and majorly in nodes of lymph

Stage 2:Lymph node and —> Stage 4: Spread of tumor in different
nearby tissue spread parts of body area like
of cancer is observed bone/ liver

Fig. 7.2 Stages of lung cancer

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).

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
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Table 7.1 Therapies to treat different stages of lung cancer

Stage

Size of tumor

Treatment

Occult stage

Occult | Cancer cells are found in sputum It depends on the patient’s health and

stage sometimes the tumor is removed by
surgery.

Stage 0

Stage O | Abnormal cells in the lining of airways Surgery

Stage 1

Stage | Tumor <3 cm not spread to lymph node Surgery, radiation therapy

1A Platinum-based adjuvant chemo drugs

Stage | Tumor>3 cm but <5 cm. Spread is up to

1B the main bronchus

Stage 11

Stage | Tumor >3 cm but <5 cm, the spread is up to | Surgery, Radiation therapy

IV:N lymph node Chemo drugs

Stage | Tumor >5 cm but <7 cm, spreads of cells | Postoperative adjuvant chemotherapy

1B in airways with six courses of cisplatin

Stage 111

Stage | Tumor >7 cm, spreads up to chest wall & | Surgery, radiation therapy, Chemo drugs

IIA diaphragm & targeted drugs

Stage | Any size of the tumor can be seen & spreads | Targeted drugs (Gefitinib, Erlotinib,

1B in form of nodules in the lobes of the lung | Gemcitabine)

Stage IV

Stage | Spreads in another part of the lungs & cells | Targeted drugs (Gefitinib, Gemcitabine,

v found in the fluid of the heart &/or lung Docetaxel, Vinorelbine)

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.

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
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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).

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
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stereotactic radiosurgery (SRS). Among them, IMRT is a more developed and
advanced 3D technique, which is known as volumetric-modulated arc therapy
(VMAT).

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)
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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
(IT) (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 (MTND#4), 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)

ono o
O

Chemical name: (2R, 3S5)-N-benzoyl-3-phenylisoserine (Paclitaxel). It acts as a
microtubule blocker that binds to p-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
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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).

7.2.3.1.3 Methotrexate (2014)
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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 y-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 p-tubulin subunit. It likewise upsets
the digestion of amino corrosive, cyclic AMP, glutathione, nucleic acids, and
lipid biosynthesis. The expression of MDRI, 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)
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Chemical name: 2’-deoxy-2’,2’-difluorocytidine monohydrochloride (B-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).

E
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7.2.3.2 Second-Line Treatment for NSCLC

7.2.3.2.1 Docetaxel (1999)
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Chemical name: (2R,3S5)-N-carboxy-3-phenylisoserine, N-tert-butyl ester, 13- ester
with  5B-20-epoxy-1,20.,4,7p,108,13a-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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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 II1
Prinomastat Phase 111
Tanomastat Phase 11
ONO-4817 Phase 1
Vascular targeting agents Z D6126 Phase |
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 11
EGF816 Phase 111
ASP8273 Phase 11
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 111
Lenvatinib Phase 11
Ponatinib Phase 11
NTRKI receptor inhibitors Entrectinib 2019
Cabozantinib 2011
PIK3CA receptor inhibitors LY3023414 Phase II

(continued)
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Table 7.2 (continued)

Receptor Drugs used Status
PQR309 Phase 11

MAP2K1 pathway inhibitors Selumetinib Phase 11
Trametinib 2017
Ccobimetinib Phase 11

Cetuximab| 'geyacizumab m Cabozantinib |Entrectmlb| |Larutretlmbl -
'

Growth Factors 11 VVJ_ VJ_ qql ¢V\/‘1 VV

Ligand
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EGFR TKI
EGFR VEGFR HER2
Gefitinib NTRK
Erlotinib
2T e y -
Selumetinib | —| - ........ . »
tin JAK | —— Ruxolitinib
Trametinib LY3023414
PQR309

Dabrafenib |
Vemurafenib

Selumetinib miR-410

Cohlmetmlb STAT3 |—— miR-135

N\

N

Cell Growth & Proliferation
Cell Survival
Inhibition of Apoptosis
Invasion & Metastasis

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,
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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).

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 (VEGFI121,
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
(FIk-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).

VEGF-E VEGF-C
VEGF-B VEGF-A VEGF-F VEGF-D
EGFR PDGFR VEGF-R1 VEGF-R2 VEGF-R3
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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)
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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



7 Targeted Therapies Used in the Treatment of Non—Small-Cell Lung Cancer:. . . 127

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

Ramucirumab (2014)

This is a human recombinant IgGl 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
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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).

BAY12-95666 (Tanomastat)
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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.
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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)
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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
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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).

Erlotinib (2004)
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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), and MET
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.
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Afatinib (2013)
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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 eru