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Preface

Drug repurposing, also known as drug repositioning, drug reprofiling, or therapeutic
switching, is the process of identifying new pharmacological indications from old,
existing, investigational, or FDA-approved drugs, as well as applying newly developed
drugs to the treatment of diseases other than the drugs’ original or intended thera-
peutic use. The drug repositioning approach has the potential to be employed over
traditional drug discovery programs because of the reduction of monetary discovery,
duration of development, and risk of failure. In recent years, the drug reposition-

ing strategy has gained considerable momentum, accounting for about one-third of
new drug approvals corresponding to repurposed drugs and generating around 25%
of annual revenue for pharmaceutical industries. The application of computational
approaches and techniques for the prediction and exploration of the pharmacological
effects of developing drug candidates and/or lead molecules offers significant hope
for current drug discovery programs because it is inexpensive, time-saving, and less
risky. The use of computational approaches in drug discovery research not only helps
in the discovery of new drugs from leads or existing drug molecules but also in the
repurposing of existing drugs. This book delivers useful and current information on
various computational approaches, biophysical tools, databases, and experimental
techniques that can be utilized for repurposing drugs and identifying the uses, novel
drug targets, and mechanisms of existing drug candidates for various emerging or
deadly diseases. The recent COVID-19 pandemic is a clear indication that there is a
dire need for advanced silico tools and computational techniques along with in vitro
and in vivo techniques for drug discovery. This volume presents recent advances in
drug repurposing and computational approaches for the discovery and development
of drugs against certain difficult-to-treat and life-threatening diseases, including
microbial infections, parasitic diseases, neurological disorders, cardiovascular dis-
eases, and cancer. In addition, the book examines the challenges of drug repurposing
and computational approaches. Chapters present up-to-date and in-depth informa-
tion in a lucid, constructive, and unambiguous manner with adequate consistency

in flow, continuity, and technical clarity. Through this book, readers can enhance
their knowledge and skills with modern technologically advanced techniques, com-
putational approaches, and in silico tools available for the discovery of drugs by drug
repurposing strategies. The book is designed for graduate students, post-graduate
students, doctoral researchers, senior academic researchers, professors, and others in
the pharmaceutical, biomedical, and allied (biochemical, biotechnology, bioinformat-
ics, etc.) sciences from higher academic institutions, universities, and pharmaceutical
and biotechnology companies. The editors would like to thank all the contributors



and reviewers for their invaluable and timely contributions to this edited volume.

Feedback and suggestions from prospective readers and other stakeholders are most
welcome.

Mithun Rudrapal

Associate Professor,

Department of Pharmaceutical Sciences,

School of Biotechnology and Pharmaceutical Sciences,
Vignan’s Foundation for Science, Technology

and Research (Deemed to be University),

Guntur, India
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Chapter1

Role of Drug Repurposing in
Cancer Treatment and Liposomal
Approach of Drug Targeting

Sunil T. Galatage, Arehalli S. Manjappa,

Raghwendra R. Waghmode, Swapnil S. Harale,

Rushikesh B. Katkar, Sujit A. Desai, Swapnil S. Chopade,
Kranti S. Bille, Rubina U. Watangi, Shweta N. Kalebere,
Aditya S. Hebalkar, Shvadhey V. Dhobale,

Harshada N. Gunjate, Poonam R. Dhenge, Purva S. Ikke,
Saheblal A. Shaikh, Rutuja J. Patil, Sakshi B. Shinde,

Rutuja V. Khatavakar, Anuja B. Patil, Prajakta N. Khatavakar,
Sourabh S. Hegaje and Suresh G. Killedar

Abstract

Cancer is the leading cause of death, and incidences are increasing significantly
and patients suffering from it desperately need a complete cure from it. The science
of using an already-invented drug that has been approved by the FDA for a new
application is known as “drug repurposing.” Currently, scientists are drawn to drug
repositioning science in order to investigate existing drugs for newer therapeutic uses
and cancer treatment. Because of their unique ability to target cancer cells, recently
repurposed drugs and the liposomal approach are effective in the treatment of cancer.
Liposomes are nanovesicles that are drastically flexible, rapidly penetrate deeper
layers of cells, and enhance intracellular uptake. More importantly, liposomes are
biocompatible, biodegradable; entrap both hydrophobic and hydrophilic drugs. This
chapter summarizes various approaches to drug repurposing, as well as drug repur-
posing methods, advantages and limitations of drug repurposing, and a liposomal
approach to using repurposed drugs in cancer targeting. This chapter also summarizes
liposomal structure, drug loading, and the mechanism of liposomes in targeted
cancer treatment. The lipid-based liposomal approach is emerging as a powerful
technique for improving drug solubility, bioavailability, reducing side effects, and
improving the therapeutic efficacy of repurposed drugs for cancer treatment.

Keywords: cancer, drug repurposing, liposomes, drug targeting, enhanced
permeability effect, Etc.
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1. Introduction

During the treatment of cancer in a patient, it is necessary to follow certain
principles, such as diagnosing the disease at an early stage, making efforts for its
prevention, and completing the eradication of malignant cells. Whereas three modes
of treatment are available to treat cancer, including surgery, chemotherapy (also
called pharmacotherapy), and radiation therapy [1], Radiation therapy is nothing
but the eradication of malignant cells by means of radiation. This technique helps
to destroy localized cancer cells (Figure 1). In pharmacotherapy, various chemical
entities are used to kill and disorganize an uncontrolled cell growth programme in a
body [2]. Cancer does not only affect humans; it can also harm wildlife and other life
forms. Tumour cells might break out from the initial bulk and begin the unregulated
growth cycle all over again. The phenomenon of tumour cells leaving one location
and developing cells that travel and proliferate over other body parts is known as
metastasis. It was estimated by the WHO that cancer is the foremost cause of death
in the world, and in the year 2018, it is expected that 9.6 million people died as a
result of it. It is categorized by the development of osteocytes, bone lesions, anaemia,
skeletal destruction, renal failure, and hypocalcaemia. It is a bone marrow cancer
that affects both the marrow and the bones. It also affects different body locations;
hence it is called multiple myeloma. Bone marrow-originating myeloid cells such as
myeloid resultant suppressor cells, macrophages, myeloid dendritic cells, monocytes,
osteoclasts, and lymphocytes are drafted to tumours, which can either increase anti-
tumour immune function or encourage tumour growth [3]. Recent research indicates
that anti-resorptive targeted therapies can have an impact on tumour-associated
myeloid cells through direct or indirect pathways, indicating that anti-resorptives
have an osteoclastin-dependent mechanism of action. As the cancer progresses, the
signs and symptoms change dramatically. Symptoms can be entirely dissimilar from

Cancer treatment
options
eHormone sImmuno
therapy Cancer therapy
reatment
oplions

] e

« Radialion
therapy

e SUrgery

e Bone marrow
transplantatio=

eTargeled therapy

«Chemo therapy

Figure 1.
Schematic representation of cancer treatments.
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patient to patient. A few symptoms are most common, like fatigue, bone problems,
kidney problems, and low blood counts. Some symptoms become severe; these are:
osteoporosis, osteocytes, bone lesions, and skeletal destruction [4].

Targeted cancer treatment, in which the selected cancer cells are eliminated
and healthy cells are left alone, is becoming extremely prevalent [5]. The arrival of
nanostructures has resulted in the development of advanced materials and channels
for cancer treatment targeting [6, 7]. Nanotechnology has opened up new pos-
sibilities for biological and biomedical applications, such as improving the targeted
administration of anticancer drugs. Nanotechnology has a lot of benefits for treating
cancer. In reality, tumour blood vessels are severely disordered, with an ineffective
lymph capillary network and loose endothelial cells in comparison with normal tissue.
Because of their improved permeability and high body retention, nanoparticles such
as liposomes can be transported preferentially to the tumour location [8].

2. Drug repurposing in cancer treatment

This technique helps to destroy localized cancer cells. In pharmacotherapy,
various chemical entities are used to kill and disorganize an uncontrolled cell growth
programme in a body [8]. Chemotherapeutic agents pose the greatest risk to cancer
patients because of the drugs’ lethal effects and the possibility of cell damage to their
bone marrow, which makes them more susceptible to other diseases. If we have not
targeted the malignant cell only, then these chemotherapeutic agents also kill the
normal cells in the same host, which creates more damage to the patient’s body and
its biological structure [9]. Different strategies of drug repurposing are denoted in
Figure 2.

Extensive research is carried out to investigate and develop new therapeutic
entities in the oncology field and drug research to achieve the maximum therapeutic
effect with greater patient comfort and a lower toxicity profile. On the other hand
it raises the cost of treatment for a patient, making it necessary to exert maximum
effort to achieve desired treatment goals at the lowest possible cost of treatment. Drug
repurposing is the most effective way to reduce the effort required to develop new
drug molecules while also lowering treatment costs. The science of using an already-
invented drug that has been approved by the FDA for a newer application is known as
drug purposing. Now a day drug repositioning science attracts the more researchers to
investigate existing drugs for its newer therapeutic use. The drug being repositioned
is already being used to treat diseases in humans, giving the manufacturer access to
knowledge regarding its safety, effectiveness, therapeutic, and toxicity profiles. To
reposition medications that are already approved for human use efficiently, rigor-
ous selection is required, followed by a detailed demonstration of the treatment’s
usefulness in new biological contexts. The following methods are used to select drug
candidates for drug repositioning [10].

2.1 Repositioning based on therapeutic activity

This method involves testing the therapeutic effectiveness of a drug by perform-
ing an in vitro or in vivo study. For the finding of therapeutic entities, comprehensive
public library data is used. The therapeutic agent is examined for its protein targets
and cellular targets while searching for a suitable drug candidate through activity-
based repurposing of the drug (Figure 3) [11, 12].

5
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Pathway
and Dossage
Targets

Drug
Repurposing

Combinations

Approved
Drugs

Figure 2.
Strategies to repurpose the drug candidates.

2.2 Drug repositioning through literature evidence

This drug repurposing method involves the selection of a drug based on its
published therapeutic evidence. The literature study of such drug databases available
on PubMed, ClinicalTrail.gov, Drug Quest, MEDLINE, and other available databases
is screened, and the required potential molecules are identified by applying such data
in a dynamic way (Figure 4) [13].

2.3 In silico method: In this method

Various bioinformatics tools and a public database are used to understand
drug protein interactions. For this method, extensive genomic studies and struc-
tural evaluations of various proteins are carried out. Most pharmaceutical drug
manufacturers adopt the in silico method for drug repurposing. To identify the
protein interaction and possible drug candidate, researchers use the science of
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Figure 3.
Diagrammatic representation of Drug Repositioning (Case A).

artificial intelligence, neural network techniques, and other bioinformation tools
(Figure 5) [11, 14].

2.4 Advantages of drug repositioning

1. Drug repositioning helps to curtail the drug development cost, which leads to an
improvement in the economy of the treatment [15].

2.1t helps to cut down the risk associated with the task of drug development.

3.Minimize the time requirement in drug investigation as compared to the
traditional method of drug development.

4.The availability of extensive data related to drug kinetic and dynamic properties
reduces the efforts required to select a suitable dosage form, and assess the safety
and toxicity of a drug.

5.Researchers can skip performing preclinical experiments by relocating drugs,
which helps reduce the drug development cost.
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Figure 4.
Diagrammatic representation of Drug Repositioning (Case B).
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Figure 5.
Diagrammatic representation of drug repurposing approaches.

2.5 Limitations of drug repositioning

1. More money is spent on licensing requirements for drug repositioning to investi-
gate new therapeutic applications of already approved drugs [16].
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2.The drug repositioning process includes intellectual property protection for
repurposed medications, which is especially important for off-patent drugs.

3. Pharmaceutical industries have shown little interest in repurposing medications
because such rights are difficult to grant.

4. Anticancer activity of repurposed medications is more commonly reported when
used in conjunction with established cytotoxic drugs rather than as single agents.

3. Repurposed drug targeting

Nanoparticulate drugs (including liposomal drugs) are generally developed for
therapeutics developed against cancer to avoid non-specific distribution to healthy
cells and tissues that generally causes lethal side effects. Due of the permeable tumour
vasculature and decreased lymphatic outflow, the nanomedicines (including lipo-
somes) with prolonged circulation durations preferentially penetrate tumour tissue.
This phenomenon is referred to as the “increased permeability and retention (EPR)
effect Drug repurposing is a technique for finding new applications for medicines that
go beyond their original medicinal indications. On the other hand, drug repurposing
is the most effective way to reduce the coast, time and effort required to develop new
drug molecules while also lowering treatment costs. The development of nanomedi-
cines (including liposomes) for these repurposed drugs could provide many benefits;
increased kinetic, dynamic and biopharmaceutical characteristics, and avoids their
primary indications via targeting them to tumour through EPR effect. Furthermore,
these nanomedicines could be easily surface modified to passively and actively target
tumour cells and cellular components. Therefore, nanomedicines composed of repur-
posed drug could be preferred over plain drugs or their conventional generic dosage
forms currently available in the market.

4. Liposomes (LPs)

An LPs is a spherical vesicle made up of one or more lipid vesicles that is increas-
ingly being used to deliver therapeutic entities. Liposomes are one of several promis-
ing drug delivery systems that represent an efficient approach for delivering active
compounds to the target site, and various formulations are currently in clinical
use. LPs technology has been developed from typical vesicles to second generation
liposomes, which are created by changing the lipid composition, length, and charge
of vesicle liposomes and can be employed on a regular basis as what the body does
to drugs and what drugs do to the body can be controlled. The LPs provide selective
passive targeting to tumour tissues, and the encapsulation method contributes to
increased effectiveness, therapeutic index, and stability. Reduced polymer toxic-
ity, site evading effect, helping to enhance the pharmacokinetics of the therapeutic
moiety, and suppleness to bind ligands at specific sites to achieve active targeting, to
name a few advantages [6]. Liposomes were studied for the first time at the Babraham
Institute in Cambridge by two scientists who used an electron microscope to exam-
ine phospholipids in dry form with negative staining. These two scientists are Dr.
Alec Bengham and R. W. Horne, who identified the liposome assembly in 1961 and
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published their study in 1964. Liposome is the name given to a compound made up of
lipids (lipo) and body (soma). So that liposome is nothing but a lipid body in which
medicine is to be delivered [17]. Many anticancer medications have been designed

to terminate tumour cells that are developing uncontrollably because they divide
more quickly than normal cells. However, in this instance, ordinary cells grow fast,
and a chemotherapeutic agent might harm such cells, resulting in chemotherapy

side effects. Blood cells that create bone marrow, cells in the digestive tract (cells in
the mouth, stomach, gut, and oesophagus), and sexual organs and hair follicles are
among the fast-growing normal cells that are impacted. Some anticancer medications
have the capacity to harm cells in key organs, including the heart, kidney, bladder,
lungs, and neurological system. Medication diffusion in solid tumours is hampered
by a variety of vascular supply and cellular gravity within tumour cells, particularly
in tumour regions. Drug delivery design develops in such a way to ensure that macro-
molecular medicines are released slowly via the tumour. Advanced technologies are
designed to improve tumour tissue permeability. These are triggered by the maladap-
tive nature of tumorigenesis, which is characterized by structural and physiological
abnormalities that lead to hyperpermiability. The medicinal compounds have a larger
molecular structure, which leads to the build-up of high-molecular-weight molecules
with limited distribution volumes and the ability to circulate for lengthy periods of
time through aberrant arteries and concentrate in tumours [18-20].

4.1 Structural features of liposome

LPs are small cell membrane sacs. Because these LPs can be packed with
medications, they are a viable option for treating illnesses and cancer. Liposome
membranes are composed of phospholipids with a head and a tail group. Because of
the length of the hydrocarbon chain, the head part is hydrophilic and the tail part
is hydrophobic. Phospholipids are naturally occurring two-layer stable membranes.
Because head groups are hydrophilic, they are fascinated by water and arrange in
such a way to form a surface-like assembly away from it when there is water pres-
ent. In a cell with outside water, while the other is fascinated by water within the
cell. They resemble tiny spheres that are smaller than a normal cell’s size, whether
as bilayers or monolayers. Liposomes are created as bilayers, while micelles are
formed as monolayers. Phospholipids form the mainstream of the lipids in the
plasma membrane; these phospholipids are phosphatidyl ethanolamine and phos-
phatidylcholine [19-21]. Liposomes have the capability to penetrate cancer in its
natural state. Endothelium cells are contained by tight junctions in the endothelial
walls of all healthy human blood vessels. These tight connections prevent large
blood particles from spilling out of the vessel. In the event of a tumour vessel, this
type of arrangement does not exist, making it symptomatically porous. This capac-
ity is known as the enhanced permeability and retention effect (EPR) (Figure 6).
Liposomes with a diameter of less than 400 nm can enter tumours quickly from the
bloodstream, but they are maintained in the bloodstream by the endothelium wall
in healthy tissue [23-25].

4.2 Drug loading mechanism into liposome

The drug features and the lipids determine how pharmaceuticals are loaded into
liposomes. Hydrophilic medications are confined in the inner watery compartment,
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Figure 6.
Diagrammatic representation of EPR effect [22].

Active method of drug loading

Figure 7.
Active loading of drug into liposome [26].

while hydrophobic pharmaceuticals can screen within the lipid hydrocarbon area. In
practice, few medicines may segregate into hydrocarbon or aqueous compartments;
for example, Amphotericin-B (Amph-B) binds to hydrophobic lipid membranes. The
resulting lipid configuration influences Amph-B parcelling and its rate of exchange
outside of the liposome envelope (Figure 7). Incorporating a negatively charged lipid
improves the stability of the membrane’s connection [27, 28].

According to the trans-membrane pH gradient, weak bases can concentrate in
liposomes. Liposome formation is dependent on two critical steps: the formation of a
pH gradient with a lower intra-liposomal pH and the subsequent loading of the drug.
Gradient generation of a trans-membrane proton can be done in a variety of ways.
Liposomes are made in citrate buffer, and then transferred to a pH 7.5 buffer by an exog-
enous buffer exchange. Ionophores, on the other hand, can be employed with action
gradients. Ultimately, liposomes developed in the presence of significant amounts of
ammonium sulphate (Figure 8). The withdrawal of salt solution causes the creation of a
pH gradient, which is also accountable for the drug entrapment mechanism [22, 30, 31].
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Passive loading of drug into liposome [29].

5. Drug targeting

Much of the effort in liposome research has been focused on tumour targeting.
Liposomes in circulation extravagate through the ‘leaky’ tumour vasculature; alter-
natively, attachment of specific antibodies or other proteins to the liposome surface
may cause specific targeting. However, the increased clinical efficacy of such targeting
in human patients has not been easy to prove. Most of a liposomal drug given intra-
venously is taken up by phagocytosis into the reticulo-endothelial system, which is
extremely efficient at trapping particulate matter circulating intravenously (Figure 9).
The reticulo-endothelial system may be circumvented by several different methods,
such as saturation with large doses of liposome particles or selective macrophage
inactivation by pharmacological means However, such a strategy could theoretically
further compromise the immune system of cancer patients [33, 34].

Liposomes as a Drug Depot Many drugs are most effective when they are deliv-
ered over extended periods of time. For example, agents specific for the division
phase of the cell cycle kill cancer cells only when they are dividing. However, even
for the most rapidly growing tumours, only a small fraction of the cells are dividing
during the drug’s residence time. Therefore, depot formulations are needed to main-
tain therapeutic concentrations for prolonged periods. In contrast to biodegradable
polymers or chemical modifications of the standard drug, liposomes and other
lipid-based formulations have the advantage of not creating a new chemical entity,
and the need for extensive toxicological studies is largely avoided. This is especially
the case for the more efficient lipid-based drug delivery systems, where the amount
of lipid used is small relative to the amount of drug delivered (Figure 9). Even if
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Figure 9.
Liposomal drug delivery to treat cancer [32].

efficacy and toxicity remain unchanged, the convenience and improved patient
compliance of fewer painful injections may be sufficient for those drugs that require
frequent multiple injections or continuous infusions [35-37].

6. Conclusions

Nowadays drug repurposing and drug targeting through nanoparticulate drug
delivery gain significant attention for delivering various APIs in treatment of cancer
through oral and topical route successfully. Loading the repurposing drug in to lipo-
somes escalate therapeutic efficacy and residences toxic effects along with patients
compliance. Nanomedicines could be easily surface modified to passively and actively
target tumour cells and cellular components. Therefore, nanomedicines composed
of repurposed drug could be preferred over plain drugs or their conventional generic
dosage forms currently available in the market. The advantages of various method-
ologies and strategies for drug targeting are outlined in the current chapter, along
with information on liposomal drug targeting, liposomal structure, mechanism of
liposomal drug loading, and liposomal drug targeting. Drug repurposing and liposo-
mal drug targeting are potent methods for enhancing solubility and bioavailability,
minimizing side effects, and developing innovative drug delivery systems to increase
the therapeutic effectiveness of drug repurposing to treat cancer.
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Chapter?2

A Computational Approach for
Identitying Experimental or
Approved Drugs That Can Be
Repurposed for the Treatment of
Type-2 Diabetes

Gemma Topaz, Dongjun Yoo, Richard Anderson
and Kimberly Stieglitz

Abstract

Approved and experimental drugs can be utilized for new indications as
illustrated in the case study presented herein. In this case study, allopurinol (trade
name Zyloprim and Aloprim) which is currently utilized for gout, was retrieved from
the Drug Bank and evaluated for a new indication. Utilizing a catechin derivative as a
scaffold, a derivative was designed incorporating allopurinol. This novel molecule was
predicted to act as an allosteric inhibitor of fructose 1,6-bisphosphatase (FBPase), a
control point for entry into the biochemical pathway gluconeogenesis. The predicted
inhibition was validated with a colorimetric assay. Potential toxicity was assessed
using a HepG2 MTT assay. As an inhibitor of this enzyme, the novel molecule proved
to be both potent and non-toxic in cell-based assays. Once optimized and tested in
vivo, the novel molecule may be potentially used as a therapeutic agent for type-2 dia-
betes mellitus inhibiting FBPase. This action prevents the de novo synthesis of glucose
and potentially contributes to lowering blood glucose levels for patient populations
that are genetically prone to chronic high blood glucose leading to insulin resistance.
The computational approach to the design of the novel potential lead compound is
discussed in detail and validation data presented.

Keywords: allosteric regulation, enzyme inhibition, structure-based drug discovery,
geometric docking, molecular dynamics

1. Introduction

Type-2 diabetes mellitus is recognized as a global epidemic by the World Health
Organization with an estimated 500 million affected worldwide. The Center for Disease
Control (CDC) estimates that 30 million in the US are affected. Most of this is caused
by lifestyle and improper diet, a direct result of the mismanagement of agricultural
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and food distribution systems. Certain populations, such as Native Americans and
Polynesians, appear to be predisposed to type-2 diabetes. This might be a result of
genetic adaptations brought on by chronic food scarcity [1]. In both cases, type-2 diabe-
tes is characterized by impaired insulin sensitivity or availability and increased endog-
enous glucose production (EGP). The primary source of EGP is gluconeogenesis in the
liver, which is typically three-fold greater in type-2 diabetics. It is widely recognized that
when gluconeogenesis is curtailed, this provides a valuable therapy for type-2 diabetes
[2]. Analysis of the gluconeogenesis pathway has suggested that the best target for
inhibition is the fructose 1,6-bisphosphatase (FBPase) enzyme. Yet after many years of
work, there is no FBPase inhibitor that has reached the market. The FBPase molecule is
a homotetramer, each monomer with an active site and two allosteric binding sites. The
active site contains highly conserved amino acids and so is not a suitable drug target.
The AMP binding site is an allosteric site, which has been known and targeted for many
years for drug development [1-4]. A novel allosteric site was discovered at the tetramer
interface by Pfizer [5]. Although a potent inhibitory site, the volume of the pocket is
made up of contributions from the four monomers and is highly mobile, so there is
difficulty in predicting the actual binding modes of selected molecules. In addition, a
2:1 molar ratio of drug to protein is often required for effective inhibition, which makes
drug studies challenging. This study focuses on the FBPase protein target AMP binding
site relying heavily on similarity searches with the natural inhibitor AMP.

Herein is a case study focused on the early stages of the development of an FBPase
inhibitor (lead compound) that targets the adenosine monophosphate (AMP)
allosteric binding site is presented. This has led to the computational identification
and assay verification of several effective compounds in the Drug Bank database. The
compounds are currently approved drugs. If any of these drugs can be fully verified
to be effective for a new application, this could lead to a breakthrough treatment for
type-2 diabetes mellitus.

2. Strategies and methods

As shown in Figure 1, the repurposing workflow is a linear process. The process
begins with literature searches then similarity searches of known inhibitors with
searches of the Drug Bank database [6]. Once compounds are identified, molecular
docking is done using AutoDock Vina for both fixed and flexible (side chain) dock-
ing protocols [7]. Molecular dynamics follows for accurate physiological check on the
binding score of the ligand/protein complex [8] followed by laboratory validation [9].
In the hit-to-lead optimization stage, there was a reiterative process of modifying the hit
repurposed compound (treated as a scaffolding compound) with substituted functional
groups. This process refines the molecule eliminating derivatives issues such as low solu-
bility, cellular toxicity, and PAINS (pan assay interference screening) before proceeding
to optimize the lead compound for iz vivo animal studies and finally clinical trials.

Key research performed already published that supports this strategy includes:

1. The ZINC15 database of 3D structures of small molecules [10].
2.The Drug Bank database of approved and experimental drugs [6].

3.The 3D structures of human and pig liver fructose 1,6-bisphosphatase (FBPase),
PDB code 1FTA [11], and 1KZ8 [5] for FBPase in complex with AMP.
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Figure 1.
A virtual drug development platform (VDDP): a schematic representation of repurposing workflow.

4. Colorimetric assays able to confirm inhibition of FBPase [12, 13].

5.Site-directed mutagenesis studies on FBPase used to validate binding site resi-
dues and significant residues for allosteric mechanism [11, 13, 14].

6. The recognition of the AMP binding site on fructose 1,6-biphosphatase as an
important allosteric drug target for type-2 diabetes [2-4, 11-14].

7.A 2- stage process of docking and molecular dynamics to screen millions of com-
pounds [15].

Research conducted by symmetric computing supports this case study includes
the development of the virtual drug discovery platform (VDDP), which performs
high throughput virtual screening by combining molecular docking with molecular
dynamics. Screening of millions of small molecules from the ZINC15 database was
done using VDDP, in order to identify high-scoring binders to the AMP binding site
on fructose 1,6-biphosphatase. Identification of high-scoring binders that are Phase
I approved deployed or experimental drugs that were also included in the Drug Bank
database were cross-referenced.

3. Flexible docking and MD protocols

3.1 Preparation of small molecules and protein target for MD and geometric
docking

Once repurposing molecules for the target were identified through literature
searches to be the appropriate for alternative medicinal activities, the PubChem
and Drug Bank database was searched these compounds and derivatives. Following
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identification, the total polar surface area (TPSA) was calculated with SwissADME
[16]. Small molecules with druggable TPSA of approximately 90-120 A*2 [16-18]
were fed into the SwissADME program, followed by the pkCSM program to screen for
central ADMET properties to test for predicted toxicity using graph-based patterns
[17]. The protein target binding site the FBPase AMP binding site was then selected
based on geometric attributes and the docking score of the Drug Bank scaffolds. More
specifically, the geometric attributes of the protein binding site coordinates were
selected according to the ratio of molecular surface volume of the cavity over the total
molecular surface volume of the protein. Ratios below 0.15 A*3 were not considered
druggable target binding sites [19]. In addition, the docking score of the ligand to the
protein was considered reasonable when less than ~50 micromolar. Once the protein
target binding site was correctly identified, docking was performed with all of the
selected drugs for repurposing (n = ~525) with both flexible and rigid residues. After
initial docking (rigid) followed by flexible docking, a molecular dynamics protocol in
NAMD was executed to check contacts and delta G of binding scores. Since conver-
gence with flexible docking scores and MD scores occurred, flexible docking was used
for drugs that were then altered with specific functional groups for further protein/
drug docking studies.

The initial workflow for ligand and FBPase protein target preparation is shown
in Figure 2. Two protein target PDBs that were chosen of FBPase were 1KZ8 [5] and
1FTA [2] to capture the AMP binding site and the dimer and tetramer interfaces in
different starting conformations.

A guide of the initial identification of potentially druggable binding sites for
a given target and previously approved drugs appropriate for drug repurposing
studies.

Initially, the RCSB was searched for human and pig kidney structures of FBPase
as these species have >85% identity and ~95% homology of amino acid sequences.
Although the location of the AMP binding site of FBPase is known, the conformation
of the amino acid side chains that make up the “gateway” and interior of the binding
site change position when substrate or product is bound in the active site. The enzyme
has two canonical states the T state known as inactive state and the R state the active
state. The enzyme rotates around the dimer interface of the tetramer. Since the AMP
binding site is on exterior side of the homotetramer on each monomer individual
amino acid side chains shift position during this rotation.

| Druggable protein

binding site
3D target search ( : Select/perfo
RCSB) for Target | Protein target (p A OQutput Lead compound
Ren & T | surface selection docking/MD lidati | g e

Binding Sites . protocols validation optimization
)
| Repurposed drug
selection —
Lead compound in
vivo studies
Figure 2.

Ligand/protein target computational platform workflow chart.
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The repurposed drugs were selected based on similarity searches to natural allo-
steric inhibitor in both PubChem and Drug Bank databases. Once the protein target
center of position coordinates are selected and the repurposed drugs identified,
static docking followed by flexible docking was done with the FBPase-repurposed
drug complex. After molecular docking, the coordinates were run in MD proto-
cols to check overall energy of the system and calculate the binding energy of the
protein-drug complex. From the output from the VDDP, repurposed drugs from the
Drug Bank were chosen for laboratory validation, derivatized as needed to enhance
binding and the process of optimization towards lead compounds was done. In
addition, the processed target protein can be “recycled” in its altered conforma-
tion out of MD to be tested with other repurposed drugs. In a reiterative process
tailored to each small molecule, different amino acids can be made flexible prior to
computationally expensive MD, simulating an induced fit model of protein-ligand
binding using the platform. The reiterative process of flexible docking coupled with
MD protocols decreases the computational time to generate new protein conformers
significantly.

4. Molecular dynamics
4.1 MD simulations

Preparations for MD simulations were done using SwissDock parameter files for
the catechin derivatives for MD [20]. The protein structure files were generated with
docked ligands in VMD [21]. Molecular dynamics simulations were performed with
the NAMD Program [8] using CHARMM37 parameters along with complementary
CHARMM General Force Field optimized for ligand parameter files for each protein
target/catechin derivative complex [22]. Periodic boundary conditions were imposed
and explicit solvent/implicit solvent boundaries defined using a truncated rectan-
gular box, ensuring a solvent shell of at least 10 A around the solute surrounding the
protein-ligand complex. The solute was neutralized with potassium ions (K*/Cl” ion
pairs) to a concentration of 150 mM. The ions were initially placed at random, but at
least 5 A from ligands and 3.5 A from one another. The resulting systems contained
between 10,500 and 15,250 water molecules, corresponding to a total of 30-45,000
atoms.

Simulations employed periodic boundary conditions and electrostatic interac-
tions were treated using the particle-mesh Ewald algorithm [23, 24] with a real space
cutoff of pair list was built with a buffer region, and a list update was triggered
whenever a particle moved by more than 0.5 A with respect to the previous update.
Each system was initially subjected to energy minimization with harmonic restraints
of 2 kcal mol™ A’ on the solute atoms. The system was then heated to 310 K at
constant volume during 100 ps. Constraints were then relaxed from 5 to 1 kcal mol™
A’ 7 during a series of 1000 steps of energy minimization (500 steps of steepest
descent and 500 steps of conjugate gradient) followed by 50 ps of equilibration with
restraints of 0.5 mol™" A"* and 50 ps without solute restraints. The 50 ns production
simulations were carried out at constant temperature (300 K) and pressure (1 bar)
with a 2 fs time step. This was reiterated 10x. During these simulations, pressure and
temperature were maintained using the Berendsen algorithm [25] with a coupling
constant of 5 ps, and SHAKE constraints were applied to all bonds involving hydro-
gens [26]. Conformational snapshots were saved for further analysis every 10 ps.
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For comparison purposes, the isolated catechin complexes from each complex were
also simulated alone using an identical protocol, creating a second set of ten 50 ns
trajectories.

4.2 Potential energy of binding and free energy of binding calculations for MD
output

The overall potential energy of protein-ligand system was evaluated by adding
the final potential energy of the small molecule alone, and the final potential energy
of the protein alone run through the same MD protocol. These values were compared
with the protein/ligand complex. An expected, drop in the potential energy of the
complex was confirmed. Absolute binding free energy (ABFE) calculation, with
total annihilation of the ligand in the binding pocket followed by its reappearance
at bulk state where the target protein was absent, was part of this process. As free
energy is a state function, the alchemical FEP route to getting binding free energy of
these derivates was as follows: (1) ‘locking the ligand’, restraining conformational,
translational, and rotational degrees of freedom at bound state, (2) ‘disappearing the
locked ligand, turning off the interaction between ligand and its surroundings, (3)
‘translocating ligand’ of which corresponding free energy is zero, (4) ‘reappearance
of the locked ligand’, turning on the interaction between ligand and its surroundings
at bulk state, and (5) ‘unlocking the ligand), releasing of the three restraints from
[1]. Lenselink et al. tested binding free energies of congeneric ligands to four differ-
ent using FEP+ from Schrédinger and obtained results in great agreement with our
experimental results [27].

5. Laboratory validation

In order to validate the binding of the Drug Bank compounds, colorimetric kinetic
assays were conducted. To perform these tests recombinant FBPase protein was over-
expressed and purified. The construct was transformed into competent cells, and the
purified construct used to over-express protein, which was harvested and purified
prior to use.

5.1 Transformation(s) and purification of FBPase plasmid

Plasmids containing FBPase sequence underwent transformation with XL Blue
super-competent cells [13]. Cells were plated on Luria Bertani (LB) agar plates and
colonies selected for 5 mL overnights for plasmid purification using various kits [28].
Following purification, FBPase plasmids were screened for integrity and run on an
agarose gel and sequenced. A transformation protocol for over-expression was then
performed as previously described [13]. The contents of the tubes were transferred to
LB ampicillin plates using a sterile technique. Plates were incubated for 18 h at 37°C
and stored for 2.5 weeks at 4°C.

5.2 Protein over-expression, isolation, and purification

To prepare the recombinant human or closely related pig kidney FBPase enzymes
for kinetic and binding assays, the recombinant proteins were over-expressed, isolated,
and purified as previously described using ampicillin resistance for selection of cells
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containing the construct [13]. Briefly, the host cell translation was inhibited with 34 mg/
mL chloramphenicol (in isopropanol). The solution was shaken again for 2-3 h at 37°C
to ensure optimal growth of the host cells. Cells were isolated by pelleting in 250 mL
flasks in a centrifuge at 4000 rpm. After the cells were frozen, each cell pellet was
resuspended in 20 mL of 50 mM Tris pH 7.5. The supernatant was lysed via sonication
to release cell contents. Each protein solution was sonicated as previously described.
Sonication settings were at 10% duty cycle for 5 min, pulsing 10 s on, and 10 s off x3.
Each supernatant cell lysate was centrifuged for 30 min at 13,500 rpm at 4°C and trans-
ferred to dialysis tubing for dialysis in 50 mM Tris pH 8.0. Protein was then purified via
NTA nickel affinity column as previously described [13]. In addition, gel filtration was
run on a G250 column in Tris buffer pH 7.5 in 0.150 M NaCl as eluent buffer to investi-
gate the oligomeric status of inhibitor-bound protein compared to FBPase enzyme alone.

5.3 Characterization of purified recombinant enzymes and preparation for
enzyme kinetic assays

The purity of the recombinant FBPase was assessed via SDS-PAGE, and the
oligomeric state was identified with native gel electrophoresis. An SDS-PAGE gel
electrophoresis was used to separate and identify proteins with the correct molecular
weight [9]. For the kinetic assay, a standard curve was obtained from an ammonium
molybdate malachite green inorganic phosphate assay (OD660 nm) [5, 6]. The puri-
fied FBPase protein was dialyzed x3 in 50 mM Tris buffer at pH 7.5 at 4°C. For enzyme
concentration, absorbency values were recorded using spectrophotometer readings
at OD280 nm. To quantify enzyme concentration, the enzyme concentration was
calculated based on the quantity of micrograms per microliter (pg/pL) present. Final
concentration FBPase enzyme was between 2.5 and 5.0 pg/pL. Using a colorimetric
assay as described below, specific activity (SA) was determined in the absence and
presence of Drug Bank inhibitors.

5.4 Kinetic assays on FBPase/ligand complexes

A colorimetric malachite green kinetic assay was utilized for FBpase activity levels
to validate inhibition of the enzyme predicted with selected Drug Bank molecules.
FBPase cleaves fructose 1,6-bisphosphate to fructose 6 phosphate and inorganic
phosphate. The malachite green colorimetric assay is based on the change in color
from brown to blue, observed when a complex is formed between malachite green,
ammonium molybdate, and the product inorganic phosphate. For calculating Ki
values, data was collected with varying substrate FBP concentrations (100-500 pM
at pH 7.5). Malachite green dye was prepared under acidic conditions to activate the
color change and quench the FBPase activity at fixed time points [13]. Absorbance
readings were recorded at OD660 nm. Data collected was input to the inorganic phos-
phate standard curve equation to calculate product formed. Micromoles of product
inorganic phosphate were calculated to determine the specific activity (SA) of FBPase
enzyme +/— inhibitor. The IC50 assay was designed with fixed high concentration of
substrate varying the inhibitor concentration to calculate IC50 values. For each Drug
Bank ligand, the kinetic assay was performed in duplicates of triplicates. All kinetic
data were fit using origin software based on methods previously described [13]. More
specifically, for kinetic parameters established to fin Ki’s via curve fitting the equation
y=d+(a-d)/1+ (x/c)bwasused where “x” is represented by apparent Ki when
y = Vmax. IC50s were also determined with origin curve-fitting software [29].
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To avoid high background due to malachite green dye interaction with some
Drug Bank ligands cleavage assays utilizing phosphoglucose isomerase and glucose-
6-phosphate dehydrogenase were used as coupling enzymes in validation assays for
FBPase [18]. For specific activity measurements, reduction of NADP to NADPH was
monitored by absorbance at 340 nm. Other assays used the same coupling enzymes
but monitored the formation of NADPH by its fluorescence emission at 470 nm using
an excitation wavelength of 340 nm. Assays were performed at 22°C in 50 mM Hepes,
pH 7.5. Data for inhibitor (inhibition) were fit to several models using origin or sigma
plot software with a Hill equation model [6]. These assays are robust and unbiased as
they follow the ASBMB standard for rigor and reproducibility [30]. In addition, these
assays have been published in many peer reviewed research articles [1-5, 14].

6. Case study analysis and discussion
6.1 Case study: allopurinol as a scaffolding molecule for drug design

The approved Drug Bank compound allopurinol is already on the market to relieve
symptoms of gout. Also known as Zyloprim and Aloprim, allopurinol is composed of
a dihydroxy substituted pyrimidine ring that is fused to a pyrazole ring. Allopurinol
is shown below in green in Figure 3A. Allopurinol alone is not large enough to bind
to the entire allosteric binding site, and more than one allopurinol molecule may
bind at a time resulting in a 1:2 binding ratio. For every target allosteric binding site,

2 allopurinol compounds can fit in the allosteric binding pocket. In this study, allo-
purinol molecules docked in the FBPase AMP binding site were used as scaffolding
molecules upon which functional groups were added to enhance their binding affinity
for the FBPase. As shown below in Figure 3A, allopurinol top scoring position (Ki
~300 micomolar) overlays with the crystallographic AMP molecule adenine ring.
Interestingly, with another allopurinol docked, the predicted Ki dropped to ~150
micromolar. The residues shown here Phe184, Leul73, Glu20, Val160, Arg140, Tyr113,
Lys112, Glu 29, and Thr27 were all separately made flexible during reiterative runs

of docking followed by full-scale MD runs for scoring predicted Ki’s. In Figure 3B,
the Zinc38643891 (pink) literally straddles the AMP binding site. The predicted Ki is
~50 nM for this catechin derivative discovered in the PubChem database after similar-
ity searches for catechin EGCG as previously described (ref). Note when compared to
the crystallographic position of the AMP co-crystallized with FBPase in PDB 1FTA,
the predicted position of the phenyl ring aligns in the position where the adenine ring
islocated. Leul74, Phe184, and Val60 alternate to interact with the zinc molecule and
stabilize its position during simulations. During simulations the helix behind these
three residues shifts slightly out of position causing a “domino effect” and the zinc
molecule moves deeper into the AMP binding site cleft.

Figure 3C shows the best docking pose predicted for Zinc38643891 and allo-
purinol. This figure illustrates how allopurinol may be modified to bind tighter by
derivatizing the heterocyclic ring. Details of the synthesis are preserved for a future
manuscript.

Figure 3A shows the 1FTA protein coordinates with a close-up of the AMP binding
site with the crystallographic ligand AMP in dark gray. The best score for the docked
allopurinol is in green. Figure 3B shows the same coordinates docked with a catechin
derivative (pink) from the PubChem database cross-referenced to the zinc database
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A)

o)

Allapurinal

Zinc38643891

Figure 3.
Docking of allopurinol and Zinc38643891 into the AMP allosteric binding site of FBPase.

as Zinc38643891. Figure 3C shows the best docking results of the two compounds
Zinc38643891 (pink) and allopurinol (green).

Figure 4A shows allopurinol derivative (orange) and Zinc38643891 (blue) in an
FBPase activity assay showing relative activity as a function of compound concentra-
tion. The average specific activity of each concentration (triplicates) was normalized
against FBPase with no inhibitor. Figure 4B shows the relative viability of HepG2
cells as a function of inhibitor concentration. The raw data from the MTT assay was
normalized with HepG2 cells with no inhibitor present.

As shown in Figure 4A, both the allopurinol derivative and Zinc inhibit the activity
of the isolated recombinant FBPase activity with ~50% inhibition in the low nanomolar
range. The allopurinol derivative reaches the 50% inhibition mark at exactly 100 nM
whereas the Zinc compound reaches 50% inhibition at ~25 nM, nearly 4-fold more
potent than the allopurinol derivative in this cell-free activity assay. This is considered a
promising hit for moving forward in the drug development pipeline to a lead compound.

However, it was surprising in Figure 4B that within the same concentration range,
the Zinc38643891 was at 50% viability in the MTT viability assay with the HepG2 cells.
Whereas the allopurinol derivative remained 90% viable in this range and beyond. In
fact, allopurinol did not show significant drop in viability until the mid-high micromo-
lar range. Initially, the expectation was that a derivative of a natural product catechin,
the Zinc compound would have a better toxicological profile. The allopurinol deriva-
tive of Zinc38643891 was able to overcome the toxicological barrier of the original zinc
molecule by substituting out the fluorophenyl rings for allopurinol in a novel synthesis
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Figure 4.
Inhibition and toxicity assays comparing Zinc38643891 and sllopurinol derivative.

protocol (manuscript under preparation). Insights from this case study that have led to
the synthesis of the novel allopurinol derivative were discovered by visual analysis of
the output frames of the MD runs of the allopurinol and Zinc38643891 protein-ligand
complexes. During this visual inspection process (which was laborious), it became
apparent that the allopurinol molecule(s) in the allosteric binding site were localizing
in the same area as Zinc38643891 fluorophenyl rings. The VDDP was an integral part
of the drug discovery process for this project. Currently, the lead compound(s) from
this case study are being evaluated for in vivo studies.

7. Conclusions

Using our virtual drug discovery platform, symmetric computing has identified
potential therapeutic small molecules used as scaffolding molecules that are approved
drugs. The repurposed compounds were selected based on theoretical binding score
(Ki) of the FBPase protein-compound complex. Initial validation in a colorimetric
enzymatic inhibitory assay and a toxicity assay led the way to derivatives of these
repurposed drugs from validated hits to lead optimization. The next steps to validate
the predicted activity of each of these compounds would be an animal model (in vivo
studies targeting the liver) utilizing a rat animal model. In the future, a decision will
be made on which Drug Bank derivative will be advanced to human clinical studies.
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Abstract

Historically, the bulk of known drugs was created for resorptive action. Therefore,
the mechanism of action of drugs was attributed to the specific action of the main
ingredients once they were absorbed into the bloodstream. In recent years, it has
been found that the mechanism of local action of drugs is determined not only by
the specific activity of their main ingredients but also by the nonspecific activity of
the excipients and formulation ingredients included in the ready-to-use drug: tablet,
injectable solution, aerosol, etc. In this regard, there is an opportunity to repurpose
drugs by purposefully changing their quality by changing the physical, chemical,
and physical-chemical properties of the finished products. As an example, two new
groups of drugs intended for local application to dissolve dense pus and discolor
blood stains, namely, piolytics and drugs that bleach bruises, have been created. It is
shown that the advantage and at the same time the limitation of the upgraded prepa-
rations is their local application, as their peculiarity is the realization of the physical-
chemical principle of the drug action in local interaction with the selected part of the
patient’s organism.

Keywords: new drugs, repurposing, physical-chemical features, financial cost, search,
development, screening

1. Introduction

Traditional ways of searching for and developing new drugs require large finan-
cial, time, and human costs. It is reported that with traditional research design, it
would take more than 12 years and $800 million to create a new drug and conduct
the entire set of preclinical studies [1, 2]. However, even these costs do not guarantee
success, since all traditional drugs have toxicity. Therefore, all drug candidates are
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traditionally tested for general (resorptive) toxicity. However, no amount of testing
can completely eliminate drug toxicity. Therefore, it is no coincidence that most of
today’s projects aimed at finding and developing new drugs designed for resorptive
action are doomed to fail, as they have in the past. In particular, specialists know that
under the traditional scheme of search and development of new drugs out of several
thousand substances that participated in trials at the beginning of the complex of
these trials, only 1-2 substances can survive all trials more or less successfully and
obtain the status of a drug [3]. All other substances will be rejected and forgotten.

That is why it is very important to choose the right design for the search and
development of new drugs at the very beginning of this journey in order to reduce the
risk of a pharmacological project, the financial and human costs, and to win in time.
One very profitable decision these days may be the decision to develop a new drug
intended not for general (resorptive) but for local application [4, 5]. The essence of
this innovation lies in the fact that in order to reduce financial, human, and time costs
when searching for and developing new drugs, it is proposed to abandon the idea of
discovering absolutely new chemical compounds intended for resorptive action and
to aim at modernizing the formulation of “old” (known) drugs by turning them from
resorptive drugs into drugs of local action when applied locally. In other words, it is
proposed to create new drugs by purposeful changes in the formulation of known
drugs providing them with a new mechanism of local action when applied locally. It
has been shown that the transformation of drugs known for their general action into
drugs with a new mechanism of local action provides a change in their quality indica-
tors and especially in their physicochemical properties [6, 7].

The author’ experience in using this design for the search and development of
new drugs showed the high promise and competitive benefit of the proposed research
design compared to the conventional design. It was also confirmed that artificial
imparting of quite certain physicochemical properties to ready-made drugs and/
or artificial provision of certain physicochemical factors of their local interaction
during local application can provide the required mechanism of local drug action and
become an alternative to traditional performers of this role in pharmacology, namely,
original chemical compounds (substances) with specific pharmacological activity
inherent in each of them.

2. Methods

The study is based on Russian research, as there are no similar studies in other
countries. The contents of the following materials were included in the analysis:

1. “Development of a remedy for bleaching the skin of the face with black eyes”—
report on the implementation of the State Innovation Support Fund grant N
24398 (under the application N C1-19369) (Moscow, Russia).

2.Financial support of research work on the implementation of grant N 24398
from 2016 to 2018. Proceedings of the Institute of Thermology (Izhevsk, Russia).

3. Annual Reports on scientific and inventive work of the Institute of Thermology
(Izhevsk, Russia) and the Department of General and Clinical Pharmacology of
Izhevsk State Medical Academy in the period from 2016 to 2022 (Izhevsk,
Russia);
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4. Descriptions of inventions created with the participation of Alexander Urakov
and devoted to the development of new drugs from “old” drugs in the period
from 2012 to 2022 (Federal Institute of Industrial Property, Moscow, Russia).

5. Official website of the Federal Institute of Industrial Property wwwl1.fips.ru,
section “Patent fees” (Moscow, Russia).

3. Results

The first announcement that new materials can be created from old materials by
changing their physical and chemical properties was made at the 3rd International
Conference on Competitive Materials and Technology Processes (IC-CMTP3) (6-10
October 2014, Miskolc-Lillafiired, Hungary) [4]. Several examples of creating new
drugs created from “old”;, that is, known drugs by purposeful modification of their
physical and chemical properties were shown as evidence of the real possibility of this
direction. Thus, there was an example of creating a “floating tablet” due to the fact
that the well-known tablet, which is an artificial stone, is made porous, consisting of
individual isolated cavities filled with air, and the specific gravity of the tablet is less
than 1 g/cm® (RU 2254121). It has been clearly demonstrated that the specific gravity
and strength values of conventional drug tablets are similar to pieces of chalk, natural
stone, river pebbles, and even concrete since the tablets are produced from dry pow-
ders by pressing them without maintaining isolated cavities filled with air. Therefore,
when taken orally, regular pills sink in gastric juice, sink quickly to the very bottom of
the stomach and remain at the bottom, no matter how much water the patient drank
before, during, or after taking the pills. Moreover, “sinking” pills are very salty and
acidic, so they have a local irritating effect on the mucous membrane of the stomach
in the area of their contact with it. That is why all the pills cause erosive damage to the
mucous membrane of the stomach and gastric ulcers precisely in the pyloric region. At
the same time, a floating tablet is lighter and floats on the surface of the gastric juice,
not in contact with the pyloric mucosa. Moreover, it has been shown that taking water
and raising the liquid level in the stomach cavity causes the floating tablet to move
along with the liquid level. Therefore, the floating tablet cannot have a local irritant and
ulcerogenic effect on the mucous membrane of the pyloric region of the stomach. The
higher the level of liquid in the stomach cavity rises, the higher the floating pill rises.

In addition, it has been convincingly shown that increasing the temperature, alka-
line activity, and gas content of conventional drugs can turn them into new drugs, for
example—into solvent drugs for thick and dry biological masses (pus, blood clots,
blood stains, mucus, sputum, sulfur plugs, etc.). It has been reported that almost any
drug can be turned into a solvent for thick pus and blood stains if sodium bicarbon-
ate, hydrogen peroxide, and/or carbon dioxide under increased pressure are addition-
ally introduced into the drug formulation and the drug is heated to a temperature
of 37-45°C. In particular, it has been reported that such drug solutions acquire the
physicochemical properties of alkaline carbonated drinking beverages.

However, drugs differ from the known carbonated drinking beverages in that they
have hydrogen peroxide in their composition. The fact is that the addition of hydrogen
peroxide to such solutions further changes their physicochemical properties, especially
during local interaction with biological tissues containing the enzyme catalase, which
decomposes hydrogen peroxide into oxygen gas and water very quickly. Therefore,
warm alkaline solutions of hydrogen peroxide in local interaction with thick pus, mucus,
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sputum, blood, feces, meconium, sulfur plugs, and other biological objects containing
catalase enzyme immediately “explode” them due to cold boiling process. As a result, the
above biological objects turn into a soft oxygen foam of white color, because at the same
time, oxygen decolorization of hemoglobin and its colored metabolites occurs.

On this basis, it was concluded that by giving drugs physical and chemical proper-
ties such as hyperthermia, alkalinity, increased gas content under increased pressure,
and the ability to release molecular oxygen under the influence of catalase can provide
drugs with the ability to bleach blood spots, bruises, and hematomas, as well as dis-
solve thick pus and thick sulfur plugs.

Finally, based on the results obtained, it was concluded that a new direction
in pharmacology and materials science was discovered, namely, physicochemical
pharmacology and physicochemical materials science.

A few years after the first official communication, the assumption was realized in
Russia with the help of the State Fund for Innovation Support. This fund provided a
grant for the development of the first drug to bleach the skin in the area of the black
eye. The first drug, a skin-bleaching agent in the area of a black eye, was successfully
developed by the team of the Institute of Thermology (Izhevsk, Russia) in the period
from 2016 to 2018. Analysis of the reports of the Institute of Thermology showed that
it took 2 years to find and develop a new drug, a skin-bleaching agent for the bruise
area, at a cost of $27,132. It is important to emphasize that 10 qualified physicians par-
ticipated in the development. One of them was a doctor of medicine, a professor in the
field of pharmacology, and four doctors had Ph.D. degrees. In addition, five students
helped the team to carry out the research on their own initiative, that is, free of charge.

At the same time, in Russia, a group of specialists and students conducted labora-
tory screening of several dozens of known drugs and some physical, chemical, and
physicochemical factors of local interaction between 2015 and 2022. The results
obtained made it possible to establish that such “old” drugs as hydrogen peroxide and
sodium bicarbonate have weak dissolving and bleaching activity, and such physical-
chemical factors of local interaction such as hyperthermia, alkalinity and hypergaz-
ing, and increase and accelerate their bleaching and pyolytic action several times.

In addition, this research team conducted several series of experiments on the non-
specific pharmacological activity of warm alkaline hydrogen peroxide solutions when
injected into the skin in the area of bruises in awake piglets, by cutaneous and intra-
dermal injection in the area of artificial bruises created in isolated pig skin segments
and in models of blood spots on dressing materials. In parallel, laboratory studies were
conducted on the transformation of thick pus, mucus, sputum, and meconium into
fluffy oxygenated foam under laboratory conditions with the corresponding isolated
biological objects of patients, as well as in experiments on rabbits and isolated rab-
bit lungs. The results confirmed the correctness of the assumption that it is possible
to create new drugs from old drugs by artificially and purposefully changing their
physical and chemical properties such as temperature, acidity (alkalinity), osmotic,
explosive, and oxygen-releasing activity. Examples are new drugs-bleaching stains,
traces of blood, bruises, and hematomas, as well as new medical technologies of skin
whitening in the area of bruises, developed in Russia on the basis of physical-chemi-
cal pharmacology (RU 2539380, RU2589682, RU 2573382, RU 2653465, RU 2647371,
RU 2639485, RU 2586278, RU 2582215, RU 2577510, RU 2600504, RU 2634268, RU
2631593, RU 2631592, RU 2641386, RU 2639283, RU 2679334) [5, 7].

Another example of the successful use of the basics of physicochemical pharma-
cology to transform “old” drugs into new drugs is the development of new aerosols
for inhalations and new solutions for intrapulmonary injections based on the original
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warm alkaline hydrogen peroxide solutions, which provide urgent recanalization of
the airways and oxygen saturation of blood through the lungs due to oxygen foaming
of thick mucus, sputum, and pus inside the airways during respiratory obstruc-

tion caused by COVID-19 (RU Patent No. 2742505, RU Patent No. 2735502, RU
Application No. 2021102618, RU Application No. 2021114105) [8].

4. Discussion

In the period from 2012 to 2022, the foundations of physical-chemical pharmacol-
ogy, pharmacy, and materials science were laid [5, 8]. The essence of the new direc-
tion is that new drugs, or rather drugs with a new mechanism of local action, can
be created from well-known and proven drugs (that is, old drugs) by purposefully
changing their physical-chemical properties. It is reported that a targeted change
in the physical-chemical properties of finished drugs (tablets, solutions, aerosols,
etc.) allows you to radically change the local mechanism of action of traditional
drugs (chemical compounds) with local interaction inside the stomach (with enteral
administration), inside blood vessels (with intravenous injections), inside the skin
(with intradermal injections), on the surface of the skin and mucous membranes
(with applications), as well as inside sulfur plugs, purulent masses, blood clots, thick
masses of mucus, sputum, meconium, and other biological masses. It has been con-
vincingly shown that the mechanism of local action of drugs with local application is
determined not only by the specific activity of their main ingredients but also by the
nonspecific activity of auxiliary and formative ingredients included in the composi-
tion of drugs, as well as the physical-chemical properties of finished drugs. That is
why for the development of new drugs intended for topical use, “old” drugs can be
used, but with artificially altered physical-chemical properties. The new mechanism
of local action of “old” drugs can be adjusted by changing the mechanical, physical,
chemical, and physical-chemical properties of drugs in specific dosage forms, that is,
by changing the quality of tablets, solutions, ointments, creams, aerosols, etc.

It is paradoxical, but the results obtained convince us of the prospects of searching
for drugs with new mechanisms of local action among the “old” drugs by purpose-
fully changing their quality (from the standpoint of traditional ideas about the quality
of drugs).

Indeed, using the example of ordinary tablets, it was shown that they sink to the
bottom of the stomach and move inside its cavity under the influence of gravity in
the same way as river sand, pieces of chalk, clay, gravel, and pebbles [9]. It turned
out that the specific gravity of all modern tablets exceeds 1 g/cm’, and, therefore,
all tablets sink in gastric juice, water, and milk. It has been shown that in the verti-
cal position of the patient’s torso, all tablets fall into the pyloric part of the stomach
despite the added liquid. At the same time, it was found that all tablets have an aggres-
sive effect on the gastric mucosa since they corrode the stomach wall and can lead to
the formation of ulcers. At the same time, a decrease in the specific gravity of tablets
of less than 1 g/cm’ due to the creation of isolated cavities in them by the type of solid
or thick foam makes it possible to radically change the intra-stomach pharmacokinet-
ics and pharmacodynamics of tablet drugs.

Further studies have shown that tablets, which are considered high-quality today,
cannot be considered such in comparison with natural food lumps that a person swal-
lows with high-quality chewing of food [9]. It is reported that not only the specific
gravity of the tablets but also the shape of the tablets distinguish them from natural
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food lumps. This approach is recommended for the future adjustment of modern
standards of quality control of tablets. It was reported that the manufacturing of
tablets by pressing dry powders up to their transformation into artificial stones in
the form of a round disk is a pharmaceutical mistake since the disc-shaped shape of
tablets with the properties of stones is incompatible with the specifics of the human
digestive system. In addition, it was reported that the sizes of modern tablets, which
are considered high-quality, do not correspond to the sizes of natural food lumps.

It has been shown that high—quality tablets from different manufacturers can differ
in height by 3 times, and in volume by 10 times. It was also reported that the natural
food lump has the shape of an olive with the largest diameter of up to 1 cm and a
maximum length of 2 cm. At the same time, food lumps have an average elasticity, a
hardness value of about zero, food lumps are porous and have a specific gravity of less
than 1 g/cm’, and are also devoid of aggressive osmotic action on the mucous mem-
branes of the mouth and stomach. At the same time, modern tablets considered to be
of high quality may differ from each other in terms of their hardness by 500 times,
since the hardness of the tablets is not controlled [9].

Therefore, it was not by chance that it was stated that the human stomach is not
adapted to the introduction of such pills into it (and in fact—artificial stones), since
a person is not a bird. Based on these data, it was proposed to modernize the quality
standard of tablets, since to increase their safety there is no alternative to their simi-
larity to natural human food lumps in shape, size, and physical-chemical properties.
In particular, tablets—analogs of natural food lumps were developed (RU 2533840).

In parallel with the studies of the physical-chemical properties of tablets, the phys-
ical-chemical properties of solutions of drugs intended for injection and considered
to be of high quality (from the standpoint of drug quality standards) were carried
out. It was reported that most of the modern high-quality drug solutions have acidic
activity, that is, a pH value of less than 7.0. At the same time, blood and most human
tissues have alkaline activity with a pH value of 7.4 [4, 5]. Therefore, some solutions
of drugs, which are considered to be of high quality today, can have a local irritating
effect and even post-injection necrosis and abscesses at the sites of intramuscular and
intravenous injections [10].

In this regard, it was proposed to modernize the pharmacopeia requirements for
drug solutions intended for injection. In particular, it was proposed to replace the
traditional division of medicinal solutions by the magnitude of their acid (alkaline)
activity from pH 7.0 (that is, acidic and alkaline drugs) with a more physiological
division of drugs into groups compared to pH 7.4, namely, acidifying and alkalizing
drugs (RU 2219958, RU 2221248). The fact is that the acidic activity of drug solutions
coagulates proteins and protein-lipid complexes, and also has a local irritant effect
on tissues, causing local aseptic inflammation in the injection and/or application
sites (for example, when injecting drug solutions into the conjunctival cavity). On
the other hand, the alkaline activity of drug solutions liquefies colloidal tissues and
can saponify protein and protein-lipid complexes. Therefore, drug’s alkaline activity
optimizes the rheological properties of blood after local interaction of drug solutions
with blood inside veins and vascular catheters, preventing clogging. Additionally, it
is reported that alkaline activity of drug solutions promotes liquefaction and dissolu-
tion of thick mucus, sputum, pus, and blood clots, especially when local temperature
increases, namely, when heating solutions to +37 — +45°C [5, 8].

In addition to this, the great importance of the temperature of drug solutions has
been shown. The fact is that temperature according to the Arrhenius and Van Goff law
is of great importance for the intensity of all metabolic and vital processes at all levels
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of organization of living systems, including protein molecules. At the same time,
there are reports that modern standards of treatment do not take into account the
temperature of drugs when they are administered to patients. Because of this, drugs
are not heated to human body temperature and most often the drugs are at room
temperature, that is, about +24°C [5, 8]. Therefore, during local interactions, cold
drugs cool the tissues in the area of local interactions. Thus, the drugs cause forma-
tion of a zone of local hypothermia. In its turn, local hypothermia compacts biological
tissues and slows down the rate of biochemical processes in them. In particular, it

was reported that temperature decrease from +37 to +24°C significantly slows down
the process of blood clotting inside the vascular catheters and blood vessels, which
reduces the risk of vein and vascular catheter thrombosis formation, especially during
infusion of infusion fluids. In addition, during intravenous injections, cold drug solu-
tions cool the veins, the localization of which can be detected using a thermal imaging
device by appropriate zones of local hypothermia in the area of vein projection. This
role of cold solutions during intravenous injections was the basis of a new method of
infrared imaging of subcutaneous veins (RU 2389429).

On the other hand, it is reported that another very important physicochemical
property of drug solutions is their osmotic activity. For a long time, ready-to-inject
drug solutions were thought to be of impeccable quality and to be isotonic. However,
studies conducted in recent years have shown that the drug quality standard includes
control of the concentration value of drug ingredients, but does not include control of
osmotic activity and local irritant effect of drug solutions on tissues at injection sites
[11]. In this regard, any drug in a particular series (or batch) with a particular manu-
facturer may sooner or later have excessive hypertonic and/or acidic activity.

Using the example of nonsteroidal anti-inflammatory drugs (NSAIDs), it was
shown that some of these drugs have a local irritant effect due to the high concentra-
tion of ingredients and hypertonic activity [11]. In laboratory conditions, using an
osmometer, it was found that a solution of 50% sodium metamizole has an osmotic
activity of 4638 + 12.5 mosmol/l of water, that is, it is a hypertonic solution. In experi-
mental and clinical conditions, it was shown that intramuscular and subcutaneous
injections of a solution of 50% metamizole sodium caused aseptic inflammation,
necrosis, and abscess. However, preliminary dilution of a 50% metamizole sodium
solution with water by 10 times completely prevented the development of postinjec-
tion necrosis and abscess during subcutaneous and intramuscular injections. At the
same time, the effectiveness of the protective action of water was explained by its
physicochemical role in reducing the concentration of ingredients and the hypertonic
activity of the diluted sodium metamizole solution.

These reports convince us that one of the causes of acute post-injection local com-
plication, which is manifested by aseptic inflammation, necrosis, and abscess of tissues
at the injection sites of drugs, may be an excessively strong dehydrating effect of drugs
on tissue cells due to their hypertensive activity. The dehydrating effect is exerted by an
excessively large hyperosmotic activity (hypertonic activity) of drugs, which is created
by a large concentration of dissolved ingredients. It has been shown that medicinal
solutions containing ingredients in the range of 1-10% are isotonic, either weak hypo-
tonic or weak hypertonic solutions. Such solutions have moderate postinjection safety.
Drug solutions containing ingredients in the range of 10-76% are strong hypertonic
solutions and have an excessively strong dehydrating effect on cells with local interac-
tion. In this regard, solutions with a total concentration of ingredients of more than
10% are excessively hypertensive and have excessively low postinjection safety, since
their injections cause excessive dehydration of cells, necrosis, and abscess [12].
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Based on the results, it was concluded that traditional drug quality control require-
ments are responsible for the fact that some drug solutions, now considered to be of
high quality, may have excessive hypertonic activity. In turn, hypertonic drug activity
may cause local irritation, aseptic postinjection necrosis, and injection site abscesses.
In this regard, ignoring the actual values of osmotic and acidic activity of drugs in the
drug form “solution for injection” during injection reduces postinjection drug safety.
Therefore, in order to improve postinjection drug safety, it is proposed to monitor the
osmotic and acidic activity and the local irritant effect of drugs on the tissues at the
injection sites. At the same time, it is reported that postinjection necrosis and abscess
in the place of subcutaneous injection of hypertonic solution of almost any drug can
be prevented by immediate injection of water for injection (not later than 5-6 minutes
after the injection) under control of the dynamics of local skin temperature in the
injection site using a thermal imager (RU 2326662, RU 2304769, RU 2396562).

Consequently, convincing evidence has been obtained that eliminating the hyper-
tonic activity of highly concentrated drug solutions by diluting them 2-10 times with
water increases the safety of drug injections. Therefore, there are grounds for includ-
ing this recommendation in the instructions for medical use of highly concentrated
drug solutions.

5. Conclusion

Thus, in 2014, an affordable way was proposed to transform “old” quality drugs into
new drugs by purposefully changing their quality by artificially changing the physical,
chemical, and physicochemical properties of finished drugs: tablets, injectable solu-
tions, aerosols, etc. From the point of view of traditional ideas, the newly created drugs
in this way may seem to be spoiled or defective. However, this is not the case. Simply
known (old) drugs were traditionally developed mainly for the general (resorptive)
mechanism of action. Therefore, the “old” drugs have outdated requirements for their
quality. Pharmaceutical and pharmacological progress is impossible without revising
the pharmacopeia and traditional drug quality control standards, because “old” drug
quality standards preclude their qualitative modernization. It is shown that the advan-
tage and at the same time the limitation of modernized drugs is their local application
since their peculiarity is the implementation of the physicochemical principle of drug
action in local interaction with a selected part of the patient’s (or animal’s) body.
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Abstract

Effective treatment of brain disorders remains a tough task in medical science.
Age-old brain disorders like Parkinson’s (PD) and Alzheimer’s (AD) are yet to be
managed effectively in spite of fabulous scientific progress over the last decades.
Presently available treatment strategies have been found insufficient to tackle the out
bursting cases of AD and PD. Indeed, presence of blood-brain barrier (BBB) highly
hijacks success of conventional drug therapy. In this regard, phyto bioactive compo-
nents delivered through nanocarrier (NCs) systems hold ray of hope in improving
treatment benefits in brain disorders. Several NCs including polymeric nanoparticles,
nanoliposomes, micelles, dendrimers have now being heavily researched to effectively
deliver the phyto active components to brain tissue. NCs owing to their structural and
physiological uniqueness have now been evolved with great potential for the treat-
ment of brain disorders. Functionalization of brain specific ligands on the surface of
NCs further makes them target specific, which might significantly improve bioavail-
ability or reduce the off-target adverse effects. This chapter primarily focuses on
recent advancements in phyto component loaded NCs employed for the treatment of
brain disorders. The chapter especially covers existing impediments of phyto compo-
nent based NCs for Parkinson and Alzheimer’s disease.

Keywords: phyto component, nanocarriers, blood-brain barrier, brain disorder,
treatment strategies, recent advances
1. Introduction

Brain disorders refer to non-transmittable but widely inherited disease problems
caused by disruptions in normal body structure and functioning caused by birth

43 IntechOpen



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

abnormalities or genetic malfunctions [1]. There are many different types of brain
problems and diseases that impact the brain, such as infections, tumors, traumas, and
neurological abnormalities [2]. Present time demands rapid development of diagnostic,
therapeutic, and effective preventive agents to tackle the rising prevalence of cerebral
illnesses brought on by the aging global population. The BBB, a unique brain capillary
control mechanism that prevents the majority of blood molecules from accessing the
central nervous system, has severely hampered brain drug development [3]. As aresult,
unlike other organs, over than 98% of micro therapeutic compounds and about 100%
of bigger therapeutic molecules are unable to reach the brain via the circulatory system.
Researchers have found that because of their small size, nanocarriers (NCs) can enter
most cells through endocytosis and transcytosis. NCs are sub micrometer objects that act
as a unified entity in terms of transport and characteristics. NCs have been extensively
researched in recent times for brain medication delivery [4]. Previously, various co-
solvents/surfactants like dimethyl sulfoxide, polysorbate 80, ethyl alcohol etc. were used
with medications to promote BBB penetration. However, such substances pose high risk
for integrity of BBB and might disrupt its protective features. NCs-based therapeutics
have recently emerged as a prospective therapeutic for brain diseases and disorders due
to their easy transportability across the BBB and distinctive qualities like low toxicity,
specificity, biocompatible, tiny size, and solubility [5]. However, conventional drugs
used for brain disorders possess lots of severe healthy tissue toxic effects along with low
bioavailability at brain tissue, which limits their effective clinical application. In view of
this, the secondary metabolites of plants known as phytochemicals or phytonutrients
such as alkaloids, saponins, indoles, phytosterols, phenolic acids, isothiocyanates, and
phytoprostanes/furanes etc. are being largely investigated in recent days [6]. Phyto
bioactive constituents have a long history of use in the management of illnesses and brain
disorders in people. Nanocarriers are intended to more effectively carry phytochemicals
to the target region (brain). Depending on the carrier material, both hydrophilic and
hydrophobic molecules can be loaded inside them. For instance, polar and non-polar
molecules are both transported by lipid-based nanocarriers (in the aqueous core and the
membrane, respectively) [7]. Owing to their nanosize, tunable surface nature, several
nanocarriers like polymeric nanoparticles, nanoliposomes, niosomes, magnetic nano-
carriers, dendrimers etc. have been investigated largely over the past years to improve
treatment outcomes in brain disorsders. Many phytochemicals delivered through poly-
meric/lipid based nanocarriers have already shown effective potential in increasing the
therapeutic efficacy of phytochemicals. In the present chapter, we want to highlight the
major phytocomponents those have been delivered through nanocarriers for improved
therapeutic effect in brain disorders. We have mostly covered two important brain dis-
orders, Viz. Parkinson’s (PD) and Alzheimer’s disease (AD) with their recent reports on
the use of phtonanocarriers. We summarized potential targets, phytoconstituents, brain
medication delivery methods, and nanocarrier systems used in the disease management
and therapy in this chapter.

1.1 Blood brain barrier (BBB)

BBB is essential for allowing biomolecules to enter and exit the brain’s neuronal
system. Therefore, comprehension of the functional structure and characteristics
of BBB is required to increase medication transport to the brain. This protective
unit component helps to stop the shuttling of chemicals between the blood and the
brain [8]. It consists of layers of vascular endothelial cells that are restrained by tight
junctions and other supporting structures. The astrocyte end-feet of the basement
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membrane surround the endothelial cells discontinuously scanned by microglial cells.
Endothelial cells cohesive regions give persistence for the deliberate movement of tiny
substances across the BBB. Transcytosis is a type of regulated intracellular transport
that occurs to meet the protein and peptide needs of the brain [9]. Depending on the
type of molecules, endothelial cells may be able to promote transfer with the help of
numerous unique transporting proteins (hydrophilic or hydrophobic) [10]. In recent
times, many NCs based novel formulations have been investigated at pre-clinical stage
to treat brain disorders like AD and PD. The NCs can encapsulate anti-AD/anti-PD
drugs and can efficiently transport them across the BBB.

1.2 Role of P-gp in brain disorders

The most difficult challenges have been passing the BBB and the blood-
cerebrospinal fluid (CSF) barrier in treating brain diseases and disorders. As P-gp
carefully mediates material efflux across the BBB, its down-regulation has been
linked to the advancement of neurodegenerative disorders and tumors [11]. P-gp
inhibition improves medication penetration and subsequent effects across the BBB.
Poly(butylcyanoacrylate) NCs have been shown to reduce with P-gp-mediated phe-
nytoin tolerance in rats [12]. Furthermore, when compared to free drug, the incor-
poration of andrographolide (a neuroprotective agent) into solid lipid NCs increases
their permeation to the BBB. In summary, the data suggest that by controlling p-gp,
NCs can improve predicted drug penetration and targetability [13].

1.3 Types of nanodrug carriers for brain targeting
1.3.1 Solid lipid nanoparticles (SLNs)

SLNs are nanoscale dispersal made of fatty acids, biocompatible triglycerides, or
waxes that have been steady by emulsifiers with HLB values less than 12 [14]. SLNs
are unique lipid-based biocompatible nanocarrier systems mainly constituting lipid
or modified lipid (triglycerides, fatty acids, or waxes) nanostructures (10-1000 nm
diameter size range). SLNs have a solid hydrophobic lipid core, in which both hydro-
philic and lipophilic drugs can be dispersed. In vitro, SLNs containing stearic acid and
pluronic®F68 were added to demonstrate the ability of Atazanavir to successfully pen-
etrate human brain vascular endothelium. In vivo testing on rats revealed that Riluzole-
loaded SLNs were more effective at transporting the medication into the brain [15].
Docetaxel-loaded SLNs composed of soya lecithin, monostearin, vitamin E, and stearyl
amine-betreliesoxybutyric acid (HBA, a ketone body and substrate for the monocarbox-
ylic acid carrier conveyed on the BBB) conjugation showed effective permeation across
the intact BBB. Despite the fact that SLNs are easily cleared by the reticuloendothelial
system due to their hydrophobicity, they have demonstrated the benefits, biocompatibil -
ity, good degradability, and the ability to be surface-covalently for brain targeting [16].

1.3.2 Nanoemulsions

Nanoemulsions are biphasic dispersion of two immiscible liquids: either water in oil
(W/0O) or oil in water (O/W) droplets stabilized by an amphiphilic surfactant. These are
the thermodynamically stable isotropic system in which two immiscible liquids are mixed
to form a single phase by means of an emulsifying agent, i.e., surfactant and co-surfactant
[17]. Nano emulsions are promising drug delivery vehicles across the BBB, because they
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can solubilize either hydrophilic (W/O nanoemulsions) or hydrophobic (O/W nanoemul-
sions) drugs. The typical mean droplet diameter of nanoemulsions obtained is around
500 nm or smaller [18]. They have a transparent or hazy look due to their small droplet
size, as opposed to the milky white due to attachment with coarse emulsion (whose
micron sized droplets partake in multiple light scattering). Additionally, surface function-
alization for targeting may make it easier for cells to take up nanoemulsions and the drugs
they contain through receptor-mediated endocytosis [19].

1.3.3 Gold NPs

Gold nanoparticles (AuNPs) provide non-toxic carriers for drug and gene delivery
applications. AuNPs have been widely studied for their neuroprotective and BBB pen-
etration characteristics in the diagnosis of AD [20]. AuNPs use their special chemical
and physical characteristics to load and unload medicines. The gold core is basically
inert and non-toxic, which is the first advantage. Another benefit is their simple steps
of production. A study reported the production of Au-NPs in the range of 150 nm and
the experimental Au-NPs conjugated with glutathione were examined for potential
anti-AD effect and it was found that these nanoparticles prevented amyloid aggrega-
tion and had a strong anti-AD effect [21].

1.3.4 Nanoliposomes (NLs)

NLs are lipid based nanoparticles with one or more layers of phospholipid bilay-
ers [22]. Natural sphingomyelin, phosphatidylcholine, and glycerophospholipids are
common elements of the phospholipid bilayer. NLs have received a lot of attention
because of their good biocompatibility and potential for uploading pharmaceuticals in
the aqueous core for systemic therapeutic medication delivery [23]. Another strategy
to increase the penetration rate of NLs crossing the BBB is cationization of the conju-
gated ligands. Other challenges affecting NLs brain delivery include poor stability and
low drug loading capacity. Due to the limited number of accessible surface groups,
binding ligands to the surface is problematic, and steric hindrance exists [16].

1.3.5 Polymeric nanoparticles (PNPs)

PNPs have attracted considerable interest over the last few years due to their
unique properties and behaviors resulting from their small size. PNPs have the
potential for a variety of uses including medication delivery and diagnostics. PNPs are
formed of natural or synthetic polymers and have a diameter of 1 to 1000 nm [24].
Depending on the drug-loading techniques, PNPs can either form thermodynamically
stable nanocapsules (drugs are encircled by a polymeric shell) or nanospheres (drugs
are embedded into polymeric matrix) [25]. PNPs possess certain qualities such as
controlled and/or sustained medication release profiles, better half-life, along with
easy surface manipulation for site-specific targeting [26].

One of the best-studied biodegradable copolymers is poly (lactic-co-glycolic
acid) (PLGA), which breaks down into non-toxic chemicals that the body excretes
(H20 and C0O2). Through hydrolysis of the ester linkages to its monomeric anions,
the polymer degrades in vivo (lactate and glycolate). PEG-PLGA/PLA-PEG NPs
were only used in one Phase II clinical trial for metastatic castration-resistant cancer
(BIND-014) [27]. There is no PLGA NPs available for the clinical trial in the market
for treatment of brain disorders right now. In reality, a variety of pre-clinical studies
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based on drug-loaded NCs are being done. Drugs like curcumin, levodopa, choles-
terol, rapamycin etc. have already been investigated for the treatment of AD, PD, high
blood pressure, and multiple sclerosis [28]. As a result of the lack of drug-specific
transport systems at BBB, many neuroprotective medications are unable to reach the
brain. PLGA NPs in such cases have the capacity to carry the loaded drugs across BBB
to elicit improved brain delivery [29].

1.3.6 Dendrimers

The symmetric monodispersed macromolecules known as dendrimers are built
from a collection of branching units that are clustered around in an inner core [30].
When there are numerous responsive groups on the surface, the number of arms and

Resveratrol

curcumin
Ginsenoside

Figure 1.

Selected phyto chemicals and their delivery mechanism through various nanocarrier platforms for improved brain
permeation.
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surface groups increases dramatically with each generation [31]. They can be used to
determine receptor-ligand affinities, administer targeted drugs, or to conduct imag-
ing studies. In case of insoluble and hydrophobic drugs, it is considered as a useful
nanocarrier. The interaction of dendrimers with cells is dependent on the hydrophobic
contact between the dendrimer arms and the lipid chains of the cell membrane’s phos-
pholipid bilayer. Drug distribution to the target site is enabled by the functional groups
on the dendrimer’s exterior because they act as attachment sites for ligands [32]. Drug
is released from dendrimers either through enzymatic dendrimer-drug bond degrada-
tion or as a result of environmental changes like temperature and pH [33].

1.3.7 Carbon dots (CDs)

The performance of CDs, a new type of zero-dimensional carbonaceous nano-
materials, is superior to that of novel metal nanoclusters or inorganic nanocrystals,
making them potentially effective information-carrying nanomaterials [34]. The
ability to easily modify the surface of CDs for targeted distribution and their tunable
fluorescence, which is completely color-tunable from blue to close, regions are two
of its most notable things [35]. These novel carriers could be used for chemo- or bio
sensing due to their customizable luminous capabilities.

1.3.8 Micelles

These are single-layered amphiphilic NCs that enable for regulated drug release.
These NCs boost the BBB’s ability to absorb hydrophobic medicines for the purpose
of treating the brain disorders [36]. Micelles have also demonstrated encouraging
outcomes to carry different potent compounds, including peptides and small molecules
[37]. It has been observed that micelles deliver magnetic resonance imaging for strokes
and brain swelling, as well as possesses effective potential for treating AD [38].

Basic mechanism of action of phyto components delivered through NCs has been
presented in Figure 1.

2. Widely used diagnostic tools in brain disorders
2.1 Molecular imaging (MI)

An important area of biomedical science called MI examines pathogenesis or
bodily processes at the molecular level. With great sensitivity and specificity, imaging
techniques make it simple to visualize, characterize, and quantify activities of interest
in the body [39]. It uses cutting-edge methods with a variety of capabilities, including
as bioluminescence imaging, microscopy, magnetic resonance imaging, ultrasound,
single-photon, x-ray radiography emission computed tomography, and positron
emission tomography etc. Infections, brain tumors, and neurological illnesses are just
a few of the several brain diseases that have been analyzed and characterized using MI
techniques [40].

2.2 Biomarker detection

Basically, a biomarker is a distinguishable molecule that is linked to a specific
disease or protein. A biomarker’s ability to distinguish between healthy and ill
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persons, as well as its precision in determining illnesses stage is the critical component
in disease management [41]. Many biomarkers for illnesses and abnormalities of the
brain have been identified. However, the lack of suitable methodologies makes its
clinical application difficult. Ubiquitin-C-terminal hydrolase-L1 (UCH-L1) plasma
limits have been found to be significantly higher in TBI patients than in healthy
people, implying that UCH-L1 could be a viable diagnostic marker for the situation
[42]. An innovative technique based on the surface plasmon resonance of Au NPs has
recently been shown to successfully and swiftly identify the biomarker UCH-L1 in
TBI patients with 100% sensitivity and specificity [43].

3. Some important brain disorders, their etiology and treatment strategies
3.1 Alzheimer’s disease (AD)

AD is caused by a mix of genetically determined and environmental risk fac-
tors. Age is the most major risk factor [44]. At the age 65, the chance of developing
this disease is about 3 percentages and increasing in to more than 30 percentages by
the age of 85. Although the frequency of AD among persons under the age of 65 is
unclear, it is estimated that this age group accounts for around 3 percentages of all AD
patients [45]. While overall numbers of AD continue to rise with the aging popula-
tion, age-specific incidence too appears to be declining in a number of countries [46].
The accumulation of amyloid-f protein on neuronal cells after exposure to iron, cop-
per, aluminum, cadmium, and zinc chloride salts suggests that heavy metals might
be associated with the development or progression of AD [47]. Researchers have also
interlinked the AD pathogenesis with presence of toxic metals such as vanadium,
nickel, lead etc. Along with that, certain gases like SO2, NOx, and CO found in pol-
luted air may cause chronic neuroinflammation, cerebrovascular damage, oxidative
stress reactive oxygen species (ROS) production, neuron damage/loss and peptide
accumulation [48]. Also exposure to high amount of pesticides and insecticides in
the environment has also been assigned as other major contributing factors for the
progression of AD [49]. The etiology of AD has been summarized in Figure 2.

Current therapeutic approaches give symptomatic relief of AD, but do not
ensure complete recovery. Phytochemical components in this regard are getting
more importance owing to their neuroprotective properties, less toxicity and
potential to target various pathogenic pathways implicated in AD. Given the limits
of currently available AD medications, the different types of phytocompounds have
been suggested as therapeutic agents for the disease management. However, phyto
components in their native form show poor bioavailability, low solubility and insuf-
ficient BBB permeability, which restrict their effective application. Nanotechnology
in this regard has been accepted as an innovative technique to overcome these
brain medication delivery restrictions [50]. Phyto constituents loaded NCs have
the potential to overcome these challenges while also improving neuroprotective
effects in BBB. A numbers of pre-clinical studies on phyto component loaded NCs
nanocarriers to treat AD have been reported [28, 50]. However, development of NCs
for delivery of phyto componets in AD is still limited due to challenging formula-
tion procedures at industrial prospects [51]. Though, several in-vitro and in-vivo
studies have been carried out; however, detailed studies by using small laboratory
animals to human testing is still very necessary. When administering medicines for
the treatment of AD, precise analysis of important parameters like physicochemical

49



Drug Repurposing - Advances, Scopes and Opportunities in Dyug Discovery

Heavy metals
accumulation

Figure 2.
Probable causes/visk factors involved in the progression of Alzheimer’s disease.

properties, particle size, biodistribution, and bioavailability of loaded drug(s) is
extremely necessary [52]. Furthermore, the stability of NCs is another striking
factor in decreasing the toxic metabolites agglomeration in the BBB. While the
conventional formulation of compounds remains difficult to show their action at
brain tissue, NCs could be alternative strategy for effective permeation across the
BBB with utmost specificity. Problems of instability, limited solubility, low bioavail-
ability issue associated with phytocomponents could be sufficiently addressed by
suitable NCs. Clinical studies have also demonstrated efficacy of phyto component
loaded NCs in various brain disorders [53].

Further, concerns of safety and brain absorption of NCs must be addressed in AD
patients. At present, creating nano phytopharmaceuticals for large-scale production
in line with good laboratory practice standards is required to maintain the quality of
end product, while retaining patient compliance.

3.1.1 Recent research findings on phyto component based NCs for AD

Over the past years, many active phyto components have been delivered through
NCs and have been shown to elicit better pharmacological effect than the free phyto
components. Multi-functional liposomal NPs were prepared and coated with an
amyloid-binding curcumin-lipid ligand to target amyloid. Along with that two other
ligands were also conjugated with the liposomal NPs to target transferrin and LDL
receptors present over BBB. The study indicated excellent brain targeting and amyloid
peptide aggregation of experimental NCs [54].

The functionalization of NPs with plant phytochemicals has been investigated
by Zhang J. et al., 2014. Polyphenols were used to functionalize selenium NPs. The
nanosized selenium in the study was coated with epigallocatechin gallate (EGCG),

a polyphenol found in green tea. EGCG is well-known for its neuroprotective
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properties, specifically its ability to limit the formation of many amyloid-forming
proteins engaged in the course of Alzheimer’s disease. The EGCG-stabilized selenium
prevented atrial fibrillation while also dissolved the developed fibrils. Furthermore, at
very low concentrations, the specified NCs was observed to decrease DNA fragmenta-
tion and ROS generation [55].

In another research, A. Mathew, et al., 2012 investigated the potential of cur-
cumin loaded NCs in in neuronal targeting in vitro. Curcumin is one of the widely
investigated phytocomponent over the past decade for the treatment of several brain
disorders. In the study, Tet-1 targeted PLGA loaded curcumin nanoparticles with anti-
amyloid and anti-oxidant capabilities was found effective in the diagnosis of AD. The
incorporation of Tet-1 neuropeptide into the PLGA-curcumin nanoparticle increased
its neuronal targeting efficacy in vitro. Although additional conclusions can only be
formed after extensive in vivo research, the findings of this exploratory investigation
suggested that curcumin could be a promising drug in the treatment of AD [56].
Resveratrol is another important phytocomponent, which is now heavily investigated
for its neuroprotective properties. Grape seed and grape skin extracts containing res-
veratrol were shown to be more efficient at suppressing aggregation. However, after
the intravenous injection, resveratrol is quickly metabolized (in less than 2 hours) in
the liver and intestinal epithelial cells into glucuronic acid and sulphate conjugations
of phenolic groups, which are subsequently excreted. According to a recent study,
anti-transferrin receptor monoclonal antibody (OX26 mAb) functionalized SLNs
was found as an efficient carrier system for transporting the extract into the target
encephalon [57]. In vitro studies on human brain like endothelial cells showed that
OX26 SLNs were significantly more effective at cellular absorption than conventional
SLNs and SLNs functionalized with an unspecific antibody. Experimental SLNs
functionalized with OX-26 showed higher transcytosis capacity [57].

3.2 Parkinson’s disease (PD)

PD is a complicated condition with biological as well as environmental origins.
The common major risk factor for PD is age, with a median onset age of 60 years. The
prevalence of the condition rises with age, peaking at 93.1 (per 100,000 person-years)
in people aged 70 to 79 [58]. Though, the exact etiology of PD is yet to be understood.
But several risk factors like accumulation of heavy metals, cigarette smoking, pesti-
cides, herbicides, genetic factors, high amount caffeine consumption etc. have been
identified for the development and progression of PD. The basic etiology of PD has
been summarized in Figure 3.

Nanosizing the formulation is an option for increased PD protection to improve
the efficiency and bioavailability of crude extracts. Furthermore, adding one or two
phytonanocarrier of nano-sized range bioactive chemicals delivers considerable health
advantages for specific conditions, thus reducing the need for several drugs. Example
like Curcumin and resveratrol NLs exhibited anticancer activity against prostate cancer.
According to research curcumin loaded NCs improved the therapeutic and bioavail-
ability efficacy during PD [59]. Experimental NCs significantly lowered oxidative
stress and apoptotic cell death in fly model of PD. Similarly, an alginate curcumin
nanocomposite also showed a lowering in brain oxidative stress and cell deathina
transgenic Drosophila PD model [60]. Curcumin loaded NCs improved bioavailability
of curcumin in the blood circulation and also the brain pharmacokinetic [61, 62]. The
methods of administration utilized were more significant in increasing nanocurcumin
bioavailability in the circulatory system and penetrating to the BBB. Ginsenoside also
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Neurotoxins

Figure 3.
Probable causes/risk factors involved in the progression of Parkinson’s disease.

protects neurons against 6-hydroxydopamine- and iron-induced neurotoxicity. These
compounds have an important role in lowering oxidative stress as reported in the recent
experiment [63]. Various studies have also indicated that nanoresveratrol can aid in the
prevention of PD and enhance neuronal survival in the face of oxidative stress [64].

3.2.1 Recent vesearch findings on phyto component based NCs for PD

Aggregation of amyloid protein in the brain as a result of oxidative stress causes
the formation of Lewy bodies and the selective death of dopamine neurons [65].
Polyphenolic substances have poor oral bioavailability, higher metabolic turnover,
and decreased BBB permeability. The effect of a produced alginate-curcumin
nanocomposite on the climbing capacity of PD model flies, apoptosis, and lipid
peroxidation in the brain of PD model flies was investigated in a recent work [65]. The
chow was supplied at the known concentrations of 105, 103, and 101 g/mL of alginate-
curcumin nanocomposite, and the flies were allowed to consume for 24 days. In the
Drosophila model of PD, there was a substantial dose-dependent delay in the reduc-
tion in climbing ability, as well as a lowering in apoptosis and oxidative stress.

Another recent work highlighted the neuro protective effect of Bacopa monnieri
loaded SLNs in vivo. The work involved incorporation of Bacopa monnieri extract into
SLNs to develop dissolvable microneedle arrays and evaluate its neuroprotective activity.
Quality by design approach was employed for optimizing the SLNs formulations based
on several in vivo and in vitro properties. Mechanical strength, in vitro release studies,
permeation studies, skin irritation test, histopathological analysis, biochemical studies,
and behavioral tests of SLNs loaded microneedle arrays were performed. The experi-
mental phyto constituent loaded microneedle patches were shown to be mechanically
robust, nonirritant. The optimized formulation was also found to produce decreased
degree of bradykinesia along with high motor coordination, and balance ability [66].
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In another study, neuronal protective effect of photoactive component of Ginsen
delivered in nanoparticle formulation was investigated. The principal active com-
ponent of the plant, ginsenoside (Rgl) has been reported to protect the neurons
against 6-hydroxydopamine-induced death and neuronal toxicity [67]. Although the
photoactive components of Ginsen play a critical role in reducing oxidative stress,
but the poor bioavailability problem has always been an issue In the work, Rgl loaded
nanoparticles were found to enhance the in vivo activity and bioavailability of these
compound than the crude extracts. Nanosizing the formulation showed an enhanced
protective effect against PD. The nano ginsenosides were developed using a nano-
emulsion technique with average particle diameter of 19.9 nm. Bioavailability of the
selected Rgl loaded nanoparticles showed significantly higher bioavailability than the
crude extract in the rat brain tissue [63].

Numerous studies have reported that different nanoparticle-loaded phytochemi-
cals (e.g., vitamin E, resveratrol, curcumin, and hyaluronic acid) with an average
particle size of 100 nm resulted in higher ROS scavenging efficiency and lower lipid
peroxidation in patients with PD. A work by Pangeni R et al., evidenced antioxidant
and neuroprotective effect of nanoencapsulated thymoquinone (TQ) in PD induced
rat model. The experimental TQ-loaded mesoporous silica NPs (90 nm in size) were
able to cross the BBB. Results showed that the experimental silica NPs enhanced drug
delivery to all major brain areas including cortex, thalamus, midbrain, and hypo-
thalamus and significantly reduced oxidative stress biomarkers [64]. Few significant
recent research outcomes on phyto component based NCs on AD and PD has been
summarized in Table 1.

Name of the Major active Nano carrier Model  Outcome Reference

plant biocomponent  formulation

Turmeric Curcumin Alginate—curcumin In-vivo  InParkinson’s [65]
nanocomposite disease, improve

bioavailability
while decreasing
oxidative stress
and apoptosis.

Caprylic and capric In-vitro  Curcumin-NPs [68]
triglycerides, sorbitan protect against
monostearate A42-induced

behavioral and

neurochemical

alterations in AD

mice model.

PLGA nanoparticles In-vitro  Reduced the [69]
protection of
neurons protected
against oxidative
damage in AD.

curcumin-loaded NP In-vivo  synergistic [70]
delivery of
Levodopa
curcumin that
would be able to
pass the blood—
brain barrier
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Name of the Major active Nano carrier Model Outcome Reference
plant biocomponent  formulation
Panax ginseng Ginsenosides Nanoliposome In-vitro  Improved the [71]
survival of H2
02-damaged cells
PGL-1 nanoparticles In-vivo protective effect [72]
on apoptosis
SH-SY5Y induced
by AB25-35
glipopolysaccharide In-vivo  ginsenoside [73]
Rg3 effective
for slowing the
development
of neurological
disorders
Grapes (Vitis Resveratrol Nanocapsule In-vivo Bioavailability [74]
vinifera), enhancement in
Cranberry AD sickness
(Vaccinium PCL-PEG polymeric In-vitro  Bioavailability [75]
macrocarpon), K . .
micelles improvement in
and Peanut AD dementia
(Arachis
hypogaea) RSV loaded lipid In-vivo Induced AD rat [76]
nanocarrier model Restoration
of the deteriorative
effects of Ap1-42
in animals
Tea, red wine, Quercetin Solid lipid nanoparticles In-vivo Increased the [77]
apples, parsley, antioxidant
citrus fruits, capacity of the
sage and onions brain.
Nanoliposome In-vitro  Improved [78]
bioavailability
(QC- and RA-loaded In-vivo  Neurotoxicity was [79]
liposome with conjugated recovered and
phosphatidic acid and drug was able to
grafted apolipoprotein E penetrate BBB in
AD induced rat
model
Epigallocatechin- In-vivo  Reduced [80]
3-gallateloaded atherosclerosis
nanoparticles

Table 1.

List of some important phyto components delivered through nanocarrier systems for the treatment of Parkinson
(PD) and Alzheimer’s disease (AD) [63].

4, Conclusion

Technological advancements in the scientific tools along with exploration of
novel formulation strategies have made a substantial impact on diagnosis and treat-
ment of major brain disorders like AD/PD. Undoubtedly, delivery of phyto com-
ponents through nanocarrier based platforms will bring significant impact on the
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management and treatment outcome of AD and PD in future days. Most phyto active
components show poor BBB penetration capacity, yet possess effective brain therapy
potential, which can be overcome by loading the phyto active components suitable
nanocarriers. Further, the nanocarriers could be functionalized with brain-specific
ligands for effective BBB permeation. However, despite of huge progress in disease
diagnosis, health infrastructure, and newer treatment strategies, the clinical use

of phyto nanotherapeutics has yet to gain commercial acceptance. There still exists
long gap between in vivo data and effective clinical use. Poor yield percentage, low
encapsulation efficiency, lack of efficient purification techniques, high production
cost, stability issues are some of the crucial problems, which need to be addressed
cautiously. Some of the key factors that need urgent attention include: Optimization
and standardization of laboratory techniques for effective isolation of phyto active
components, optimization of formulation steps of nanocarriers to achieve reasonable
loading capacity and stability, in vitro- in vivo correlation, establishment effective
process for technology transfer etc. Seeing the diversifying area of brain diseases,
interdisciplinary research should be the need of the hour. Neurosurgeons/neurosci-
entists, formulation scientists, industrial experts and drug researchers should come
together for continuous research collaboration to utilize the power of nanotechnology
and phyto pharmaceuticals for effective treatment of brain diseases. Only a well-
organized, planned interdisciplinary research outlook could offer promising avenue
for phyto active chemicals to get clinical approval.
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Utilizing 505(b) (2) Regulatory
Pathway for New Drug
Applications: An Overview on the
Advanced Formulation Approach
and Challenges

Jiayi Chen, Zhifeng Zhao, Xinyu Wang and Jingjun Huang

Abstract

More than 50% of approved drugs on the market contain poorly water-soluble APIs,
which typically are associated with poor bioavailability, suboptimal drug delivery,
ineffective drug efficacy, and side effects. This creates a huge opportunity in generat-
ing 505(b) (2) products, which address unmet medical needs by applying formulation
technologies to overcome those difficulties. A key feature of the 505(b) (2) pathway is
the 505(b) (2) sponsor can rely upon clinical data or literature produced by other com-
panies. The 505(b) (2) pathway allows manufacturers to acquire FDA approval without
performing all the work required with a traditional NDA. The 505(b) (2) strategy can be
an option to improve existing drug products with a new indication, dosage form, dosing
regimen, strength, combination with other products, new route of administration,
elimination of food effect, switching from a prescription drugs (Rx) to an over-the-
counter (OTC), non-prescription product that differs from the OTC monograph, and
orphan drug indications. Both generic and brand companies are turning to more com-
plex 505(b) (2) products to avoid the commoditized generic competition. Revitalization
of older marketed drug products using innovative drug delivery technologies or
platforms can provide new marketing exclusivity and new patent protection, and thus
offer an effective tool for product life cycle management.

Keywords: NDA, 505(b) (2), liposome, nanoemulsion, long-acting injectable,
suspension, polymer microsphere

1. Introduction

The United States Food and Drug Administration (FDA) published the Draft
Guidance for Industry Applications Covered by Section 505(b) (2) in 1999 which for
the first time introduced this section of the Federal Food, Drug, and Cosmetic Act
(FFDC). By definition, the 505(b) (2) application is “a new drug application (NDA)
that contains full reports of investigations of safety and effectiveness but where at
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least some of the information required for approval comes from studies not con-
ducted by or for the applicant and for which the applicant has not obtained a right
of reference” [1]. It is submitted under Section 505(b) (1) of the Act and approved
under Section 505(c) of the Act. Compared to the other two types of application
described under Section 505, i.e., Section 505(b) (1), an application that contains
full reports of investigations of safety and effectiveness; and Section 505(j), some-
times referred to as abbreviated new drug application (ANDA), an application that
contains information to show that the proposed product is identical in active ingredi-
ent, dosage form, strength, route of administration, labeling, quality, performance
characteristics, and intended use, among other things, to a previously approved
product, 505(b) (2) pathway offers unique benefits for drug developers and sponsors:
(i) Low risk, time and cost effectiveness. 505(b) (2) allows the sponsor to rely on the
FDA’s previous findings of approved drug’s safety and effectiveness, and publicly
available literature without the right of reference. The substantially reduced studies
and required resources result in a 2-5 years program prior to the FDA approval as
compared to 8-15 years for a full NDA, and meanwhile cut the cost from 0.5-2 bil-
lion to 3-7 million dollars [2]. (ii) Flexibility. Contrary to 505(j) pathway which only
permits certain degree of flexibility in terms of additional physicochemical charac-
terization to demonstrate therapeutically equivalence (TE), 505(b) (2) encourages
additional clinical studies to assess drug safety and efficacy profiles, which renders a
scientifically more robust alternative for approving complex generics with unneces-
sarily a TE rating. (iii) Market exclusivity. The 505(b) (2) approved drug product
may be warranted by FDA a 3 to 5 years market exclusivity depending upon the
extent of changes to the reference product and the type of clinical data included,
new intellectual property rights and/or an “AB” substitution rating in the Orange
Book (AB: actual or potential bioequivalence problems have been resolved through
adequate in vivo and/or in vitro testing) [3].

In short, 505(b) (2) provides a midway between 505(b) (1) and 505(j) in terms of
the volume of new evidence required to be generated and submitted to the FDA. For
sponsors and investors, 505(b) (2) pathway presents as a lower risk, time and cost
option, and meantime a great market potential especially as many of the “blockbuster
drugs” patents and other protected drugs are expiring. Figure 1 is a schematic rep-
resentation of the three FDA approval pathways [4]. Table 1 lists some major differ-
ences and similarities in the registration process among the three pathways [2].

The aforementioned features of 505(b) (2) have driven industry’s growing interest
to utilize this pathway. It was barely used following the first a few years after it was
codified by the Hatch-Waxman Act. However, the number of 505(b) (2) approv-
als slowly increased in the beginning of the 1990s and sharply increased around
2003-2004, when the number of approved drugs through 505(b) (2) superseded
new molecular entities (NMEs) approved through 505(b) (1). Nowadays, 505(b) (2)
accounts for more than 60% of the total approved new drug applications. Figure 2
shows the number of drugs approved through 505(b) (2) compared with 505(b) (1) [5].

By nature, 505(b) (2) is an NDA which can be an option to improve existing drug
products with new indication, route of administration, dosage form, formulation,
strength, multiple drugs combination, dosing regimen, over-the-counter (OTC)
switch from prescription drug (Rx), and orphan drug indications, etc. [6], which
means that there are numerous approaches to fully take advantage of the 505(b)(2)
pathway. A retrospective analysis revealed that out of 224,505(b) (2) NDAs approved
by FDA between January 2012 and December 2016, the most prevalent type of FDA
submission class fell in type 5 (new formulation or new manufacturer; 43.3%),
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!
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Figure 1.
Schematic vepresentation of the three FDA drug approval pathways [4].

Generic copies

Component 505(b)(1) 505(b)(2) 505(j)

Studies Full Partial BA/BE

New ingredients Yes Yes No

New Formulations Yes Yes No

Patented Yes Yes No

Market exclusivity 5 years 3-5 years 6 months

Agency meetings Yes Yes No

Review classification 9 months 9 months 6-12 months

Timing 8-15 years 2-5 years 1-2 years

Costs $500 m - 2b $3m-7m $50 k—750 k

Clinical trials Yes Maybe No

Non-clinical / Toxicology data Yes Maybe No

PK/BA/BE studies with RLD N/A Yes Yes

New dosage form/strength Yes Yes No

Combination product Yes Yes Maybe
Table 1.

Differences and similarities in the vegistration process as per NDA (505(b) (1)), 505(b) (2), and ANDA

(505(7)) [2].

followed by type 3 (new dosage form; 28.6%) and type 4 (new drug-drug combina-
tion; 12.9%) [7]. It is clear that both generic and brand companies are turning to more
complex 505(b) (2) products to avoid the commoditized generic competition [4]. In
addition, reformulation of a conventional drug product by newly emerged technolo-
gies is an effective way to improve the drug efficacy, safety and patient compliance,
and to grant new marketing exclusivity and patent protection.
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Number of
505(b)(1)

Number of Number of 505(b)(1) (NMEs only) and
505(b)(2) 505(b)(2) approvals by the FDA, 2003-2020.

approvals approvals -

2003
2004 3

-4
o

2005 18 29 1w 60
2006 18 35 g
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2008 21 33 ® i
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2010 15 29 é 30
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2012 33 37 y
2013 25 39 10
2014 30 43
2015 33 45 0
2016 15 45 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021
2017 34 63 Year
gg:g ;; ;i ——Number of 505(b)(1) approvals (NMEs only)
2020 40 68 —s—Number of 505(b)(2) approvals
Figure 2.

FDA approvals of 505(b) (1) (NME:s only) and 505(b) (2) applications, 2003—2020.

This chapter, hence, aims to provide an overview on selected advanced formula-
tion technologies including liposome, nanoemulsion, long-acting suspension, poly-
meric microsphere and their respective 505(b) (2) approved products. The features of
each formulation approach are elaborated. Typical case is illustrated. The challenges
within the analytical characterizations and testing of these complex 505(b) (2) prod-
ucts, and the potential obstacles with regards to the manufacturing and regulatory
perspectives are also highlighted.

2. Liposome

Tracing back to as early as 1960, liposomes — the microscopic phospholipid bubbles
with single or several concentric lipid bilayered structure, have drawn tremendous
research interest as potential pharmaceutical carriers due to attractive biological prop-
erties. They are biocompatible; they have capability of entrapping hydrophilic pharma-
ceutical moiety in the inner aqueous compartment as well hydrophobic pharmaceutical
agent into the lipid membrane; liposomes are highly tunable in size (from less than
100 nm to several micron), charge and surface properties (PEGylated or ligand modi-
fied) by formulation and/or preparation methods to achieve favorable physicochemical
and biological features; they also offer unique opportunity to protect the encapsulated
cargo from undesired environment and to deliver pharmaceutical agents to target
cells, or even sub-cellular compartments. These advantages and highly tunability have
made liposome an ideal drug delivery system (DDS) for various pharmaceutical agents
including water-soluble/insoluble small molecules, peptides, proteins, DNAs, imaging
agents, etc., in therapeutical and diagnostic applications. The research and develop-
ment effort, and clinical investigation led to the breakthrough as Doxil® (liposomal
doxorubicin) was approved by the FDA as the first nanodrug. Thereafter, numerous
liposomal drugs have been successfully developed and marketed (Table 2).
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Year Event
1979 Fundamental research on liposomal doxorubicin initiated by Gabizon and Barenholz
1984 “First in man” (FIM) trial with “first generation” of liposomal doxorubicin (OLV-DOX) initiated
1987 OLV-DOX clinical trial failed
1988 “Remote loading” of doxorubicin was patented
1989 Doxil development initiated
1991 FIM trial on Doxil initiated in Jerusalem, Israel
1994 Major publication on Doxil clinical trials (Cancer Research 1994)
1995 FDA approval of Doxil
2010 US patent expired
Table 3.

Historical timeline of Doxil development and regulatory affairs [8].

The development of Doxil® is enlightening as a showcase of an NDA using
advanced formulation approach. A brief historical perspective (Table 3) is elabo-
rated herein but readers are highly encouraged to dig through the publication by
Barenholz [8] for more details. The selection of the model drug Doxorubicin (DOX),
an anthracycline chemotherapeutic agent, was deliberated. DOX is effective against a
broad spectra of cancer types than any other class of chemotherapy agents, thus it has
remained the “first line” anticancer drug from discovery till today [9]. Nevertheless,
the use of free drug solution (Adriamycin) was limited by toxicities, especially dose-
dependent cardiotoxicity which causes irreversible congestive heart failure, among
other side effects [10]. The drug’s physicochemical properties were well established,
as were its stability [11] and ADME (Absorption, Distribution, Metabolism and
Excretion) knowledge [12]. The distinct spectral properties of DOX (high molar
extinction at 486 nm, long wavelength > 550 nm and high quantum yield fluorescence
emission) makes the quantification sensitive and accurate [13]. Its state of aggrega-
tion, hygroscopicity, chemical degradation, pH change in its local environment, etc.
are all well-known at the time of the development. Taking advantage of the aforemen-
tioned drug properties, the “first generation” liposomal DOX was developed using
negatively charged, medium sized oligolamellar liposomes (OLV-DOX) composed of
two low chain melting - phospholipids (egg phosphatidylcholine and egg phosphati-
dylglycerol) and cholesterol. DOX was passively loaded during the lipid hydration and
hence membrane associated. Unfortunately, OLV-DOX did not survive in the First in
Man (FIM) trial due to multiple folds of reasons: (i) rapid release of DOX in plasma,
likely due to the drug location in the liposome bilayer as opposed to encapsulation
in the aqueous interior [14]; (ii) high mole fraction of phosphatidylcholine in the
bilayer accelerates uptake by reticular-epithelial system (RES) [15] and (iii) size is
too large to allow for extravasation in extra-hepatic tissues [16] and to fully utilize the

enhanced permeability and retention (EPR) effect [17, 18].

Though not successful, the failure of OLV-DOX served as the main driving force
towards two unrelated technologies to address the shortcomings in OLV-DOX, both of
which ultimately became the foundation of Doxil. Notably, Doxil does not have direct
patent on itself. Rather, it is based on the two families of patents which will be further
elaborated, and indeed Doxil enjoyed 14 years of patent protection in the US thanks to
the underlying cornerstones. The first technology, namely “remote (active) loading”,
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was to achieve a viable formulation with desired intra-liposome drug concentration,
usually defined as drug to lipid molar ratio [19], by pH gradient for many amphipa-
thic weak bases [20], or in the case of Doxil, based on a transmembrane gradient of
ammonium sulfate to load drug into preformed liposomes [19, 21]. The second tech-
nology was to formulate long circulating liposome with extend plasma half-life (t;/,),
reduced RES uptake and increased intra-tumor accumulation. Several approaches to
alter the lipid composition thus to create a steric stabilized lipid bilayer were studied
to achieve the goal, which includes the addition of GM; ganglioside [22], the use of
hydrogenated phosphatidylinositol (HPI) [15] and synthetic pegylated phospholipids
(PEG-DSPE) with different PEG chain length ranging from 350 to 15,000 Da [23, 24].
Small unilamellar liposomes with narrow unimodal size distribution having a mean
size of ~100 nm was prepared by medium pressure extrusion using polycarbonate
filters with defined pore size [25]. Considering the availability and cost, etc. factors,
GM, ganglioside-based formulation was excluded in the race [24]. Subsequently after
a critical comparative PK study in Beagle dogs [26], 2000 Da PEG-DSPE was demon-
strated superior over HPI as the steric stabilizer for the similar nano-liposomes, which
was ultimately determined to be the integral component of Doxil.

3. Nanoemulsion

Emulsion, a heterogeneous mixture of two or more immiscible liquids stabilized
by a third component (emulsifier), can be generally categorized into two types: oil
in water (o/w) and water in oil (w/0), whereas the former liquid is dispersed and
stabilized in the latter liquid. Lipid emulsion of the o/w type was firstly evolved in
the World War II to serve as an intravenous source of calories and essential fatty
acids. The development is based on the rationale that such emulsion is very similar in
structure as chylomicrons produced by human body, which is comprised of triglycer-
ides, proteins, free cholesterol and phospholipids. After about 14 years of safe clinical
use in European countries, Intralipid® was approved and launched in the US in 1975
for parenteral nutrition indication [27]. However, it was not until late 1980’s that lipid
emulsion has started to draw researchers’ interest as a carrier system for drug delivery.
Indeed, the generally non-toxic components of the lipid emulsion alleviate the safety
concerns. Besides, lipid emulsion offers some important advantages such as:

i.reduction in pain, irritation, and thrombophlebitis when administered by
injection,

ii. reduced systemic toxicity from the free drug or the solvent/surfactant used,

iii. improved lipophilic drug solubility, as well as stability especially in the case of
susceptibility to oxidation or hydrolysis, and

iv. potential targeted delivery [28].

To fully utilize emulsion as an effective DDS, a major formulation concern is
the physical stability of the formulation, besides other considerations such as drug
compatibility, etc. Hence, a subtype of emulsion, the nanoemulsion, has evolved
and become a viable approach to deliver drug systematically or locally (Table 4).
These nanoemulsions are named after their submicron droplet size ranging from 10
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Product Indication Route of Active Excipient formulation
name administration substance /
Strength
Aponvie? Postoperative nausea Shortiw. Aprepitant / In 4.4 mL: dehydrated
and vomiting infusion over 32 mg/4.4 mL alcohol 0.13 g, egg
30s lecithin 0.64 g, sodium
oleate 0.02 g, soybean
o0il 0.42 g, sucrose 0.24 g,
and WFI12.97¢g
Camcevi® Advanced prostate s.c. injection Leuprolide Each pre-filled syringe
cancer mesylate / contains:
42 mg/pre- poly(D, L-lactide)
filled syringe 184 mg and N-methyl-2-
pyrrolidone 136 mg
Cinvanti® Emetogenic iv. infusion Aprepitant / In 18 mL: egg lecithin
chemotherapy 130 mg/18 mL 2.6 g, ethanol 0.5g,
associated nausea sodium oleate 0.1 g,
and vomiting soybean 0il 1.7 g,
sucrose 1g,and WFI12 g
Cleviprex Blood pressure iv. infusion Clevidipine Soybean 0il 200 mg/
reduction butyrate / mL, glycerin 22.5 mg/
0.5 mg/mL mL, purified egg yolk
phospholipids 12 mg/
mL, NaOH, WFI gs.
Clinolipid Parenteral nutrition iv. infusion Refined olive Egg phospholipids NF
20% oil / 160 mg/ 12 mg/mL, glycerin
mL; Refined 22.5 mg/mL, sodium
soybean oil / oleate 0.3 mg/mL,
40 mg/mL NaOH, and WFI gs.
Durezol Inflammation and Topical, Difluprednate / Boric acid, castor oil,
pain associated with ophthalmic 0.5 mg/mL glycerin, polysorbate 80,
ocular surgery purified water, sodium
acetate, sodium EDTA,
NaOH and sorbic acid
1mg/mL
Estrasorb’ Menopause Topical Estradiol Soybean oil, water,
associated vasomotor hemihydrate / polysorbate 80 and
symptoms 2.5mglg ethanol
Kabiven® Total parenteral iv. infusion, Dextrose, Soybean 0il 200 mg/
nutrition central vein amino acids, mL, glycerin 22.5 mg/
only electrolytes, mL, purified egg yolk
Intralipid® phospholipids 12 mg/
20% mL, NaOH and WFI
Omegaven Parenteral nutrition- iv. infusion, Fish oil / Glycerin 25 mg/mL, egg
associated cholestasis central or 100 mg/mL phospholipids 12 mg/
in pediatric peripheral vein mL, D,L-a-tocopherol
0.15to 0.3 mg/mL,
sodium oleate 0.3 mg/
mL, NaOH and WFI
Perikabiven® Total parenteral iv. infusion, Dextrose, Soybean 0il 200 mg/
nutrition central or amino acids, mL, glycerin 22.5 mg/
peripheral vein electrolytes, mL, purified egg yolk
Intralipid® phospholipids 12 mg/
20% mL, NaOH and WFI
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Product Indication Route of Active Excipient formulation
name administration substance /
Strength
Restasis Promotion of tear Topical, Cyclosporine / Glycerin, castor
production ophthalmic 0.5 mg/mL oil, polysorbate 80,
carbomer 1342, NaOH
and WFI
Smoflipid Parenteral nutrition iv. infusion Soybean oil / Glycerin 25 mg/mL, egg
60 mg/mL; phospholipids 12 mg/
MCTs/ 60 mg/ mL, all-rac-a-tocopherol
mL; olive oil / 0.163 to 0.225 mg/mL,
50 mg/mL; fish sodium oleate 3 mg/mL,
oil / 30 mg/mL NaOH and WFI
Varubi® Emetogenic iv. infusion Rolapitant / Dibasic sodium
chemotherapy 1.8 mg/mL phosphate, anhydrous
associated nausea 2.8 mg/mL, MCTs
and vomiting 11 mg/mL, polyoxyl 15
hydroxystearate 44 mg/
mL, sodium chloride
6.2 mg/mL, soybean oil
6.5 mg/mL, NaOH or
HCI, and WFI
Verkazia® Vernal Topical, Cyclosporine / Cetalkonium
keratoconjunctivitis ophthalmic 1 mg/mL chloride, glycerol,
MCT, Poloxamer 188,
tyloxapol, NaOH and
WEFI
Xelpros® Reduction of Topical, Latanoprost / Castor oil, sodium
intraocular pressure ophthalmic 0.05 mg/mL borate, boric acid,

propylene glycol, edetate
disodium, polyoxyl

15 hydroxystearate,
potassium sorbate

4.7 mg/mL, NaOH or
HCI, and WFI

Information acquived from FDA Orange Book as of January 2023.
Abbreviation: i.v.: intravenous; s.c.: subcutaneous; NaOH: sodium hydroxide; MCT: medium chain triglycerides; WFI:
sterile water for injection; HCI: hydrochlovic acid.'Some discontinued products including: Hexa-Germ, Lipo Gantrisin,

Phisohex, Soy-dome, Turgex ave not listed due to limited information.

2Product approved via 505(b) (2) pathway.

3Product with marketing status “discontinued.”

Table 4.

FDA approved emulsion drug products’ via 505(b) pathway.

to 1000 nm. Unlike solution, they are thermodynamically unstable systems that
trend towards separation into two discrete phases over time. However, by deliberate
selection of the type of oil and surfactant type and composition ratio, the stability
time frame of the formed nanoemulsion can be substantially extended to a suf-
ficient shelf life for months or even years, given the system is kinetically stable. In
addition to the improved stability, suitable droplet size (as characterized by particle
size distribution (PSD)) and surface properties of nanoemulsion also dictate

their in vivo performances after systemic administration, usually governed by the
biodistribution, cellular uptake, etc. Studies have revealed larger sized droplets
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(>250 nm compared to <100 nm) were cleared faster from the body, indicating

a great role of mononuclear phagocyte system (MPS) in the clearance of these
nanoemulsion [29]. Moreover, droplet size has also been demonstrated to deter-
mine the intratumor distribution versus the peripheral tissues [30]. Therefore, it

is in common agreement that nanoemulsions with mean droplet size of less than
150 nm and a narrow, unimodal distribution is highly favored. Besides, a slightly
negative charged surface of the nanoemulsion can efficiently prevent the interac-
tion with cells due to electrostatic repulsion thus are not readily taken up by liver
and macrophage cells [31]. Therefore, egg derived phospholipids are generally
formulated into the nanoemulsion to provide this negative charge besides its overall
profound emulsifying and stabilizing properties. Neutral droplet surface or stealth
coating can be alternative ways to provide similar “inert” effect, fulfilled by using
non-ionic surfactants and/or PEG [32].

Although nanoemulsion presents numerous advantages, not quite many have
been successfully launched to the market. Some of the major formulation challenges
preventing a broader application of nanoemulsion as DDS are: (i) The disperse phase
comprised of long chain triglycerides (LCT) and/or medium chain triglycerides
(MCT) are not necessarily good solvents for lipophilic drugs; (ii) Drug loading. As
generally the lipid phase cannot exceed 30% in the formulation, many - time it is
challenging to load therapeutic-relevant dose of drug in the lipid; (iii) The incorpo-
rated drugs may render instability of the nanoemulsion, physically and/or chemically.
The hydrolysis of the lipids, usually free fatty acids, could also be detrimental to
the drug. (iv) There is a very limited number of approved oils and surfactants, and
strict regulatory restrictions on their total content in the product that can be used to
formulate, especially injectable emulsions [28].

4. Suspensions

Long-acting injectables (LAIs) are parenteral drug formulations that provide a
slow and sustained release of the Active Pharmaceutical Ingredient (API) follow-
ing administration. Compared to conventional oral formulations, LAIs have many
advantages, including sustained exposure of API, reduced administration frequency,
enhanced therapy adherence and patient compliance, and potentially lower level of
adverse effects [33]. Major classes of LAI formulation technologies are suspensions,
polymer microspheres, multi-vesicular liposomes (MVLs), oily solutions, and in situ
forming implants.

Aqueous suspensions are solid drug particles produced in micro- or nanometer
ranges in water and often have a stabilizer or surfactant to stabilize the particle size
distribution and particle morphology during storage. Suspensions are most likely
applied for APIs with low water solubility and relatively high lipophilicity, and drug
molecule dissolution occurs slowly iz vivo. Suspensions can be maintained as liquid
suspensions ready for injection or further lyophilized into dry powders to be reconsti-
tuted before administration [34, 35]. For APIs chemically stable in aqueous solutions,
the suspension can be made as a ready-to-use product for direct injection. For APIs
with poor chemical stability in aqueous solutions, the suspension is preferred to be
formulated as a lyophilized powder and reconstituted prior to administration. In
liquid suspension products, particles may sediment at the bottom of the container
during storage, and hence the suspension would need to be resuspended prior to
administration.
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The physical stability of suspensions relies on whether the suspended solids
remain dispersed or flocculate upon sedimentation [36]. If all the particles remain
discrete, the suspension is considered to be physically stable. Flocculation should be
carefully controlled, especially during long-term storage. The viscosity of suspensions
should not be too high to make redispersion difficult [37]. To formulate a physical
stable suspension, several approaches can be employed, including controlled particle
size, the use of structured vehicles, and the use of flocculating agents [38]. The
particle size of suspensions is crucial and must be reduced within certain range dur-
ing development stage. Large particles (> 5 pm diameter) will impart a gritty texture
to the product and might cause irritation upon injection or instillation into eyes.
Typical structured vehicles are aqueous solutions of polymeric materials, which are
usually charged to maintain the suspension [39]. Flocculating agents are added in the
suspension to form loosely bound aggregates that settle rapidly but resuspend easily
upon agitation. Common flocculating agents include electrolytes, surfactants, and
polymers [40]. Suspensions may also be formulated with other excipients, such as sol-
vents, wetting agents, anti-oxidants, preservatives, chelating agents, buffering agents
[41]. To develop a successful suspension, the compatibility of excipients with API, the
container closure system, and the manufacturing process should be investigated.

Upon administration, the API release from suspended solids is controlled by the
API solubility in the surrounding fluids and the accessible surface area of the API par-
ticles [42]. API solubility is determined by the physicochemical properties of the API,
in which APIs with greater lipophilicity tend to show slower release. In most long-
acting suspensions, the API is designed as a prodrug with lower solubility to achieve
extended release at the injection site. Accessible surface area is usually controlled by
the particle size of the API. Smaller particle size means larger surface area to volume
ratio, resulting in faster release. Accessible surface area can also be controlled by the
microfractures or surface roughness of the API. In addition, injection volume and
injection site could also affect the in vivo release of the API [43].

In the manufacturing of suspensions, critical steps include API introduction,
vehicle formulation, particle size reduction, sterilization, and filling. To introduce
API, it can be done in sterile or non-sterile, micronized or un-micronized manner.
Aqueous vehicles are prepared by the dissolution and filtration of surfactants, floc-
culating agents, and other excipients. High-shear mixing is normally needed to fully
wet the API in the suspension vehicle. Particle size reduction of the crystallized API
is required when the API is introduced in an un-micronized manner. Microfluidics,
wet milling, and high-shear homogenization are options to achieve this purpose
[44-46]. Selection of the proper particle size reduction strategy depends on the
final target particle size and size distribution, as well as the physicochemical prop-
erty of the APL

So far, numerous suspensions have been approved by the U.S. FDA via 505(b)

(2) pathway. Some of the approved long-acting suspensions and their drug prod-

uct information are summarized in Table 5. One example is Aristada, which is an
injectable suspension for intramuscular use. Aristada delivers aripiprazole lauroxil,

an atypical antipsychotic, for the treatment of schizophrenia in adults. In clinic,
Aristada Initio (675 mg dose) is used as initial regimen in Aristada-based therapy in
combination with oral aripiprazole (30 mg dose). Aripiprazole lauroxil is a prodrug
of aripiprazole, and it has a lower aqueous solubility than aripiprazole, which allows
the preparation of a crystal suspension [47]. After intramuscular injection, the aripip-
razole lauroxil crystal suspension forms a local depot, resulting in a sustained release
of aripiprazole lauroxil more than 4 weeks [47]. The clinical efficacy and safety of
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aripiprazole lauroxil depots has been demonstrated in a randomized, double-blind,
placebo-controlled trial in schizophrenia patients [48].

5. Polymer microspheres

Polymer microspheres consist of polymeric materials that encapsulate APIs in
a dispersion manner or as an API core surrounded by the polymer shell, achieving
controlled release purpose [49]. Over the past decades, research has been focused
on degradable polymer microspheres for drug delivery. Such drug delivery systems
are advantageous because microspheres can be injected or ingested, and they can
be tailored for desired release profiles and sometimes even provide organ-targeted
property.

Biodegradable polymers are synthetic or natural and can be degraded in vivo,
either enzymatically, non-enzymatically or both, to produce biocompatible and
toxicologically safe by-products which are further eliminated by the normal metabolic
pathways. The number of such materials that are used in controlled drug delivery
systems has increased dramatically over the past twenty years. They can be broadly
classified as synthetic biodegradable polymers and naturally occurring polymers.
Synthetic polymers include polyanhydrides, relatively hydrophobic materials such as
polylactic-co-glycolic acid (PLGA), and others. Natural polymers include complex
sugars (e.g., chitosan, hyaluronan) and inorganics (e.g., hydroxyapatite). Among these
polymers, PLGA is the most attractive and successful one for formulating micro-
spheres [50].

Microspheres can be manufactured via various microencapsulation processes,
including solvent evaporation/extraction, coacervation, spray drying, ionic gela-
tion, and others [51]. Solvent evaporation/extraction method is the most commonly
used process to produce the commercial polymer microspheres. Briefly, this method
involves emulsification of the organic polymer/API solution in an aqueous continuous
phase and subsequent precipitation of the polymer/API. The organic solvent used
to dissolve the polymer and API should have enough solubility in aqueous phase to
partition and thus enable precipitation of the polymer/API [52]. Methylene chloride
and chloroform are commonly used organic solvents for preparing PLGA-based
microspheres via solvent evaporation/extraction method [53]. The manufacturing
process can have impacts on the structure of polymer microspheres and API release.
For instance, when microspheres are produced using a solvent evaporation/extraction
method, steps such as emulsification and solvent removal can affect particle size,
particle size distribution, surface morphology, porosity, and API release profiles of
the microspheres. Typically, when the solvent removal goes fast, PLGA quickly transi-
tions from a rubbery state to a glassy state, and loses polymer chain mobility, resulting
in larger particle size and lower density compared to microspheres manufactured
through a slow solvent removal process.

The in vivo API release profiles of polymer microspheres involve multiple mecha-
nisms over different time scales, including API diffusion from the microspheres,
penetration of the release media into the microspheres, and polymer degradation. For
hydrophilic API, the release profile is usually continuous with or without an initial
burst release phase [54]. Burst release is driven by diffusion of the API absorbed on
the surface or near the surface of the microspheres. For hydrophobic API, there is
typically an initial burst release, followed by a lag phase where no or minimal API is
released, and then there is a secondary continuous release phase. The lag phase is the
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time required for polymer degradation and erosion. Once the polymer degrades to
certain extent, the microspheres will go through mass loss and matrix erosion, result-
ing in continuous release of the API until depletion.

Long-acting injectables are crucial for the patient compliance in chronic
diseases. Recently, more and more polymer microsphere formulations have been
approved by the U.S. FDA and some of them are approved via 505(b) (2) pathway. A
few examples are displayed in Table 6. For instance, LUTRATE DEPOT is a sterile
PLGA microsphere-based formulation to treat the symptoms of Advanced Prostate
Cancer, Endometriosis, and Uterine Leiomyomata. Several variants of Lupron
Depot® are clinically available containing different amounts of leuprolide acetate,
including 7.5, 22.5, 30 and 45 mg that are administered via intramuscular injection
route in a dosing interval of 1, 3, 4 and 6 months, respectively [55]. The API in
LUTRATE DEPOT is leuprolide acetate, a GnRH agonist, which acts as an inhibi-
tor of gonadotropin secretion. Administration of leuprolide acetate has resulted in
inhibition of the growth of certain hormone dependent tumors as well as atrophy
of the reproductive organs [56, 57]. LUTRATE DEPOT is stored in a vial containing
white to off white sterile lyophilized microspheres together with the corresponding
sterile reconstitution diluent in a pre-filled syringe. When LUTRATE DEPOT and
the diluent are mixed together, they become a suspension intended as an intramus-
cular injection.

6. Challenges

Although most of the challenges during the development of a drug product using
the advanced technologies are closely related to the formulation discussed in the
previous sections, the relatively high attrition rate of the clinical translation of the
advanced drug products is no less attributed to other factors, including analytical
characterizations, quality assurance of pharmaceutical manufacturing, the suitable
assessment of clinical trial and eventually government regulations and intellectual
property (IP), etc. [58]

Taking Doxil as an example, as both free and liposomal DOX existed and have
different release mechanisms where free DOX almost release instantly once being
injected into the patient’s body while liposomal DOX releases slowly. Being able to
determine and differentiate the two in the formulation is critical to the study and
control of the drug product quality. Traditional ways of analysis rely on separating
the two first, such as using ultracentrifugation, ultrafiltration, solid-phase extraction
(SPE), and gel filtration, followed by quantification with HPLC or CE afterwards.
However, each separation method has its own limitations: ultracentrifugation is
limited by liposome size; ultrafiltration due to drug adsorption by the device; for gel
chromatography it is the separation time and over dilution whereas SPE being the
most used method, still suffers from overestimating the free drug due to liposomal
drug release during the separation process [59]. In 2011, researchers have developed a
method that allows the simultaneous determination of both free and liposomal DOX
using CE and laser-induced fluorescence techniques, therefore eliminating the need
of preliminary separation and its induced complication. This method was validated
for the determination of free DOX only (not for both free and liposomal DOX, due
to the liposomal DOX leakage) with a 0.1 pg/mL lower detection limit, which greatly
helped future liposomal formulation developments [60].
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Another example is the characterization of the degree of branching of
poly(lactide-co-glycolide) (PLGA) for polymer-based long-acting injectables.
Two kinds of PLGA have been widely used in long-acting injectable formulations
approved by the FDA to control the rate of API release: linear PLGA and branched
glucose star PLGA (Glu-PLGA) [61]. Comparing to linear PLGA, branched PLGA
has more compacted structure, smaller hydrodynamic volume, smaller radius of
gyration, lower viscosity, and greater hydrophilicity, resulting in that it behaves
differently in terms of release kinetics from linear PLGA even though they might
have comparable molecular weight and lactide:glycolide (L:G) ratio. Being able
to reliably characterize the degree of branching of PLGA is therefore critical for
establishing a drug’s bioequivalence. However, until recently, the characterization
of PLGA has been limited to measuring its molecular weight and L:G ratio [61].
To address this analytical limitation, researchers from academia, industry and
the FDA worked together and developed a method using gel-permeation chro-
matography with quadrupole detection (GPC-4D), which greatly facilitated the
development process of 505(b) (2) products with PLGA embedded RLDs [62], such
as Sandostatin® LAR.

In perspective of quality assurance, the issue is usually centered on reproduc-
ibility and proper control of these advanced drug products under cGMP manufac-
turing. More complex the DDSs, more susceptible they are to slight change in the
manufacturing process which causes quality variance such as chemical instability or
denaturation of the encapsulated compound in the manufacturing process, compro-
mised long-term stability, etc. [63]. Further complications arise when the advanced
formulation technologies involve surface modification of a nanodrug with coating
and/or ligands.

Challenges are also associated with the increased number of physicochemical
variables of these advanced formulations during the assessment of pharmacokinetics
(PK), pharmacodynamics (PD) and toxicokinetics (TK) in animal studies [64, 65].
The in depth understanding of the interaction of these nanodrugs with biological
tissues and cells require consultation with academia, industry under the regulatory
framework [66]. The human clinical trials often face more complexity than conven-
tional formulations as a number of control groups are required to properly evaluate
various aspects of the advanced drug product. Furthermore, many drug products
may not demonstrate significantly improved efficacy or reduced side effects when
compared to their respective approved counterparts.

Last but not the least, considering the complexity of these advanced formulation
technologies incorporated into the drug product, associated often with multiple
patents, there are also needs for cross-licensing arrangements. The IP practices and
protocols could, therefore, be a perplexing issue which requires a simplified pathway
from invention to commercialization to reduce time and save cost [67].

7. Conclusion

Over the past three decades since the first FDA approved nanodrug Doxil, the
NDA 505(b) (2) have been actively and increasingly utilized as a preferable applica-
tion pathway, thanks to the emergence of various novel drug delivery formulation
technologies. The 505(b) (2) pathway offers well-balanced advantages to research-
ers, investors, regulatory agents, and ultimately to the patients. It stimulates new
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drug investigation as well as promotes the improvement of existing drugs. To take
advantage of this application route by (re)formulating with advanced technologies,
and to expedite the development and approval course, it is important though, for
the sponsors to fully understand not only the scientific scope but also regulatory and
intellectual affairs.
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In Silico Drug Repurposing:

An Effective Tool to Accelerate the
Drug Discovery Process

Karveti Srinivasa Rao and P. Subash

Abstract

Repurposing “old” drugs to treat both common and rare diseases is increasingly
emerging as an attractive proposition due to the use of de-risked compounds, with
potential for lower overall development costs and shorter development timelines. This
is due to the high attrition rates, significant costs, and slow pace of new drug discov-
ery and development. Drug repurposing is the process of finding new, more efficient
uses for already-available medications. Numerous computational drug repurposing
techniques exist, there are three main types of computational drug-repositioning
methods used on COVID-19 are network-based models, structure-based methods and
artificial intelligence (AI) methods used to discover novel drug-target relationships
useful for new therapies. In order to assess how a chemical molecule can interact
with its biological counterpart and try to find new uses for medicines already on the
market, structure-based techniques made it possible to identify small chemical com-
pounds capable of binding macromolecular targets. In this chapter, we explain strate-
gies for drug repurposing, discuss about difficulties encountered by the repurposing
community, and suggest reported drugs through the drug repurposing. Moreover,
metabolic and drug discovery network resources, tools for network construction,
analysis and protein—protein interaction analysis to enable drug repurposing to reach
its full potential.

Keywords: drug repurposing, protein—protein interaction, drug discovery, COVID-19,
pharmacological repositioning

1. Introduction

Drug repurposing, also known as drug repositioning, is a strategy for speeding up
the medicine discovery process by identifying a new therapeutic usage for an already-
approved drug for a different indication. One of the outcomes of polypharmacology
is the increased success and applicability of drug repurposing, which is a manifesta-
tion of the transition from a single to multitarget paradigm in drug discovery [1].
COVID-19 has now been labelled a pandemic, necessitating the development of novel
medicines as we move beyond containment. It is unrealistic to meet the current global
crisis by developing new pharmaceuticals from the ground up because it is a lengthy
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procedure. Drug repurposing is a new method in which current drugs that have been
proven safe in humans are repurposed to treat diseases that are difficult to cure. While
taking these repurposed medications alone may not provide a meaningful clinical
advantage, strategically combining them into a cocktail could be quite useful [2].

Repositioning previously approved medications is a promising practice since
it lowers the cost and length of the drug development pipeline while also lower-
ing the risk of unexpected side effects. The ability to quickly screen candidates
in silico and limit the number of prospective repositioning candidates makes
computational repositioning particularly interesting. What is not obvious is how
effective such strategies are at generating clinically useful repositioning hypoth-
eses is represented in Figure 1 [3]. The SARS-CoV-2 virus causes a respiratory
infection that can lead to pneumonia. COVID-19 has a mortality rate of 2-3.5%,
which rises with age and the presence of comorbidities (e.g., hypertension, cardiac
insufficiency, diabetes, and asthma). By April 15, 2020, the new coronavirus has
infected 2,033,406 people worldwide and killed over 130,000 people [4]. COVID-
19 has depleted health systems around the world, leading countries to take drastic
measures such as closing land borders and instituting social distancing regulations
to halt the disease’s spread [5].

The new coronavirus (SARS-CoV-2), which causes COVID-19, has swiftly become
a global danger to public health and the economy [5, 6]. SARS-CoV-2, according to
recent clinical reports, produces both mild, self-limiting respiratory tract infection
and severe progressive pneumonia, which can lead to multiorgan failure and death.
Despite the severity of some cases, no pathogen-specific antivirals are currently avail-
able to treat this infection. As a result, several studies have looked at the anti-SARS-
CoV-2 activity of currently available medicines [7].

‘Drug-Target-Disease association
i Identification of repurposing indication:
/ » Proof of principle
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Figure 1.

In silico-based drug vepurposing.
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2. Faster development times and reduced risks

Attempts to speed up the development of a medication are typically accompanied
by an increase in risk. Drug repositioning, on the other hand, offers a solution to the
problem. Repositioning candidates have generally gone through numerous phases
of clinical development and hence have well-known safety and pharmacokinetic
properties, which reduces development risk. Shorter paths to the clinic are also
possible because i vitro and in vivo screening, chemical optimization, toxicity, bulk
production, formulation development, and even early clinical development have all
been achieved in many situations. In summary, these considerations allow for the
reduction of many years from the path to market, as well as major risks and costs
(Figure 2). As a result, repositioning may provide a superior risk-to-reward ratio
than other medication development tactics. These benefits have not gone unnoticed
by venture capital firms looking for high value exits for their companies in the near
future. Because of the strong response such firms have had from the public equity
markets, it is nearly impossible for venture capitalists to invest in a therapeutics
company without drug prospects in or approaching clinical trials in 2004. Indeed,
repositioning allows for the rapid creation of such a pipeline, and repositioning firms
are having little issue with getting venture capital.
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Figure 2.

A t‘cgomparison of traditional de novo drug discovery and development versus drug vepositioning. (a) It is well
known that from concept to marketable medicine, de novo drug research and development takes 10-17 years

[8]. The probability of success is lower than 10% [9]. (b) because repositioning candidates have frequently

gone through numerous phases of development for their initial indication, several phases common to de novo

drug discovery and development can be avoided, allowing for a reduction in time and visk. ADMET is an
abbreviation for absorption, distribution, metabolism, excretion, and toxicity; EMEA is an abbreviation for
European medicines agency; FDA is an abbreviation for Food and Drug Administration; IP is an abbreviation for
intellectual property; and MHLW is an abbreviation for Ministry of Health, labour, and welfare.
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3. Drug repositioning opportunities

Drug repositioning is a potential approach that is gaining traction among governments
and pharmaceutical corporations due to its critical role in decreasing time, cost, and
risk in the development of treatments for cancer and other terminal diseases. As this
technique became more widely known, multidisciplinary teams of researchers and sci-
entists attempted, with varying degrees of efficiency and success, to computationally
study the potential of repositioning drugs to treat other diseases and identify alterna-
tive indications, regardless of whether the drug in question was approved, withdrawn,
in clinical trials, or failed. Despite the fact that drug repositioning is a relatively new
technique, the traditional, costly, and risky de novo drug development process is still
necessary for discovering and testing new drugs; however, incorporating some com-
putational drug repositioning models into this process can help to move drugs forward
in the development pipeline and ultimately improve drug efficiencies in clinical trials.
The potential for drug repositioning to help create the critical medications needed to
combat the present coronavirus outbreak cannot be overstated [10].

4. Challenges and opportunities

Traditional drug development strategies are risky, expensive, and prone to failure.
Asaresult, drug repositioning has recently gained attention, and it expedites the release
of medications for clinical usage. Drug repositioning, on the other hand, is a compli-
cated process involving a variety of aspects, including technology, business models,
patents, investment, and market demands. Despite the fact that many medical databases
have been built, determining the best strategy to fully utilise huge volumes of medical
data remains a challenge. New techniques for drug repositioning are urgently needed.
Another problem that needs to be addressed is intellectual property (IP). IP protec-
tion for repositioning medications is minimal [11]. Some novel drug-targeted-disease
connections discovered by repositioning researchers, for example, were corroborated by
papers or online databases; yet, according to the law, it is difficult to seek IP protection
for such associations. Some repositioned medications are unable to enter the market
due to intellectual property issues. Furthermore, some repositioning attempts have to
be abandoned, wasting both time and money [12]. Because the existing commercial
model is serial and produces overlapping investment concerns, it is required to develop
anew commercial model. Challenges accompany opportunities. An unintentional
finding in the 1920s was the first example of medication repositioning. More ways of
speeding up the process of drug repositioning have been proposed after nearly a century
of development. As a result, medication repositioning has made significant progress.
Table 1 contains 75 examples of pharmacological repositioning culled from the extensive
literature. To increase the performance of drug repositioning in this circumstance, mas-
sive machine learning techniques were applied. Experimental procedures, such as target
screening approaches, have been developed in addition to computational approaches to
provide direct proof of correlations between medications and diseases [11, 12, 24].

5. Drug-based computational approaches

The structure and chemical characteristics of a medicinal compound are clearly
linked to its final therapeutic effectiveness. As a result, repositioning options
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Drug name New indication Origin indication Mining References
Approaches
Atomoxetine ADHD Parkinson’s disease Network [13, 14]
Approach
Allopurinol Gout Tumour lysis Experiment [13]
syndrome
Amphetamine Hyperkinesis in Stimulant Semantic [13,15]
children (attention Approach
deficit hyperactivity
disorder, ADHD)
Apomorphine Erectile dysfunction Parkinson’s disease Experiment [16]
Aspirin Colorectal cancer Analgesic, antipyretic ~ Experiment [16]
Budesonide Colitis, Ulcerative Asthma Computational [17, 18]
Approach
Bupropion Smoking cessation Depression Experiment [13,19]
Celecoxib Colon, colorectal, lung,  Osteoarthritis and Computational [17,20]
and breast cancer are adult rheumatoid, Approach
all linked to familial arthritis
adenomatous polyposis.
Chlorpromazine Non-sedating Antiemetic/ Experiment [17]
tranquillizer antihistamine
Crizotinib NSCLC Clinical trials for Experiment [21]
anaplastic large-cell
lymphoma
Cymbalta Diabetic peripheral Depression Experiment [13]
neuropathy
Dapoxetine Premature ejaculation Analgesia and Experiment [13]
depression
Doxepin Insomnia antipruritic Antidepressant Experiment [19]
Drospirenone Hypertension Oral contraceptive Experiment [22]
Duloxetine Stress urinary Depression Computational [19]
incontinence, Approach
fibromyalgia,
Duloxetine chronic, musculoskeletal ~ Diabetic Neuropathies ~ Experiment [17]
pain, shoulder pain,
back pain, osteoa-
arthritis knee
Eflornithine Reduction of unwanted  Anti-infective Experiment [17]
facial hair in women
Etanercept Asthma Rheumatoid arthritis Network [22]
Approach
Everolimus Pancreatic Immunosuppressant Text-mining [21]
neuroendocrine Approach
tumours
Finasteride Hair loss Benign prostatic Experiment [13,17]
hyperplasia
Fludrocortisone Hypertension Cerebral salt wasting Experiment [22]

syndrome
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Drug name New indication Origin indication Mining References
Approaches
Fluoxetine Premenstrual dysphoric ~ Depression Network [13]
disorder Propagation
Furosemide Bartter syndrome Edema associated Experiment [22]
with congestive heart
failure
Galantamine Alzheimer’s disease Polio, paralysis and Network [17]
anaesthesia Approach
Gemcitabine Anticancer agent Antiviral Experiment [16]
Hydroxychloroquine Anti-arthritic systemic ~ Antiparasitic Experiment [19]
lupus erythematosus
Imatinib GIST BCR-ABL Experiment [21]
Imidapril Cancer cachexia Hypertension Experiment [19]
Infliximab Different arthritis Crohn’s disease Experiment [19]
forms; Alzheimer’s
disease
Leflunomide Prostate cancer Rheumatoid arthritis Network [16]
Approach
Lidocaine Oral corticosteroid Local anaesthesia Experiment [13]
dependent asthma,
arrhythmia
Lumigan Hypotrichosis simplex Glaucoma Experiment [13]
Mecamylamine ADHD Moderately severe Experiment [17]
to severe essential
hypertension and
uncomplicated
cases of malignant
hypertension
Metformin Breast, Diabetes mellitus Experiment [16]
adenocarcinoma,
prostate, colorectal
cancer
Methotrexate Osteosarcoma, breast Acute leukaemia Network [13]
cancer, Hodgkin Approach
lymphoma
Methotrexate Rheumatoid arthritis Cancer Experiment [16]
Mifepristone Psychotic major Pregnancy Experiment [13]
depression, Cushing’s termination
syndrome
Milnacipran Fibromyalgia Depression Experiment [13]
Miltefosine Visceral and cutaneous Breast cancer Experiment [19]
leishmaniosis
Minocycline Ovarian cancer, glioma Acne Experiment [16]
Monoxide Hair loss Hypertension Experiment [13]
Mycophenolate Renal symptoms Transplanted organ Experiment [19]
mofetil of systemic lupus rejection
erythematosus

926



In Silico Drug Repurposing: An Effective Tool to Accelerate the Dyug Discovery Process

DOI: http://dx.doi.org/10.5772/intechopen.109312

Drug name New indication Origin indication Mining References
Approaches
Naltrexone Alcohol withdrawal Opioid addiction Experiment [19]
Nelfinavir In clinical trials for AIDS Network [21]
multiple cancer Approach
Nitroxoline Bladder, breast cancer Antibiotic Experiment [16]
Noscapine Multiple cancer types Antitussive,antimalari ~ Experiment [16]
al,analgesic
Paclitaxel Restenosis Cancer Network [13]
Approach
Pegvisomant Hypercholesterolemia Acromegaly Experiment [22]
Perindopril Alzheimer’s disease Hypertension Network [22]
Approach
Phentolamine Impaired night vision, Hypertension Network [13]
dental anaesthesia Approach
reversal agent
Pioglitazone Nonalcoholic Type 2 diabetes Experiment [23]
steatohepatitis mellitus
Raloxifene Osteoporosis Breast and prostate Experiment [19]
cancer
Rapamycin Colorectal cancer, Immunosuppressant Computational [16]
lymphoma, leukaemia Approach
Requip Restless legs Parkinson’s disease Experiment [13]
Retinoic acid Acute promyelocytic Acne Experiment [19]
leukaemia
Ropinerole Parkinson’s, restlesslegs ~ Hypertension Experiment [17]
syndrome
Sibutramine Obesity Depression Experiment [13,16]
Sildenafil citrate Erectile dysfunction Hypertension, angina  Experiment [13,19]
(approved)
Statins Cancer, leukaemia Myocardial infarction ~ Network [16]
Approach
Sunitinib Pancreatic tumours/ GIST, renal cell Network [21]
Gastrointestinal carcinoma Approach
Tumour
Tadalafil Male erectile Inflammation and Experiment [17]
dysfunction cardiovascular
disease,
Tadalafil Prostate cancer, Impotence Network [17]
hypertension, Approach
pulmonary hyperplasia
and prostatic
hyperplasia
Thalidomide Moderate to severe Sedation, nausea and Experiment [17]

erythema nodosum
leprosum cutaneous
symptoms in leprosy
and multiple myeloma

insomnia
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Drug name New indication Origin indication Mining References
Approaches

Thalidomide Leprosy, multiple Morning sickness Network [13]
myeloma Approach

Thalidomide Erythema nodosum Anti-emetic Experiment [19]
leprosum

Thiocolchicoside Leukaemia, multiple Muscle relaxant Network [16]
myeloma Approach

Tofisopam Irritable bowel Anxiety-related Experiment [17]
syndrome conditions

Topiramate Migraine,bulimia Epilepsy Experiment [13]

Trastuzumab HER2-positive HER2-positive breast ~ Network [21]
metastatic gastric cancer Approach
cancer

Valproic acid Solid tumours, Antiepileptic Experiment [16]
Leukaemia

Vesnarinone Oral cancer, leukaemia,  Cardioprotective Experiment [16]
lymphoma

Wortmannin Leukaemia Antifungal Experiment [16]

Zidovudine HIV/AIDS Cancer Experiment [13]

Zoledronic acid Multiple myeloma, Anti-bone resorption Experiment [16]

prostate cancer, breast
cancer

Table1.
Pharmacological vepositioning culled from the extensive litevature.

for medicinal molecules can be investigated based on chemical similarities. The
rationale for this method is based on quantitative connections between chemical
structures and biological activity that are well-known (QSAR). Although identical
structures in biological systems do not always act the same, computational tech-
niques for drug repositioning can take use of the degrees of resemblance that exist.
Chemical similarity techniques work by extracting a set of chemical properties for
each drug in a group of medications, then clustering or creating networks based
on the recovered features to relate the drugs directly to one another [25]. Simple
chemical associations or looking for specific biological traits, such as known drug
targets, enriched in the resulting correlations can subsequently be used to infer
therapeutic repositioning prospects.

Chemical systems biology is being used to identify new drugs in a network. A
unique method of modelling and predicting drug-target interactions is statistical
modelling of similarities in chemical structure between medicines and possible
ligands [26, 27]. Before and after modelling with chemical drug - ligand interactions,
network mapping of a wide range of drugs to protein targets enabled the prediction
of new targets, including primary sites of action and off-target proteins as explana-
tions for well-known side effects, with new and unexpected drug binding revealed
across major categories of proteins unrelated by sequence or structure. A number
of modelling predictions were validated using binding assays, proving the method’s
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efficacy [28]. A generated network of chemogenomic space exhibited a high level of
interaction between gene families, giving tractable drug combinations the ability to
act on projected targets, by integrating structure — activity data for predicted mul-
tiple target binding compounds [29]. This demonstrates how networks can be used
as templates for statistical and computational modelling predictions of drug-ligand
interactions, and it adds to our understanding of polypharmacology, or the particu-
lar binding of a molecule to two or more biological targets [27]. Computational tools
for drug discovery are represented in Table 2.

Databases Functions URL
BIND Portal for biomolecular interaction networks http://bond.unleashedinformatics.
com/

BioGRID A database of physical and genetic interactions of http://thebiogrid.org
many organisms

DIP A database for experimentally determined http://dip.doe-mbi.ucla.edu/dip/
protein interactions Main.cgi

GWAS Resource of genome-wide association studies http://gwas.nih.gov

HPRD Human proteome database HPID www.hprd.org/

HPID A human-protein interaction database http://wilab.inha.ac.kr/hpid/

IntAct Open source analysis tools for molecular http://www.ebi.ac.uk/intact/
interaction data

MINT Database of curated molecular interactions http://160.80.34.4/mint/

MIPS Database of mammalian protein—protein http://mips.helmholtz-muenchen.
interactions that has been manually curated. de/proj/ppi/

OMIM A repository of human genes and genetic http://www.ncbi.nlm.nih.gov/
diseases. omim

STRING Known and predicted protein—protein http://string-db.org/

interactions database

Metabolic network resources

BRENDA A comprehensive enzyme database www.brenda-enzymes.info/

KEGG A comprehensive database on metabolic http://www.genome jp/kegg/
pathways, diseases, drugs, and other topics.

REACTOME Open access curated pathway database http://www.reactome.org/

ReactomeGWT/entrypoint.html

Drug Discovery Network resources

CPNM Context-specific Protein Network Miner http://www.biotextminer.com/
CPNM/index.html

Drug bank Information on drugs and their targets http://www.drugbank.ca/

PROMISCUOQUS Resource of drugs, proteins and side effects http://bioinformatics.charite.de/
promiscuous/

STITCH A database of known and projected drug-protein http://stitch.embl.de/

interactions
ZINC Chemical compounds that are commercially http://zinc.docking.org/

available are stored in a database
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Databases

Functions

URL

Tools for network construction

Cobweb A tool for visualising and exploring networks. http://bioinformatics.charite.de/
cobweb/
Cytoscape Tool for network visualisation and data http://www.cytoscape.org/
integration. Many plugins are available for
various types of analysis.
NAViGaTOR Network visualisation tool http://ophid.utoronto.ca/

navigator/

Tools for network analysis

Pajek A large network visualisation and analysis tool http://vlado.fmfuni-lj.si/pub/
networks/pajek/
Gephi A dynamic network visualisation tool that also https://gephi.org/
allows for specialising, filtering, navigating,
altering, and clustering of network data.
BIANA Automated network data integration and analysis http://sbi.imim.es/web/index.
using other tools such as Cytoscape php/research/servers/biana?
POINeT PPI searching, analysis and visualisation tool http://poinet.bioinformatics.tw/
Network analyser Plugin for analysing and visualising molecular http://med.bioinf.mpi-inf.mpg.
interaction networks, as well as computing de/netanalyzer/
specific network topological metrics.
Table 2.

Tools for protein—protein intevaction analysis.

6. Applications of personalised medicine and drug repositioning

The utilisation of personalised medicine methodologies to investigate particular
diseases and reposition medications for these diseases has far-reaching diagnostic and
therapy implications. Both of these approaches are particularly useful for rare diseases
or disease subtypes that are difficult to investigate and conduct clinical trials for due
to their rarity [30]. Theyre also important for patients who are resistant to or have
developed resistance to medicines and do not have any other options for treatment.
We’ll look at how customised medicine and drug repositioning methods can help in
these two cases in this section.

7. Orphan or rare diseases

Any disease that affects a small percentage of the population is classified as an
orphan or uncommon disease. The majority of known uncommon diseases are genetic
in nature, and so they affect people for the rest of their lives. Many manifest early
in life, and approximately 30% of children with rare diseases die before reaching
the age of five. There is no commonly agreed-upon cut-off figure for determining
whether or not a disease is rare. The Rare Disease Act of 2002, for example, defines
arare sickness as any disease or condition that affects fewer than 200,000 people in
the United States, whereas in Japan, a rare disease is defined as one that affects fewer
than 50,000 people. Rare diseases, on the other hand, are defined by the European
Commission on Public Health as those that are life-threatening or chronically
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debilitating and have such a low prevalence (1 in 2000 individuals) that they require
special coordinated efforts to combat. Furthermore, a sickness that is rare in one part
of the world or among a specific group of people may be widespread in another. An
individual uncommon disease may have a low incidence. However, the 6000 identi-
fied rare diseases collectively impact around 25 million Americans, or about 10%

of the total [31]. Because rare diseases are defined by therapy availability, resource
scarcity, and disease severity, they are now referred to as orphan diseases (ODs),
especially since the orphan drug movement began in the United States in 1983. Asa
result, the United States Orphan Medication Act (1983) covers both rare and non-rare
diseases for which there is no reasonable expectation that the cost of developing and
commercialising a drug for such a disease in the United States will be recouped via
drug sales in the United States. About 6000 rare or OD diseases have been recognised,
and the National Institutes of Health’s Office of Rare Diseases (ORD) keeps track of
them (NIH). While some of the mentioned ODs are well-known (e.g., cystic fibrosis,
Huntington’s disease), the majority of people are unaware of numerous ODs with
patient numbers of less than a hundred. Each year, about 250 new ODs and diseases
are characterised [32]. The ODA was created to support the research and marketing of
medications (orphan pharmaceuticals) for the treatment of ODs and other disorders.
The ODA arose in response to the modest number of orphan medications approved

in the United States in the years leading up to the ODA’s approval [33]. Unfortunately,
the drug research process for ODs is the same as it is for any other disease: it is
extremely costly and time-consuming.

8. Discussion and conclusion

After looking at the various ways that computational drug repositioning strategies
and models have been used to identify novel therapeutic interactions, we can con-
clude that each strategy and approach has its own set of benefits and drawbacks, and
that combining different strategies and approaches often results in a higher success
rate. Despite the fact that we have some excellent computational drug reposition-
ing models, establishing robust models is still a difficult endeavour. Because of the
intricacy of mapping such theoretical approaches to imitate actual organisms behav-
iour, as well as other difficulties such as missing, skewed, and erroneous data, one of
the key challenges is bringing theoretical computing ideas into action. For example,
reliable gene expression signature profiles may be difficult to define due to a variety
of factors, including differences in experimental conditions (e.g., environment
variables and patient age) between experiments, which can lead to data discrepancies
in gene expression signatures, contributing to biased data. Furthermore, when these
genes are employed as medication targets, there may not always be large changes in
gene expression, which might lead to erroneous results. Furthermore, when using the
chemical structure and molecular information technique, the dearth of high-resolu-
tion structural data for drug targets makes it difficult to detect potential drug-target
interactions. Another issue that computational drug repositioning models face is the
absence of reliable gold-standard datasets with which to evaluate their efficacy.

We offer a brief overview of the subject of computational drug repositioning,
with a focus on analytically validating such methods. We cover the three methods
of validation that are currently in use, as well as the challenges with consistency and
essential assumptions that each of them makes. Finally, we offer an approach for
increasing the validity of computational repositioning validation.
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Chapter7

Drug Repurposing: Challenges
and Successes in the Treatment of
SARS-CoV-2

Xolani Henry Makhoba

Abstract

The coronavirus disease 2019 (COVID-19) outbreak resulted in an economic
burden, with millions of morbidity and mortality infections, due to the unavailability
of treatment and limited resources in many developing countries. Drug repurposing
was among the first ways to come up with a solution to combat the COVID-19 outbreak
worldwide and save lives. Drug repurposing, well-defined as investigating new hints
for approved drugs or progressing formerly considered but unapproved drugs, is the
main approach in drug development. It is suggested that at least 30~40% of novel
drugs and biologics permitted by the US Food and Drug Administration (FDA) in 2007
and 2009 can be considered repurposed or repositioned products. Here, we discuss
some of the proposed and tested drugs as tools to eliminate COVID-19, the challenges
and successes of preparing for future pandemics using the drug repurposing approach,
and treating other diseases.

Keywords: COVID-19, drug repurposing, challenges, success, preparedness for future

1. Introduction

In 2019, the whole world was hit by the outbreak of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) that causes coronavirus diseases 2019 (COVID-19), with
a huge economic and social burden to humankind [1]. Many people lost their household
income. Many businesses were forced to shut down because of travel restrictions that
were imposed to manage this novel disease. Sadly, millions of people lost their lives, and
billions of cases were reported worldwide due to this disease. Unfortunately, there was
no effective and affordable cure for COVID-19, resulting in the search for urgent treat-
ment of this pandemic. Hence, pharmaceutical and academic institutions came together
to develop emergency treatments. Thus, looking at existing drugs for the treatment of
closely related diseases to COVID-19 was one of the proposed approaches to combat the
scourge of the virus. Vaccines of tested efficacy to stop COVID-19 infection were being
investigated vigorously worldwide. Currently, some specific drugs have been authorized
for COVID-19, but the improvement of antivirals requires time. Hence, a faster way of
treatment is done by drug repurposing [2, 3]. Drug repurposing is a promising approach
in disease management because it is fast, easy, and a safe strategy to deal with ever-
increasing disease crises because of their previously known applications. Drugs used
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for managing malaria were proposed for treatment of COVID-19. A study conducted
showed that both chloroquine (CQ ) and hydroxychloroquine (HCQ ), which are known
antimalarial medications, were found to have in vitro efficacy against SARS-CoV-2 [4].
Various small future studies have shown positive results. However, this outcome has not
been declared worldwide, and apprehensions have been elevated due to the indiscrimi-
nate use and potential side effects. The clinicians were not in support of the usage of
these medications. For example, the correct dose and duration of therapy are unknown.
Another conducted study proposed that African countries have since seen low numbers
of COVID-19 due to the endemic use of malarial drugs. They investigated the in vitro
antiviral activity against SARS-CoV-2 of several antimalarial drugs. The outcome of the
conducted study showed the following results: chloroquine (EC50 = 2.1 pM and EC90 =
3.8 uM), hydroxychloroquine (EC50 = 1.5 pM and EC90 = 3.0 uM), ferroquine (EC50 =
1.5 pM and EC90 = 2.4 pM), desethylamodiaquine (EC50 = 0.52 pM and EC90 = 1.9 pM),
mefloquine (EC50 = 1.8 pM and EC90 = 8.1 uM), pyronaridine (EC50 = 0.72 pM and
EC90 = 0.75 uM), and quinine (EC50 = 10.7 pM and EC90 = 38.8 pM) showed in vitro
antiviral effective activity with IC50 and IC90 compatible with drug oral uptake at doses
commonly administered in malaria treatment [5]. The ratio Clung/EC90 ranged from 5
to 59. Lumefantrine, piperaquine, and dihydroartemisinin had IC50 and IC90 too high to
be compatible with expected plasma concentrations (ratio Cmax/EC90 < 0.05). With this
data, it was then predictable that countries that generally use artesunate-amodiaquine or
artesunate-mefloquine account for fewer cases and deaths than those using artemether-
lumefantrine or dihydroartemisinin-piperaquine. In recent years, novel coronavirus
infections have occurred occasionally in many countries worldwide. Severe acute respi-
ratory syndrome coronavirus (SARS-CoV) arose in 2002, infecting 8,422 people and
causing 916 losses during the epidemic. Middle East respiratory syndrome coronavirus
(MERS-CoV) was first recognized in 2012. At the end of December 2019, a total of 2499
laboratory-confirmed cases of Middle East respiratory syndrome (MERS), including 861
associated deaths, were reported globally [6]. At the end of 2019, novel coronavirus pneu-
monia (NCP) appeared in Wuhan and spread speedily. The pathogen was established asa
new coronavirus, publicly named COVID-19 by the World Health Organization (WHO).
Proteinase is a key enzyme in CoV polyprotein processing. In recent years, research on
SARS-CoV and MERS-CoV protease inhibitors has been carried out iz vitro and in vivo.
Lopinavir (LPV) is a proteinase inhibitor. Both peak (9.6 pg/ml) and trough (5.5 pg/ml)
serum concentrations of LPV inhibit SARS-CoV [7]. LPV also blocks a postentry step

in the MERS-CoV replication cycle [6]. Ritonavir (RTV) inhibits the CYP3A-mediated
metabolism of LPV, thereby increasing the serum concentration of LPV. Lopinavir/
Ritonavir (LPV/r) is a combination of lopinavir and ribavirin. The antiviral activity of
LPV/r is like that of LPV alone, suggesting that LPV largely drives the effect. Therefore,
this review focuses on drug repurposing their success and challenges, and preparedness
for future pandemics [8].

2. Different types of human coronaviruses

Coronaviruses (CoVs) are a family of viruses that cause respiratory and intestinal
illnesses in humans and animals. They usually cause mild colds in people, but the emer-
gence of the severe acute respiratory syndrome (SARS) epidemic in China in 2002-2003
and the Middle East respiratory syndrome (MERS) on the Arabian Peninsula in 2012
show they can also cause severe disease. In addition to these types of coronaviruses,
the whole world has been faced with the highly transmitted type of coronavirus since
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December 2019. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes coronavirus disease, was first reported in China in 2019 in Wuhan after
some serious pneumonia cases were reported [9]. This disease was first referred to as
the 2019 coronavirus but later as COVID-19 by the World Health Organization (WHO).
Below, each type of coronavirus is explained briefly and its structure.

2.1 SARS-CoV (the beta coronavirus that causes severe acute respiratory
syndrome, or SARS)

Severe acute respiratory syndrome coronavirus was first identified in Southern
China around November 2002, and in 2003, it was recognized as global human
treatment due to its fast-spreading conditions. For example, this disease was reported
in more than 24 countries such as Asia, Europe, Northern America, and Southern
America. Despite the reported cases in those areas, in 2004, no cases were reported,
and the risk was relatively low [10].

2.2 MERS-CoV (the beta coronavirus that causes Middle East Respiratory
Syndrome, or MERS)

Middle East Respiratory Syndrome coronavirus (MERS-CoV) was first reported in
Saudi Arabia in 2012 after that reported to some other parts of the countries such as Qatar
and Jordan. However, as time passed, in 2018, MERS-CoV infection cases were reported
worldwide such as Asia, Europe, America, and African countries. Therefore, more
than 2260 confirmed cases and 803 deaths of MERS-CoV-related disease were reported
worldwide, with most cases in Saudi Arabia. This disease attracted a lot of attention in
pharmaceutical and academic industries due to its high rate of human-to-human trans-
mission and treat to human. Also, to understand its origin and pathophysiology in order
to prevent it from spreading father or becoming a human pandemic. Even though health
officials were dealing with a relatively new virus with different behavior, they were able
to be attended to and controlled quickly, thus reducing its threat to humans [11].

2.3 Human coronavirus (HCoV-NL63)

In Holland in 2004, another novel human coronavirus (HCoV-NL63) was iso-
lated from a seven-month-old infant suffering from respiratory symptoms. This
virus has subsequently been identified in various countries, indicating a worldwide
distribution. HCoV-NL63 has been shown to infect mainly children and the immune-
compromised, who presented with either mild upper respiratory symptoms (cough,
fever, and rhinorrhea) or more serious lower respiratory tract involvement such as
bronchiolitis and croup, which was observed mainly in younger children. In fact,
HCoV-NL63 is the etiological agent for up to 10% of all respiratory diseases.

2.4 SARS-CoV-2 (the novel coronavirus that causes coronavirus disease 2019, or
COVID-19)

In 2019 in China Wuhan city, the first reported cases of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) were announced as a virus responsible for
coronavirus disease 2019 (COVID-19). This disease was then reported in various
parts of the world, thereafter, declared as pandemic by World Health Organization
(WHO) in 2020 [12, 13]. Millions of infections and millions of fatalities were reported
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worldwide due to fast spreading of this disease to human-human hosts. Most coun-
tries closed their borders to slow the spread of the virus, thus affecting many econo-
mies of developed and underdeveloped countries [14]. Current evidence suggests that
the virus spreads mainly between people in close contact, for example, at a conversa-
tional distance. The virus can spread from an infected person’s mouth or nose in small
liquid particles when they cough, sneeze, speak, sing, or breathe. Another person

can then contract the virus when infectious particles that pass through the air are
inhaled at short range (this is often called short-range aerosol or short-range airborne
transmission) or if infectious particles come into direct contact with the eyes, nose, or
mouth (droplet transmission) (WHO, 2021). Therefore, treatment to combat this dis-
ease was needed urgently. Hence, most developed countries invested many in phar-
maceutical and academic institutions to foster the research and development of drugs
or vaccines to treat millions of infected young and old people from different countries
and ethnicities [15]. As a result, the FDA approved the use of various drugs known for
treating other diseases, such as malaria. These drugs included famous malaria drugs
such as chloroquine, hydroxychloroquine, and others, as shown in Table 1. The repur-
posed drugs target the entry points or strategies used by the virus to enter the human
host system. For example, in Figure 1, the SARS-CoV-2 viral structure and proteins
involved in the virus process are highlighted. Spike glycoprotein is a major role player

Drugname Structure Mode of action References

Chloroquine K Inhibits the [16]
’L N action of heme
HN” SN TN polymerase
in malarial
~ trophozoites,
preventing the
Cl "N conversion of
heme to hemozoin.

Hydroxychloroquine (\ OH Increase pH within [17]
)\/\/ intracellular
HN vacuoles and
alter processes
such as protein
cl N de.gr.adation by
acidic hydrolases
in the lysosome,

assembly of
macromolecules

in the endosomes,
and posttranslation
modification of
proteins in the
Golgi apparatus

Ferroquine /CH 3 Alters lysosomal [13]

\ pH and induces
HN CH; lysosomal
. membrane

S

permeabilization

Fe

=
cl N @
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Drugname

Mode of action

References

Desethylamodiaquine

HXCDa 2 HCI

Therapy for the
treatment of
uncomplicated
malaria

18]

Mefloquine %}
3

Targets the 80S
ribosome of

the Plasmodium
falciparum,
inhibiting protein
synthesis and
causing subsequent
schizonticidal
effects

(19]

Pyronaridine

Functions have
an inhibitor

of hemozoin
(biomineral
malaria pigment,
by-product of
hemoglobin
digestion)
formation,
blocking the
biopolymerization
of p-hematin and
thus facilitating
the accumulation
of toxic hematin
into the digestive
vacuole of the
parasite.

[20]

Quinine

Has rapid
schizonticidal
action against
intra-erythrocytic
malaria parasites.
Itisalso
gametocytocidal
for Plasmodium
vivax and
Plasmodium
malaria, but not
for Plasmodium
falciparum.
Quinine also has
analgesic, but
not antipyretic
properties. The
antimalarial
mechanism of
action of quinine is
unknown

[21]

Table 1.

List of some drugs for malarial treatment but considered for COVID-19 treatment.
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Figure 1.
SARS-Co V-2 virus depicting the location of the nucleocapsid (N), membrane (M), envelope (E), and spike (S)
protein. (Adapted from Navhaya et al., 2023 unpublished data,).

during viral entry into the human host. Therefore, chloroquine is believed to block
the virus's entry into the host and inhibit its replication inside the cellular system [22].

3. Impact of coronaviruses in the past and present

Since the outbreak of the first coronavirus in 2002 (SARS-CoV-1), then the
outbreak of influenza A in 2009, which was followed by the MERS-CoV; in 2019,
there was an outbreak of SARS-CoV-2 which was declared a global pandemic. SARS-
CoV-2 produced the highest number of infections and fatalities compared to the other
coronaviruses. It only did not affect the undeveloped countries, but well-developed
countries were hit the most. It, therefore, caused a lot of panic in the health system
worldwide. These viruses are somehow observed to produce the same symptoms
individuals infected by them, from fever, cough, and shortness of breath to sore
throats (Figure 2). Though there has been a huge drive to develop effective treatment
or management of SARS-CoV, it is important to highlight some of the drugs proposed
as tools to fight this pandemic [23].

Common symptoms
Pe *Fever
*Cough
& . *Shortness of breath
N \ o *Sore throat
‘ ™\ Hovelinfizens Genens| Sever
J / symptoms symptoms
y with *Trouble breathing
F — COZN"::“““ *Persistent pain or pressure in chest
and influenza *Struggling to arouse
e n.r‘ AH® o | in human
—~y~ 75,400 AP ceaths
~y :;zﬂ:e‘::: deaths g Vorid-wide The risk increases with
~y world-wide 886 deaths kg eiderly person with
worid-wid xs. underlining conditions
Figure 2.

Summary of the impact of coronaviruses and influenza in the past and present.
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4. Summary of malaria and its treatment

Malaria is one of the major causes of death, especially in underdeveloped countries.
In Africa, many drugs have been approved to treat or manage malaria, such as chloro-
quine, hydroxychloroquine, ferroquine, and others, as listed in Table 1 were developed.
However, the outbreak of COVID-19 in 2019 became a major concern as many countries
worldwide were affected. The urgent treatment of the virus was needed; therefore,
drugs that were meant for the treatment or management of the disease caused by
Plasmodium parasites were proposed for the treatment of COVID-19. Below are some
of the drugs that were tested or meant for the treatment of various types of Plasmodium
species but repurposed or proposed for the treatment of SARS-CoV-2. Drug repurpos-
ing represents an enthusiastic mechanism to use approved drugs outside the scope of
their original indication and accelerate the discovery of new therapeutic options [24].

5. Success, challenges, and preparedness for future treatment of COVID-19

Major success stories in the management of the COVID-19 were seen, and evidence
is the scraping of travel regulations due to the decrease in the transmissions of the
disease. The emergency approval of various vaccines, such as Pfizer, messenger RNA
vaccine, protein subunit vaccine, MORDENA, and Johnson and Johnson vaccine, give
hope to many people. However, challenges were reported regarding the intake of the
vaccine in various parts of the world due to hesitations. This resulted in the slow intake
of the vaccines and the boosters. As a result, various types of SARS-CoV-2 variants
were developed in various countries, such as the United Kingdom, South Africa, and
the United States just to mention but a few. One of the most important things to pre-
pare for a future pandemic is the availability of accurate information. Proper education
at all levels of age, in order to prepare better for what may come [25].

6. Cancer and HIV drugs repurposing for COVID-19 treatment
Both cancer and HIV are the pauses a huge threat to human life worldwide.

With cancer, it is difficult to avoid because it can be inherently detected, but with
HIV; it is documented that it can be transferred from human-to-human through

Drugname Cancer/HIV Action Ref

Ruxolitinib Cancer Reduction of hyperinflammation during cytokine storm [26]

Bevacizumab Cancer Vascular permeability inhibition [27]

Carmofur Cancer Blockade of viral replication [28]

Lopinavir HIV inhibits the activity of an enzyme critical for the HIV viral lifecycle  [28]

Ritonavir HIV binds to the protease active site and inhibits the activity of the [29]
enzyme

Indinavir HIV binds to the protease active site and inhibits the activity of the [30]
enzyme

Saquinavir HIV binds to the protease active site and inhibits the activity of the enzyme ~ [31]

Table 2.

A list of some drugs for cancer and HIV treatment but repurposed for COVID-19 treatment.
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unprotected sex and through sharing needles with someone who has the virus in their
system. There is no effective cure for both diseases; however, there are management
approaches. The outbreak of COVID-19 presented the opportunity for drug repur-
posing from both cancer and HIV drugs to treat the pandemic. Table 2 summarizes
some drugs that are known for either cancer or HIV management but were tested for
COVID-19 and were reported to be promising tools for this disease.

7. Conclusions and future perspectives

Drug repurposing is a promising tool in addressing various diseases, especially
those that are still under study. The recent COVID-19 has taught us many lessons,
from understanding its biology to drug development. Different types of drugs are
being repurposed from the known disease to use against the treatment of coronavirus
2019. This approach has given many researchers and pharmaceutical industries to
prepare for future pandemics using the same method to treat future pandemics.
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Abstract

Paclitaxel (Taxol) is potent natural anticancer drug that has evolved over the
years. It has been useful in the management of many cancers. Hence, this review aims
to appraise the pros and cons of paclitaxel in the management of cancers using lit-
erature. Paclitaxel acts by obstructing mitotic spindle formation attributed to clamp-
down of mitotic clampdown hence arresting the cell cycle at the G,/M phase. Some of
the notable side effects of paclitaxel usage include: hair loss, numbness, bone marrow
suppression, muscle pain, allergic reactions, diarrhea, etc. Among the mechanism
of paclitaxel resistance are P-glycoprotein efflux pumps, mutation in tubulin and
alterations in binding regions of f-tubulin, altered function of cytokine expression
as well as apoptotic Bcl-2 and p53. Combination of paclitaxel with cisplatin clearly
improves the duration of progression-free survival and of overall survival of breast
cancer. Paclitaxel which is a valuable natural anticancer drug seems promising in the
management of non-cancer diseases such as COVID-19, renal and hepatic fibrosis,
inflammation, skin disorders, axon regeneration, limb salvage, and coronary artery
restenosis. With the advancement of technology, it is expected that the biosynthesis,
chemo-resistance as well as its targeted delivery would unfold and perhaps open new
uses and vista to the old drug of about five decades ago.

Keywords: paclitaxel, cancer management, mechanism of action, resistance,
repurposing

117 IntechOpen



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

1. Introduction

One of the World Health Organization (WHO) list of essential medicine is
paclitaxel which is also known as Taxol and belongs to the taxane family (Figure1).
It’s an approved drug used to treat some cancers which include: breast, ovarian, lung,
esophageal, cervical among other, it has a total market value of over $1 billion per year
[1, 2]. Some of the notable side effects of paclitaxel usage include: hair loss, numb-
ness, bone marrow suppression, muscle pain, allergic reactions, diarrhea, etc. [3].

One of the remarkable natural anticancer drugs—paclitaxel was first extracted
from the Pacific yew tree, Taxus brevifolia in 1971. The yield from the bark of the
yew tree was 0.01-0.05% which was low and this prompted the search for alterna-
tive means of synthesis which range from microbial fermentation, chemical syn-
thesis, tissue, and cell culture [4]. It acts by obstructing mitotic spindle formation
attributed to clampdown of mitotic clampdown hence arresting the cell cycle at the
G,/M phase [5].

Among the mechanism of paclitaxel resistance are P-glycoprotein efflux pumps,
mutation in tubulin and alterations in binding regions of p-tubulin, altered function
of cytokine expression as well as well as apoptotic Bcl-2 and p53 [6]. Combination of
paclitaxel with cisplatin clearly improves the duration of progression-free survival
and of overall survival of breast cancer [7].

Earlier development shows that the combination of nab-paclitaxel and gemcitabine
significantly improved the survival of patients with metastatic pancreatic cancer [8].
Recently, low-dose paclitaxel seems promising in treating non-cancer diseases, such
as skin disorders, renal and hepatic fibrosis, inflammation, axon regeneration, limb
salvage, and coronary artery restenosis. Future studies would help to understand the
mechanisms underlying these effects in order to design therapies with specificity [9].

Nanocarrier systems including nanoparticles, liposomes, micelles, bioconjugates,
and dendrimers have been employed in order to improve paclitaxel solubility and
eliminate undesired side effects [10].

In the review, we examined the history, synthesis and biosynthesis of paclitaxel
and also highlight the usage in the treatment of various cancers. We also presented the
mechanism of action, combination with other drugs and well as the side effects and

Figure 1.
Structure of paclitaxel.
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mechanisms of resistance. Hence, we concluded and provided future directions on pacli-
taxel with increasing evidence in the management of other disease other than cancer.

2. Materials and methods
2.1 Literature search

Literature search was done across many databases such as Google Scholar,
PubMed, Embase, and Scopus using the keywords “Paclitaxel” and “Cancer” A lot
of research article was obtained as this area has been explored for the past 50 years.
Preprints that have not been peer-reviewed; non-cancer studies were excluded as
well as gray literature. This was filtered with abstract, title and full text to identify
relevant articles that can be integrated to assess the appraisal of paclitaxel (Taxol) in
the management of cancers. The other articles were excluded by abstract, title or full
text after the authors have read the abstract or articles and discovered the articles do
not adhere to the objectives of our review.

3. History and synthesis

Paclitaxel has been previously extracted from the bark of the Pacific Northwest
yew tree which is one of eight varieties of Taxus species specifically the Taxus
brevifolia [1, 11]. The yew tree has been historically used in the production spear
points and other weapons, household implements and diverse tools [12, 13]. The
active compound in paclitaxel was identified by Mansukh Wani and Monroe Wall
in 1971 [14-16]. The drug was also selected that same year by the NCI as a candidate
for preclinical development and took the crucial step of entering into an agree-
ment with the National Forest Service to ensure a harvest of the yew [17, 18]. A
breakthrough in the development of paclitaxel occurred in 1979 when Dr. Susan
Horwitz at Albert Einstein Medical College in New York identified the drug’s unique
mechanism of action as a promoter of microtubule assembly and its cytostatic
activity on many types of tumors, thus increasing scientific interest in studying the
drug [19, 20]. According to the National Cancer Institute (NCI), the Taxus brevifolia
has a very poor Taxol content of only about 0.06% in the bark making it incapable
of meeting the market and research’s needs [21, 22]. It was then concluded that
the slow growth rate and high cost of production of paclitaxel made production
impractical, non-environmentally conscious and financially burdening resulting
in its insufficiency as a natural source of paclitaxel [23, 24]. The isolation of Taxol
from endophytic fungus was also used to produce Taxol [11, 25]. This is done by
the chemical conversion of 10-deacetylbaccatin-III to Taxol using synthetic and
semi-synthetic methods [25]. Fermentation is also used to produce paclitaxel from
microorganisms but it produces a small yield of between 24 ng and 70 pg per liter
and it is very unstable [26].

3.1 Biosynthesis

Paclitaxel can be synthesized from the isoprenoid precursors, including IPP
(isopentenyl pyrophosphate) and its isomer DMAPP (dimethylallyl pyrophosphate)
utilized by organisms in the biosynthesis of terpenes and terpenoids, which can be
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produced through the MVA (mevalonate) pathway and the MEP (methylerythritol
phosphate) pathway [4] as shown in Figure 2.

3.2 Mechanism of action

Paclitaxel is a chemotherapeutic drug functioning as a mitotic inhibitor that
is used to treat common cancers [21, 25]. Paclitaxel is known to be the earliest
microtubule-stabilizing agent that is able to arrest the cell cycle in the G,/M phase
and also promote apoptotic cell death [27, 28]. In preclinical in vitro studies, Taxol
with concentrations as low as 0.05 pmol/L have been shown to promote microtubule
assembly by decreasing the lag time for the microtubule assembly, and also to shift
its equilibrium in favor of microtubule formation [29, 30]. It performs this role by
interrupting the normal function of microtubule growth by hyper-stabilizing the
structure, preventing the dissociation of microtubules, blocking cell cycle progres-
sion, preventing mitosis, and inhibiting the growth of cancer cells [31, 32]. In essence,
Taxol reduces the concentration of tubulin that is needed for the assembly of micro-
tubule in the presence or absence of factors that are usually essential for this function,
such as exogenous GTP or microtubule-associated proteins [33]. Microtubules treated
with Taxol are known to be stable even after a short period of treatment with calcium
or low temperatures, conditions that easily promote disassembly [27]. This unusual
stability results in the inhibition of the normal dynamic reorganization of the micro-
tubule network [34]. Specifically, paclitaxel binds to the Taxol-binding domain of the
p subunit of tubulin which is the “building block” of microtubules, and the binding of
paclitaxel locks these building blocks in place preventing their depolymerization [35].
The complex compound formed (microtubule/paclitaxel) is unable to disassemble,
thus reducing the critical concentration of the assembled tubulin subunits and
increases the percentage of assembled tubulin subunits (shortening and lengthening)
blocking the progression to mitosis [2]. As an anticancer drug, the microtubules in
the prophase stage forms a spindle that pulls the chromosomes away from the equator
to the poles [36]. During later stages, they depolymerize and the spindle structure
dissolves [29] and the exposure to cold temperatures and calcium ions can also trigger
depolymerization of microtubules [37]. The binding site of paclitaxel has been shown
to be different from that for guanosine triphosphate, vinca alkaloids, colchicine, or
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Biosynthetic pathway of paclitaxel [4].
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podophyllotoxin and is present on the microtubule rather than tubulin dimers [38].
The mechanism of action of paclitaxel has been proposed on the basis of its effective
action as a chemotherapeutic drug for different types of cancers.

3.3 Repurposing of paclitaxel for possible therapeutic outcomes

Drug repurposing has become an economical as it saves money and time, it also over-
comes development risk associated with new drugs. Great benefits that exist with drug
repurposing has already been outlined especially the knowledge of the mechanism of
actions of the drugs that has been studied using new methods such as genomic expres-
sion and i vitro drug screening and target verification. Paclitaxel has been studied to
show its effects in different types of cancers. Currently, new studies have also shown its
involvement in non-cancer diseases also such as fibrosis. Zhang et al. [9] indicated that
signal transducer and activator of transcription 3 (STAT3) were reduced in mice and
in vitro in a dose dependent manner. They hypothesized that the administration of low
doses of paclitaxel administration, may block the STAT3 (signal transducer and activa-
tor of transcription 3). This singular activity is responsible the attenuation of fibrous
that has unilateral ureteral obstruction.

3.4 Appraisal of treatment effects/success

Rowinsky and collaborators [25] reported an excellent review on the preclinical and
early clinical trials with paclitaxel and observed that 30% of the patients with ovar-
ian achieved a complete remission [39]. Shortly after the original report of activity in
ovarian cancer, three additional clinical trials provided confirmation that responses are
observed (mostly partial remissions) in 20-50% of the patients with this disease.

Sparano et al. [40] experimentally depicted that paclitaxel significantly improves
overall survival. There was also a 32% reduction in the hazard ratio for death afforded
by weekly paclitaxel which was observed in a similar administration of anthracycline-
containing chemotherapy. Sparano et al. [40] results are in consonant with studies of
metastatic breast cancer that demonstrated a beneficial administration of paclitaxel
weekly. Zhu et al. [41] explained in his journal that paclitaxel in combination with
immunotherapy can increase the efficacy of treatment against breast cancer by inhib-
iting the normal function of Tregs and thus reversing the immune escape of tumors.

O’Shaughnessy et al. [42] performed a randomized clinical trial including 139
patients and suggested that paclitaxel in combination with alisertib improves
progression-free survival observed in patients with ER-positive, ERBB2-negative or
triple-negative metastatic breast cancer which had been pretreated with endocrine
therapy. Markman et al. [43] evaluated the activity of single agent weekly paclitaxel in
patients with both platinum and paclitaxel (delivered every 3 weeks)—resistant ovar-
ian cancer. Forty-eight patients with platinum and paclitaxel-resistant ovarian cancer
received single agent weekly paclitaxel (80 mg/m?*/week). It was observed that the
weekly administration of paclitaxel can be a useful management approach in women
with both platinum and paclitaxel (given every 3 weeks)-resistant ovarian cancer.

4. Combinations with other drugs

Studies have shown that combination chemotherapy produces faster response
rates and longer progression-free survival than single agents [39, 44, 45]. They
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remain the mainstay of therapy for patients with advanced breast cancer, and these
regimens often include the anthracycline doxorubicin. When paclitaxel and MG1
were combined experimentally, their combination improved the efficacy of all of

the breast cancer models tested, demonstrates greater efficiency in murine tumor
models, greater tumor killing in vivo and thus is a promising alternative approach

for the treatment of patients with refractory breast cancer [39]. Kawiak et al. [46]
experimental study indicated that plumbagin increases the sensitivity of breast cancer
cells to paclitaxel. The role of ERK (a component of mitogen-activated protein kinases
that controls cell proliferation and survival) in plumbagin-mediated sensitization of
breast cancer cells to paclitaxel was shown through the enhancement of the synergis-
tic effect between compounds in cells with decreased ERK expression. These results
imply that plumbagin can inhibit the activation of ERK in breast cancer cells and this
plays a vital role in the sensitization of cells to paclitaxel-induced cell death [46].

Elserafi et al. demonstrated experimentally that the combination chemotherapy
of paclitaxel and cisplatin provided similar response rate, lower toxic effect and
overall survival when compared sequentially and in combination [44]. Also, Steuer
etal. [45] showed that the combination of carboplatin-paclitaxel had a more favor-
able toxic-effect profile when compared to the combination of cisplatin-etoposide
[45]. An experiment was carried out by Shroff et al. to evaluate the association
between progression-free survival and the addition of nanoparticle albumin-
bound (nab)-paclitaxel to gemcitabine-cisplatin for the treatment of patients with
advanced biliary tract cancer. The result indicated that the treatment with nab-
paclitaxel in addition to gemcitabine-cisplatin prolonged median progression-free
survival, response rate and overall survival when compared to controls treated with
gemcitabine-cisplatin alone [47, 48].

A combination of chemotherapeutic drugs doxorubicin and paclitaxel are
known to be active in the treatment of advanced breast cancer. However, earlier
studies indicated that this combination had a high incidence of congestive heart
failure which was caused by increased exposure to doxorubicin and its metabolite
doxorubicinol [49, 50]. Limitations of the paclitaxel-doxorubicin-cisplatin (TAP)
regimen in the treatment of endometrial cancer include tolerability and cumber-
some scheduling [51, 52]. In a phase 3 study of the efficacy and safety of the
albumin-bound paclitaxel (nab-paclitaxel) plus gemcitabine versus gemcitabine
monotherapy in patients with metastatic pancreatic cancer, the combination drug
significantly improved overall survival, progression-free survival, and response rate
[53, 54]. Combination therapy resulted both in a superior overall response rate and
a superior time to treatment failure, two frequent measures of efficacy in metastatic
chemotherapy trials [55].

5. Side effects/toxicity in organs

Traditional paclitaxel has a very poor solubility in water, and their solvents are
likely to cause serious adverse effects [56]. There is evidence in the literature to sug-
gest that paclitaxel effects are concentration-dependent. Adverse effects associated
with paclitaxel administration include the peripheral neuropathy, hypersensitive
reactions, myelosuppression, hepatotoxicity, bradycardia, cardiotoxicity, myalgias,
hypotension, diarrhea, arthralgias, nausea, mucositis, gastrointestinal toxicity, and
alopecia [57].
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5.1 Myelosuppression

A major dose-limiting side effect of the administration of paclitaxel is
myelosuppression which is known as bone marrow suppression that results in
the decrease in the production of blood cells [57]. Specifically, paclitaxel admin-
istration results in grade IV leukopenia and neutropenia in about 26 and 68% of
patients, respectively [58].

5.2 Hypersensitivity reactions

Hypersensitive reactions are mostly encountered either during or shortly after
infusion with paclitaxel and the onset is usually very rapid, and seen within a few
minutes of starting the infusion [59, 60]. Studies have shown that the solvent for
paclitaxel (Cremophor EL®, castor oil vehicle) plays a very crucial role in hypersen-
sitivity reactions such as anaphylactoid hypersensitivity reactions, abnormal lipopro-
tein patterns, hyperlipidemia, aggregation of erythrocytes and peripheral neuropathy
which has been mediated by kinetic interference [61-63].

5.3 Neuropathy

Paclitaxel is known to cause weakness, cold sensitivity, numbness, pain from
muscle and nerve damage to the hands and feet. Higher doses of paclitaxel are associ-
ated with an increased incidence of neuropathy, in fact, grade 3 or 4 neutropenia was
observed in 68% [64, 65]. The effect of paclitaxel on microtubule assembly and disas-
sembly reduces the normal axonal transport system leading to a length-dependent
sensorimotor axonal neuropathy [66].

5.4 Renal and hepatic toxicities

Renal as well as hepatic toxicities are also a clinical concern in the administration
of paclitaxel because they may compromise essential organ functions, impair renal
excretion and reduce metabolism which lead to increased risk of other severe adverse
effects [67]. This toxicity may be related to germline variations, such as single-
nucleotide polymorphisms (SNPs) in genes that affect the pharmacokinetics and/or
pharmacodynamics of paclitaxel [68].

5.5 Myalgias and arthralgias

Paclitaxel causes a syndrome characterized by diffuse myalgias and arthralgias,
which can be resistant to opioids and other pain medications. Patients have reported
pain that typically starts between day 2 and day 7 of administration and peaks on
days 3-4 but remains consistent in intensity and duration with continuation of drug
administration [58].

5.6 Dermatological adverse effects
Photosensitivity, pustular eruptions, folliculitis, extravasation, dorsal hand-foot

syndrome, hair and nail changes, fixed erythrodysesthesia and also pigmentary
changes are all caused by prolonged administration of paclitaxel [61].

123



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

6. Resistance

Drug resistance still remains the fundamental limiting factor to achieving cures to
patients with cancer. Paclitaxel has been established as the first-line chemotherapeutic
treatment drug for breast cancer [69, 70]. Mechanisms of drug resistance include over-
expression of P-glycoprotein efflux pump, alterations in binding regions of f-tubulin
and tubulin mutations, reduced function of significant apoptosis proteins (such as
Bcl-2 and p53), alterations in cytokine expression (such as Interleukin-6), paclitaxel
detoxification mediated by CYP [6], altered expression of regulatory proteins. These
proteins include keratin 17 (KRT17) in cervical cancer cells, which may increase cell
migration and PTX survival, or fibronectin type III domain-containing protein 5
(FNDCS5), which could promote paclitaxel sensitivity by inhibiting NF-xB/MDR1 sig-
naling in NSCLC [71], as well as microtubule specific effects with mutated p-tubulin,
varied levels of B-tubulin isotypes, and chemical modification of tubulin [72].
Experimentally using indirect immunofluorescence and electron microscopy, acquired
Taxol resistance in Chinese hamster ovary cell lines possessed altered a-tubulin or
p-tubulin and required Taxol in the medium for normal growth have demonstrated
that these resistant cells have mutations in tubulin, resulting in impaired microtubule
assembly. In essence, continuous exposure to Taxol is required for polymerization to
proceed normally, thereby promoting the formation of functional microtubules.

The ABC transporters are well known to be energy dependent transporters that
exist across the cell membrane and transfer substrate across the cells using hydrolysis
of ATP [32, 72]. Increased expression of ABC transporters such as ABCB1, ABCB4,
and ABCG2 mRNA resulted in efflux of anticancer drug paclitaxel (pumping drug
out the cell), leading to reduction in their efficacy and development of multidrug
resistance (MDR) cells [73]. ABCB1 belongs to ABC transporter family and encodes
a membrane protein P-glycoprotein, which is a well-known efflux pump responsible
for Multi drug resistance [74]. Cells resistant to paclitaxel showed cross-resistance to
other hydrophobic drugs and exhibited increased level of P-glycoprotein [64].

7. Conclusion and future direction

Plant-based medicines has shown potent anti-cancer, anti-diabetic, anti-viral
and neuroprotective effect [75-77]. Notable pros of paclitaxel’s have been its usage
in many cancers, high success rate from preclinical and clinical trial data, its com-
binatorial properties with other drugs. Also, it has also been shown to be promising
in treating non-cancer diseases such as renal and hepatic fibrosis, inflammation,
skin disorders, axon regeneration, limb salvage, and coronary artery restenosis [9].
Further research would be needful to show insight to the mechanistic mode of action
in various diseases processes. It was recently reported by [78] that through protein-
protein network analysis (bioinformatic and proteomics data analysis). Paclitaxel was
the most potent candidate showcasing anti-cancer as well as anti-viral property. More
wet lab research is needed to validate and enhance its repurposing strategy.

Also, notable cons about paclitaxel that would be improved in the incoming
years include: utilization of biotechnology to improve biosynthesis of paclitaxel will
unfold with improved technologies and technological application. Overcoming the
chemo-resistance associated with paclitaxel would enhance its usage in many other
diseases as well as novel combination with other drugs/therapies will uncover faster
response and survival in patients. Modification with targeted deliveries like novel
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liposomes and magnetic particle preparations would ensure prompt pharmacologi-
cal action. Alternating the formulation approach to minimize its toxicity as a result
of Cremophor. This assessment of the pros and cons of paclitaxel is discussed in this
chapter (Figure 3 below).

Figure 3.
Overview of the pros and cons of paclitaxel in cancer management.

Researchers envisages more development and improvement in the near future for
synthesis, overcoming chemo-resistance, combination with other drugs and repur-
posing and application in non-cancer diseases of the compound extracted from the
bark of pacific yew tree some five decades ago.
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Chapter 9

Drug Repurposing: Scopes in
Herbal/Natural Products-based
Drug Discovery and Role of

in silico Techniques

Manisha Kotadiya

Abstract

Natural products and their derivatives are the most promising and prolific
resources in identifying the therapeutic small compounds with potential therapeutic
activity. Nowadays, working with herbal or natural products can be boosted by
collecting the data available for their chemical, pharmacological, and biological
characteristics properties. Using in silico tools and methods, we can enhance the
chances of getting a better result in a precise way. It can support experiments to
emphasis their sources in fruitful directions. Though due to their limitations with
respect to current knowledge, quality, quantity, relevance of the present data as
well as the scope and limitations of cheminformatics methods, herbal product-
based drug discovery is limited. The pharmaceutical re-profiling is done with the
main objective to establish strategies by using approved drugs and rejected drug
candidates in the diagnosis of new diseases. Drug repurposing offers safety lower
average processing cost for already approved, withdrawn drug candidates. In silico
methods could be oppressed for discovering the actions of un-investigated phy-
tochemicals by identification of their molecular targets using an incorporation of
chemical informatics and bioinformatics along with systems biological approaches,
hence advantageous for small-molecule drug identification. The methods like rule-
based, similarity-based, shape-based, pharmacophore-based, and network-based
approaches and docking and machine learning methods are discussed.

Keywords: docking, molecular simulation, bioinformatic tools, machine learning,
target identification, databases

1. Introduction

Herbal or natural products and their derivatives have an ancient status in using
them as traditional medicines to treat ailments and various diseases. However, in
today’s era, they become a prolific resource for identifying small therapeutic molecules
as an inspiration. With regard to it, around two-thirds of small-molecule medicines or
drugs approved in between 1981 and 2019. William C. Campbell, Satoshi Omura, and
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Youyou Tu got noble prize for the discovery of two natural products such as avermec-
tin and artemisinin, and they are used in the treatment of parasitic diseases caused
by parasites [1].

Due to these evolutionary processes, natural compounds consist of various
biological activities in different races. Because of these characteristics, the wide range
of products from natural resources are identified as privileged structural molecules
[2, 3]. They are highly diverse with respect to structure, pharmacological, and physi-
ological properties. Some are having good ADME and physicochemical properties,
and some are clearly beyond and generally recognized as small drug-like chemical
space [4-6]. Almost all phytochemicals and other compounds from natural origin
have complex molecular structure with respect to their 3D molecular shape, geom-
etry, stereochemistry, ring complexity, and conformations like more number of rotat-
able bonds and absence of aromaticity [7-9]. This includes numerous basic obstacles
to 3D cheminformatics methodologies, which is why the creation of force fields and
algorithms for the prediction and identification of protein-bound conformations
of such complex compounds remains the most actively pursued research period in
cheminformatics and bioinformatics [10-15].

In silico methods can contribute to natural product small-molecule discovery and
can also became a backbone to experimentalists throughout the lead identification
[16-19]. They are not only used for identifying bioactive molecule but also used to
prioritize material for testing [20, 21]. In silico methods are also adopted as follows:

i.data curation and dereplication,

ii. chemical space analysis, visualization, and comparison,
iii. accentuation of product-likeness,
iv. prediction of ADME properties and safety profiling.

A high-performance computer facility on-site is no longer required.
Calculations may now be conducted at extremely large sizes in the cloud at a
cheap cost and complexity. Simply paying software license fees is a significant cost
component that has steadily climbed in recent years. Simultaneously, we are seeing
an increase in the number of sophisticated open-source tools, similar to what has
been widely used in the area of bioinformatics. Some of the best softwares in this
category are as follows:

i.RDKit and CDK [22, 23]
ii. KNIME [24, 25] (an open-source analytics platform), and
iii. Scikit-learn (an open-source Python module for machine learning) [26]

This summarizes the methods and in silico tools for repurposing to provide a
concise but comprehensive overview of the scope and limitations for herbal or other
natural origin-based drug discovery in a format that is accessible to researchers from
different areas with an interest in drug discovery. The conversation covers a huge
number of methods in cheminformatics, bioinformatics as well as data resources
relevant to natural product-based drug discovery.
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2. Herbal/natural product databases and computational methods/tools

Most databases also provide free bulk download, allowing for virtual screening
and other uses. According to these studies, the total number of natural compounds
whose structures can be obtained via bulk download from free databases exceeds
250 k, approaching 300 k. Unfortunately, many databases have a brief half-life; just
a handful are sustainably managed and under continuous improvement. Data qual-
ity is always an issue, but when it comes to phytoconstituents, extra care should be
taken, especially when integrating the data with computational methods that rely on
correct depiction of 3D molecular structures. This is because of that stereochemical
information on phytocompounds is frequently erroneous. Virtual databases can be
distinguished into following:

i.encyclopedic and natural product/herbal data sources,
ii. databases augmented with phytoconstituents used in traditional medicines,

iii. specialized databases dedicated to certain ecosystems, geographical locations,
animals, pharmacological activities, or even their classes.

Super Natural II [27] is the most comprehensive free database, with over 325 k
substances. The database may be queried using a chemistry-aware online interface;
however, mass download is not supported. A handful of the best free, downloadable
materials are described below:

i. Universal Natural Products Database (UNPD) [5], which lists more than 200 k
compounds;.

ii. In addition, major databases such as the TCM database-Taiwan [28], which has
information on over 60 k compounds discovered in Chinese medicinal plants,
natural product Atlas [29], which contains information on over 25 k chemicals
found in bacteria and fungus; and

iii. The Collective Molecular Activities of Useful Species (CMAUP) database
[30, 31], which has information on over 47 k chemicals from over 5600 plants;

iv. We discovered that only around 16% of our collection of roughly 250 k com-
pounds were available in the ChEMBL database and by overlapping our set with
the whole ChEMBL database (a database offering bioactivity data on approxi-
mately 2 million compounds) [32, 33];

v. Similarly, when we compared the dataset to all small-molecule ligands docu-
mented in the Protein Data Bank (PDB), we discovered that only roughly 2000
molecules have at least one co-crystallized X-ray structure of excellent quality [6].

3. Inssilico analysis, physicochemical studies, and structural properties of
natural products

Computational chemistry has been playing a key role in the characterization of
compounds by their physicochemical and structural properties. Phytocompounds
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cover a much lots of chemical space than synthetic [34]. The structural uniqueness
(and complexity) of some phytocompounds and other natural compounds from
other sources could allow them to target macromolecules. They are on average
heavier and more hydrophobic than synthetic drugs and synthetic, drug-like
compounds. Their structural complexity is also often higher, in particular with
regard to stereochemistry (commonly quantified by the number of chiral centers
[35], the number of fractions of Csp3 atoms, and or the number of bridge head
atoms in ring systems and 3D molecular shape) [36]. All natural compounds

show an enormous diversity of ring systems, in particular of aliphatic systems.
One study showed that 83% of core ring scaffolds of natural products are absent
in commercially available screening databases [37]. Compounds from natural
sources from different kingdoms have distinct physicochemical and structural
properties. For example, natural compounds with macrocycles or long aliphatic
chains are more commonly to marine species than terrestrial species. Bacteria also
manufacture a large number of macrocyclic natural chemicals. Natural compounds
have a large number of heteroatoms and, as a result, a wide range of functional
groups [38]. Computational Methods for Assessing the Institutional Variety of
Herbal Compounds are unparalleled in terms of the structural diversity, which is
expressed on a fragment level [39]. The majority of studies comparing the diversity
of compounds with that of chemical drugs use the idea of biochemical structures
(scaffolds) presented by Bemis and Murcko [40]. A powerful tool for the intuitive,
visual analysis of the structural diversity of sets of compounds is Scaffold Hunter
[41]. Some of the methods are enlist as below:

The open-source, Java-based program has a graphical interface and different
clustering techniques.

Scaffold Hunter is based on the concept of molecular scaffold hierarchical repre-
sentation and categorization (“scaffold tree”).

An early prototype of this instrument served as the foundation for the structural
categorization of bioactive substances (SCONP), a technique for mapping com-
pounds’ chemical space [42].

Principal component analysis (PCA) is one of the most widely used approaches
for modeling the chemical space [43], which projects high-dimensional data into
a low-dimensional space for improved interpretability, while keeping information
loss to a minimum. Natural compounds have been used in several studies for map-
ping the chemical space of small molecules [44], for mode of action prediction and
for the analysis of structure-activity relationships. Despite significant variations
in chemical structure, these studies reveal a high degree of similarities between
natural substances and synthesized pharmaceuticals in terms of pharmacophore
characteristics [45]. T-distributed algorithms are another effective way for reducing
dimensionality.

Stochastic Neighbor Embedding (t-SNE) [46], as well as the recently announced
Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP)
[47], generates plots in which comparable things are clustered together and dissimilar
ones are represented by distant points. Although t-SNE can provide graphics that
seem to be superior to those produced by PCA, the approach does not really scale well
with dataset size.

UMAP is theoretically similar to t-SNE and yields comparable results, but it is
quicker. Medina-research Franco’s group has been working on many techniques for
such intuitive characterization, visualization, and comparison of chemical collec-
tions, with an emphasis on their databases producing similar result faster (Figure 1).
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Figure 1.

Examples of approved drugs and interaction of drugs to their target proteins: (A) (—)-galantamine, an
ACE; inhibitor used for the treatment of Alzheimer’s disease (PDB: 1DX6), (B) tacrolimus, a macrocyclic
immunosuppressant (PDB: 1FKF) and (C) chenodeoxycholic acid for the treatment of hypocholesterolaemia
(PDB: 6HL1) [39].

4. Computational methods for the analysis of natural compounds
and their drug-likeness prediction

Computational tools are able to discriminate natural compounds and natural-like
compounds from synthetic compounds with high. Accuracy, and they are also able to
quantify the natural compound-likeness of compounds. As such, they are frequently
used in compound design, library design, natural compound selection (and their
derivatives and analogs) among heterogeneous compound collections, and com-
pound prioritizing [48]. The Natural Products-Likeness Score created by Ertl is one
of the most well-established techniques [49]. This score measures the chemicals based
on the resemblance of their fragment from those of existing natural compounds using
Bayesian statistics. The Natural Product-Likeness Score has been re-implemented
with certain changes in various tools and platforms [50]. Additional techniques
include a theoretically comparable method based on extended connectivity finger-
printing (ECFPs) and a rule-based approach [50].

More recently, we developed Natural Product-Scout, a tool for identifying NPs and
NP-like compounds in large sets of molecules. Arbitrary forest classification tech-
niques are trained and tested database of known biologically active compounds.

On a sample test set, a classifier based on Molecular ACCess System keys achieved
an area under the characteristics curve (AUC) of 0.997 as well as the Matthews cor-
relation coefficient (MCC) of 0.960. Similarity maps are used by NP-Scout to identify
locations in a compound that help to the identification of a compound as NP and
synthetic chemical (Figure 2). NP-Scout may be accessed via a free online service [52].

Recently, the Natural Compounds Molecular Fingerprint (NC-MFP) was
presented as a novel method of defining the structural properties of natural com-
pounds in term of the scaffold and fragments they are made up of [53]. It has been
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Figure 2.
Similarity maps of (A) vorapaxar and (B) empagliflozin [51].

demonstrated that the NC-MFP outperforms existing fingerprints in distinguishing
natural substances from manufactured ones.

5. Computational identification of natural products likely to interfere
with biological activities

Computational techniques have a robust track record in the identification of
bioactive natural origin compounds.

For their research, they used a wide range of virtual screening methods, from
simple, fast methods based on 2D molecular fingerprint similarity to more complex.

Machine learning algorithms have lately become a standard in screening for
pharmacological active natural compounds [54].

The structural properties of many NPs, including such greater levels of conforma-
tional flexibility, the complexity of about their shapes and ring system (particularly
macrocycles), inadequacies of molecular force fields primarily model defined for
synthetic substances, and uncertainly related to protonation states, tautomerism, and
oxidation states pose particular challenges to 3D virtual screening techniques. One
method for reducing the spatial structure of natural substances is to eliminate sugars
and sugar-like substances that are not required for bioactive components on a target
of interest [55]. This can be done, for example, by use of defined (SMARTS) patterns.
Given the sparsity of available structural data, docking of natural compounds to the
structures of macromolecules can pose a profound challenge. This is because of dock-
ing algorithms and scoring functions are highly sensitive even to very small changes
in 3D structure such as commonly induced by ligand binding method (including
solvent effects). However, also this hurdle may be overcome by the prudent use of
homology modeling techniques, induced fit docking approaches, and molecular
dynamics simulations. In case of extremely flexible proteins, docking against mul-
tiple, protein structures (“ensemble docking”) may be a good way onward (not only
for screening but also for binding area prediction) [56, 57]. Diligence and patience
will certainly be required and, above all, checks of the plausibility of a hypothesis
using all available information can help to piece the puzzle together. More often
than in virtual screening, docking algorithms produce good results in binding mode
prediction [58]. Provided that the natural compounds of interest is not excessively
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large or flexible (as a rough guide, not exceeding 35 heavy atoms or eight rotatable
bonds), that the ligand binding site is well defined (i.e., not overly shallow, not
solvent-exposed), and that the interaction between the binding partners involves two
or more directed interactions, and there is a good chance that a satisfactorily accurate
binding pose can be obtained that offers crucial insights for the development of
optimization strategies. Binding posture prediction is more practicable than virtual
screening, since that allows researchers to ignore the most difficult component of
docking, which is grading compounds based on their ligand binding, and it allows
them to focus their efforts on a single ligand-target combination. Docking, particu-
larly in the context of NP research, allows for the rationalization of stereoselectivity
in ligand binding (and other processes, such as metabolism). The significance of
incorporating accurate conformational information with 3D techniques, particularly
docking, cannot be emphasized. In the following paragraphs, we will examine several
exemplary investigations in which virtual screening has been effectively used to
identify bioactive chemicals. Using katsumadain A, a diarylheptanoid inhibiting
influenza neuraminidase, as a template for 3D molecular shape-based screening, a
number of structurally distinct NPs were identified that inhibit the viral enzyme with
IC50 values in the sub-micromolar to low-micromolar range (for example, artocarpin
(1), which is depicted in Figure 3) [59]. In another study, pharmacophore-based
virtual screening was combined with a shape-based approach in order to identify
activators of the G protein-coupled bile acid receptor 1 (GPBAR1) [51]. In addition to
several NP databases, a collection of synthetic compounds was screened. Among the
14 selected NPs, eight (57%) obtained a measured receptor activation of at least 15%
at 20 pM concentration.

Two of these compounds, (1) farnesiferol B (2) and microlobidene (3), are based
on molecular scaffolds that had not yet been associated with GPBAR1 modulation.
Both compounds were reported to have EC50 values of approximately 14 pM. Among

all 19 selected compounds, only two were active (applying the identical activity
threshold).

OH
1 (artocarpin)

4 (rubraxanthone) 5 (ergosterol peroxide) 6 (ganodermanontriol) 7 (truxillic acid derivative)

Figure 3.
Natural compound and their devivatives identified by virtual screening method.
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6. Insilico prediction of the therapeutic targets of natural products

Identifying the receptors of small compounds is critical for assessing the pharma-
cological activity and safety of drugs, as well as their future development. However,
the method of action of a significant percentage of marketed medications is uncertain
or very loosely understood.

Target prediction in silico is a large-scale use of virtual screening [60], in which
one, many, or even several molecules are assessed against the broadest collection of
macromolecules conceivable. A number of techniques including models have been
released in recent years [61], and they have emerged as valuable tools in earlier drug
discovery. The majority of target prediction strategies are ligand-based, which is con-
nected to the issues with docking and structure-based methods.

Ligand-based methodologies range from simple similarity-based approaches
to advanced machine learning as well as network-based approaches. Surprisingly,
despite the variety of computer tools for target prediction available today, our under-
standing of their utility under real-world situations remains restricted [62]. This is
largely due to the (in practice) exorbitant expenses associated with the practical,
scientific, proactive evaluation of such models, but it is also due to the often used
inadequate, superficial retrospective validation techniques [63]. To the best of our
knowledge, the only computational technique that has received rigorous experimental
validation is the well-established Similarity Ensemble Approach (SEA) [64]. One may
argue that testing models using current data tends to an exaggeration of how effec-
tively a model would perform in real-world scenarios.

It is more likely that phenotypic test readouts with different types of cells
or information for structurally similar drugs would be obtained. By merging all
available information, some false-positive predictions are likely to be eliminated,
leaving many fewer prospective targets to be studied experimentally. In a recent
in-depth study of the behavior and scope of a similarity-based approach and
a machine learning approach for estimating the targets of small molecules, we
display that the reliability of either approach’s predictions is strongly influenced
by the structural relationship between the compounds of interest and compounds
represented in the training set. This issue must be carefully examined while
working with natural substances, considering that target prediction algorithms are
largely intended for, and with natural chemicals, given that target prediction algo-
rithms are largely built for and trained on synthetic compound measurement data.
In the same investigation, we discovered that, surprisingly, the similarity-based
strategy outscored the machine learning technique using the already available
data. While a meaningful correlation of these two methods should be approached
with caution for several reasons, the results indicate that the basic similarity-based
strategy is a solid choice, particularly when model interpretability is considered.
This is also shown in the high performance of other well-known, similarity-based
models, like Swiss Target Prediction [65].

The majority of the compounds differ structurally from more common, synthetic
chemicals that account for the majority of the observed activity data. More compli-
cated similarity-based approaches that examine molecules based on their 3D molecu-
lar structure are supposed to identify such distant structural similarities, but how
effectively these methods would function in practice was unknown until recently. We
investigated the capability of ROCS [66].

ROCS, a premier shape-based screening engine which also takes chemical feature
distributions into consideration, was used to discover the biomolecules targets of
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“complex” molecules using a knowledge and understanding of “non-complex”
molecules with measured bioactivity data [67].

We designated molecules as “complex” for this work if they are either
(extremely) large in size (45 to 55 heavier atoms) or macrocyclic. We classified
compounds as “non-complex” when they were tiny in size (15 to 30 heavy atoms).
A collection of 28 pharmacologically important targets were investigated. A diversi-
fied set of 10 complicated small molecules was created automatically for each one of
the targets. Each of these molecules had a single low-energy conformation that was
used as a query for ROCS screening against a multi-conformational knowledge base.
The knowledge base has 3642 targets and 272,640 non-complex molecules. This
study discovered that ROCS accurately rated at least one known target in the top 10
spots (out of 3642) for up to 37% of the 280 complicated small compounds used as
queries. This result is amazing given the dissimilarity of the queries and compounds
in the knowledge base. It suggests that target prediction is achievable for a large
number of difficult complicated compounds. It should be noted that, in many
circumstances, researchers will be able to significantly limit the number of target
candidates based on specialist knowledge and accessible information. There were
at least 31 identified complex molecules and natural product-like molecules among
the 280 complicated small molecules. The top-10 rate of success for these com-
pounds was lower (23% vs. 37%). This is due to the fact that the median Tanimoto
coefficient between the complex NP (or NP-like substance) and the nearest simple
molecules in the knowledge base is only 0.13. For pairings of compounds with such
a minimal degree of similarity, it is reasonable to predict that the respective binding
interaction possess will be unique, which is normally outside the reach of ligand-
based approaches.

In addition to 3D similarity-based techniques, 3D pharmacophore-based meth-
odologies are commonly utilized for prediction of target protein in the context of
natural substances research. A profiling investigation, for example, evaluated second-
ary metabolites extracted from the medicinal plant Ruta graveolens against a battery
of over 2000 pharmacophore models spanning over 280 targets.

Arborinine was found as an antagonist of Angiotensin-converting enzymes
(ACEs) (measured IC50 = 35 M) results from in silico screening, among many other
bioactive chemicals and interactions. Machine learning-based methods for natural
chemical target prediction have sparked the greatest attention in recent years. Some
of examples for online tools are given below:

i. SPIDER,
ii. TIGER, and
iii. Starfish

Spider employs self-organizing maps in conjunction with “fuzzy” chemical descrip-
tors, allowing it to be extended to NPs. The model proved useful in identifying 5-lipoxy-
genase, peroxisome proliferator-activated receptors, steroid receptors, prostaglandin
E2 synthase 1, and Farnesoid X receptor as therapeutic targets of the archazolid A, and
itaccurately predicted prostanoid receptor 3 as a molecular target for doliculide, which
is a 16-membered depsipeptide [68]. SPIDER has effectively discovered the targets of
other fragment-like natural compounds, such as Sparteine, for which the kappa opioid
receptor, p38 mitogen-activated protein kinase, and muscarinic and nicotinic receptors
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were clinically verified as targets [3]. DL-goitrin, whose targets have been experimen-
tally proven to be receptor pregnane X and the cholinergic receptor,

Graveolinine acts on cyclooxygenase-2, serotonin SHT2B receptors were clinically
verified as targets, isomacroin acts on adenosine A3, and platelet growth factor recep-
tors were clinically identified as targets.

DEcRyPT uses random forest regression to build a revised list of possible mac-
romolecule targets based on predictions obtained from spider, the Target-Drug
Relationship Predictor. DEcRyPT was used to successfully identify 5-lipoxygenase for
which ortho-naphthoquinone-lapachone is well-known substrate. Lapachone hydro-
quinone was shown as inhibitor of 5-lipoxygenase.

TIGER is thematically connected to SPIDER. However, it utilizes updated Cats
descriptors and employs a different technique for assessing expected targets. The, glu-
cocorticoid, Orexin as well as cholecystokinin receptor were effectively discovered as
therapeutic hit for marine NP (+) marinopyrrole A by TIGER. Among other proteins,
the model correctly predicted estrogen receptors and as binding biomolecule of the
stilbenoid resveratrol [69]. Starfish is a stacked ensemble approach for target predic-
tion trained on synthetic compounds.

As a component of the development process, various machine learning methods
were investigated. The authors determined the optimum stacking strategy by feeding
molecular fingerprints into k-nearest neighbor’s model and a random forest model.
The probability predicted by such models in which each of the therapeutic targets
are employed as input for a logistic regression-based meta-classifier (level 1). On
a test set of NPs, the stacking technique performed much better than the separate
models (ROC AUC 0.94; BEDROC score 0.73). Network techniques for predicting
biological targets of natural chemicals have also been published. Cheng and col-
leagues, for example, created statistical models in order to bind natural compounds
to cancer targets and their protein involved in disorders like aging. Neural networks
system was recently trained on clinical indication data and applied to discover
favored molecular scaffold in natural products. Based on these models’ predictions,

a unique template database for 100 indications were created, which may be used as

a preliminary step for NP-based drug development. The reader is directed to refer-
ence for further information on this subject. Natural compounds that are likely to
disrupt with biological experiments can be identified computationally. The proclivity
of compounds to interfere with biological assays remains a significant challenge in
compound screening experiments. The flavonoid quercetin, a well-known pan assay
interference compound, exemplifies the scope of the issue: since about 28 July 2020,
and the PubChem Bioassay repository identified quercetin as conclusively bioactive
in over 800 separate bioassays, representing a hit rate of more than 50%. The most
typically seen method of test interference is aggregation formation, which happens
under certain assay circumstances. Covalent binding, redox cycling, interference with
spectroscopy assay, metal chelation, membrane rupture, and breakdown in buffers
are further significant processes [70].

7. Computational identification of natural products likely to interfere with
biological assays

The development of computer techniques to address this challenge has been gradual.
Until recently, the tools available to users comprised numerous rule sets, a few similarity-
based techniques, and a statistical method. The most well-known method and widely
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used rule set is pan assay interference components (pains) rule set. Despite the unam-
biguous declarations of its creators, operators of the PAINS rules set all too frequently
overlook the significant drawbacks of its scope, applicability, and trustworthiness. Other
relevant rule sets here include rapid elimination of swill rules as well as a set of rules
generated from an Nuclear magnetic resonance-based approach in detecting tiny com-
pounds that give false-positive test results owing to interaction (ALARM NMR) [71].
Aggregator Advisor is a useful similarity-based technique that identifies compounds with
similar structural structures. Aggregator Advisor is a handy similarity-based technique
that indicates compounds that have a close structural affinity to identified aggregators
based on molecular scaffolds.

Hit Dexter 2.0 is the second generation of a series of machine learning models
meant to identify compounds that are likely to exhibit prolific hitter behavior in pri-
mary screening and/or confirmatory dose-response tests, independent of the under-
lying (interference) mechanism. All of these methods are generated from databases
dominated by synthetic chemicals. As we demonstrate in our work on Hit Dexter 2.0,
the training set, although comprising of around 250 k compounds, covers just a tiny
proportion (approximately 15%) of the active compounds with molecules that are
structurally related to the model to make credible predictions. This means that, once
again, discretion is required when employing any of these techniques, specifically in
the area of NPs.

8. Insilico prediction of ADME and safety profiles of natural products

The biodistribution and safety characteristics of NPs are frequently a source
of difficulty in NP-based drug development. The hERG channel (whose blockage
has been associated with potentially deadly cardiac arrhythmia), cytochrome P450
enzymes (which can induce drug-drug interactions and toxicity), and P-glycoprotein
are some of the most well-known anti-targets tackled by NPs (an efflux pump with
broad substrate specificity that can effectively cause drug resistance). A wide range
of computational models (e.g., pharmacophore models, statistical models, docking
machine learning models, etc.) are also used to handle these and many additional
anti-targets and end points. However, because of the data available, these and many
other in silico methods are tested/tested using substances that are mainly of synthetic
origin. For example [72, 73],

i. Hit Dexter 2.0’s application to natural compounds is restricted. The fidelity of
Hit Dexter’s estimations has been proven to decline significantly beyond a given
distance from the training data, since the training data is mostly constituted of
synthetic substances.

ii. In contrast, FAME3, a theoretically comparable machine learning model for
predicting metabolic sites of small compounds, has been demonstrated to
function well on natural compounds, despite the fact that the bulk of chemi-
cals in the training set are synthetic. The reason for the FAME3 models’ high
robustness and good result on molecules is that the liability of atom locations
in compounds is described based on their determinative atom surroundings,
and these proximate neighborhoods are much more excessive among com-
pounds and synthetic substances than their worldwide molecular similarity
(Table1).
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Sr. No. Purpose
1 Docking Glide, Auto dock, Tar Fish Dock, Flare
2 Binding site prediction Sitemap, Computed Atlas of Surface Topography of
proteins (Castp), Findsite, LigASite
3 Pathway analysis Therapeutic Performance Mapping System
4 Drug design Forge, Spark
5. Pharmacokinetic parameters Swiss ADME
6 Genomics Connectivity map (CMap), Directionality map (DMAP)
7 Molecular simulation Imods, Gromacs
Table 1.

Available software for in silico drug repurposing.

9. Conclusions

NPs provide remarkable hurdles to both experimentalists and theorists, yet data
on recently approved small-molecule medications demonstrate that NP research is
worthwhile and can deliver useful, new therapeutics. Modern in silico approaches
can contribute significantly to the speeding and non-risking of natural drug develop-
ment. However, model applicability must be carefully monitored, especially when
dealing with NPs, because computational approaches are often created for and
trained on data for synthesized chemicals. Unfortunately, even recently established
models sometimes lack rigorous definitions of the application area and do not appro-
priately notify users about compounds with unreliable predictions. Researchers, in
fact, may be attracted to use one of the numerous free, user-friendly web applica-
tions. Obviously, the idea holds true for these web applications as well: in the absence
of solid indications of the trustworthiness of individual forecasts, these estimates
are not to be believed. Given the renewed interest in NP research, the increasing
availability of biological, chemical, advances in algorithms, and structural data, and
improvements in algorithms, modeling techniques, as well as computing capability,
the future will see the sustained connectivity of computational techniques in natural
compound-based drug development pipelines.
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Abstract

Drug repurposing is a term applied to finding a new therapeutic and pharmacological
indication for an existing drug molecule with a known indication. Repurposing existing
drugs to treat both rare and widespread ailments is more and more compelling due to
the use of less risky compounds, which may result in lower entire development costs and
quicker development timelines. This is due to the high attrition rates, high cost, and slow
new drug discovery and development pace. The introduction of computational tech-
niques and their advancements in drug design, discovery, and development has provided
a platform for scientists to kick-start drug repurposing with ease. Computational
approaches have provided rationality in drug repurposing, reducing the chances of
failure in drug repurposing attempts. In this chapter, we present techniques for drug
repurposing that are both conventional and computational, talk about the difficulties
faced by scientists who attempt drug repurposing, and suggest creative solutions to these
difficulties to help drug repurposing reach its full potential.

Keywords: drug, repurposing, computational, diseases, in-silico

1. Introduction

Drug repurposing simply means the science and technology of assigning new
indications to exist molecules or medications with known therapeutic usage and
safety profiles, most stemming from serendipitous discoveries [1]. According to the
drug bank library of drug molecules, there are 4302 approved drugs [2-5]. Though
these drugs have been classified based on the target enzymes and pharmacological/
therapeutic effects, they might still have the potential to activate or inhibit other
enzymatic pathways, leading to different impacts on the body. Drug repurposing is all
about utilizing and studying other possible enzymatic pathways or effects an already
known drug can activate or inhibit, leading to pharmaceutical or pharmacological
importance.

The traditional method of developing drugs is time-consuming and expensive; repur-
posing known drugs is a viable and promising alternative [6]. Developing a new drug
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involves studying its effectiveness, toxicity, pharmacokinetic, and pharmacodynamic pro-
files in cell- and animal-based investigations and its effectiveness and safety in humans in
clinical trials. It typically takes 13 years and 2-3 billion dollars to develop a new drug from
bench to bedside [7]. Drug discovery and development is a less attractive business for
funding because of the rising costs and length of time. On the other hand, drug repurpos-
ing aims to identify new medical uses for an approved or experimental drug. Clinical trials
can be hastened because the drug’s dosing and safety have been thoroughly investigated,
considerably cutting the time and money needed for development [8].

Due to the high rates of illness and death associated with certain emerging dis-
eases, repurposing drugs may be the most effective approach for addressing these
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conditions. When there is an urgent need to develop new medications and treatments
during an outbreak, such as was the case with the COVID-19 pandemic, the strategy
of quickly repurposing existing drugs has a significant advantage as it has the poten-
tial to identify medications that could be used to address the situation [9].

With current R&D costs, developing de novo drug therapies for more than 8000
rare diseases is inconceivable; nevertheless, drug repositioning, based on finding hid-
den associations or building connections between a drug and disease, holds promise
for orphan drug disease therapy [10]. Furthermore, evaluating approved medications
to determine new indications assists pharmaceutical companies in extending the pat-
ent life of drugs through application to adjacent diseases and in protecting IP against
competitors [1].

Compared to the conventional drug development procedure, as shown in Figure 1,
the advent of computation methods in medicinal research has provided a lesser expen-
sive and less time-consuming approach to finding other disease conditions that can be
treated using already approved or experimental drugs.

2. Repurposing principles

There are typically two main repositioning principles for drugs. First, because
many diseases are interdependent, medications for one condition may also be effec-
tive for treating other disorders. Second, because medicines are naturally confusing,
they can be linked to various targets and pathways. According to the source of the
findings, drug repositioning research can be divided into two groups:

a.Drug-based tactics, in which discoveries are based on drug-related knowledge.

b.Disease-based strategies, in which discoveries are based on disease-related
knowledge [9].

3. Repurposing techniques

In-silico approaches using existing data to find new drug-disease linkages and
experimental screening approaches are the two main categories of systematic repur-
posing techniques.

3.1 Experimental screening approaches

Experimental screening approaches are used as a source of hits for drug discovery
and drug repurposing, with notable differences in their application and outcomes.
Searches in drug discovery programs are typically done for de novo candidate hits,
fuelled by an HTS campaign, which requires highly specialized screening facili-
ties and compound libraries containing several million compounds. Repurposing
programs focus on advanced known molecules that either approved or failed with
some knowledge of their safety or MoA available, led by in-depth screening and
with smaller compound libraries. Typically approved compound libraries containing
500-2000 compounds and a similar number of existing but unapproved compounds
are thought to be available.
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3.2 In-silico approaches

In-silico repurposing techniques analyze data already in existence using sophisticated
analytical methods to discover new possible connections between a drug and a disease
[1]. The capacity to predict the conformation of small-molecule ligands inside the proper
target binding site with a high degree of accuracy makes molecular docking one of the
most commonly used in silico processes; after the creation of the first algorithms in the
1980s, molecular docking became a crucial tool in drug discovery. For example, investi-
gations can be conveniently performed involving important molecular events, including
ligand binding modes and the corresponding intermolecular interactions that stabilize
the ligand-receptor complex. Furthermore, molecular docking algorithms execute
quantitative predictions of binding energetics, providing rankings of docked compounds
based on the binding affinity of ligand-receptor complexes [11]. Identifying the most
likely binding conformations requires two steps: (i) exploration of an ample confor-
mational space representing various potential binding modes; (ii) accurate prediction
of the interaction energy associated with each of the predicted binding conformations.
Molecular docking programs perform these tasks through a cyclical process in which the
ligand conformation is evaluated by specific scoring functions [11].

In-silico approaches can broadly be divided into molecular techniques and real-
world data approaches.

3.2.1 Molecular approaches

The molecular approaches are based on understanding drug activity and disease
pathophysiology. They are often powered by large-scale molecular data known as
omic data, including genomic, transcriptomic, or proteomic data and data based on
drug targets and chemical structure. Due to the availability of datasets on drugs and
diseases, as well as the robustness and reproducibility of the data, transcriptomics,
and genomics are the two data types most widely used to support drug repurpos-
ing [12]. Transcriptomics studies the expression levels of thousands of genes, often
accomplished by quantifying RNA using RNASeq or gene expression microarrays.
One approach to using transcriptomics for drug repurposing is based on the idea that
reversing gene expression signatures may result in a clinical benefit [1].

3.2.2 Real-world data approaches

The Real-world data approach focuses on identifying unknown and sometimes
unexpected relationships between drugs and diseases or their symptoms. They are data
based on individuals’ health, habits, and behavior captured without environmental
intervention or bias introduced by data collection methodologies [1]. The real-world
data approaches include network-based drug repurposing, ligand-based drug repur-
posing, structure-based drug repurposing, and machine-learning techniques [13].

3.2.2.1 Network-based drug repurposing

Network-based computational biology has become more prevalent in recent times.
It integrates the relationship between biological molecules into networks to discover
newly discovered properties at the network level and investigate how cellular systems
induce different biological phenotypes under other conditions. A network can be
represented as a connected graph in the network pharmacology framework, with
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each node representing either an individual molecular entity, its biological target,

a modifier molecule within a biological process, or a target pathway, and each edge
representing either a direct or indirect interaction between two connected nodes. An
instance of this approach was demonstrated in 2009 by Hu and Agarwal, who utilized
publicly available gene expression profiles from NCBI Gene Expression Omnibus
(GEO) to construct a network that showed the similarity between different diseases.
They then integrated this network with molecular profiles and knowledge of drugs
and drug targets, which enabled them to identify opportunities for drug reposition-
ing, as well as to propose molecular targets and mechanisms underlying drug effects
[14]. In 2012, Jin et al. also devised a new method for repurposing drugs for cancer
therapeutics that takes advantage of off-target effects that may affect critical cancer
cell signaling pathways [15]. A hybrid model composed of a network component
called cancer-signaling bridges and a Bayesian factor regression model was used to
identify off-target effects of drugs on signaling proteins [13]. The main limitation of
network-based approaches is that many biological aspects of the disease still need to
be discovered, and network-based approaches may fail to produce promising drug
candidates; also, biological elements interact with one another to form a complex
system. As a result, this class of methods may have more practical effects [16].

3.2.2.2 Ligand-based drug repurposing

Ligand-based approaches are evaluated because similar compounds have similar
biological properties. These methods have been widely used in drug repurposing
to analyze and predict the activity of ligands for new targets. The number of pub-
licly accessible compound records (more than a hundred million provided only by
PubChem) is far greater than the number of deposited protein crystal structures (as
of today, less than 150,000 in the Protein Data Bank) [17, 18]. Ligand-based methods
rely on the chemical space coverage of already-known molecules. Deep learning and
multi-task learning have been successfully used in ligand chemogenomic benchmark
studies. When target and drug similarities were considered, the algorithm better pre-
dicted new drug-target associations. Machine-learning approaches play an essential
role in silico Chemogenomics [13].

3.2.2.3 Structure-based drug repurposing

Structure-based similar protein structures increase the likelihood of performing
similarly and identifying related ligands. Protein comparison is a technique used in
medication repurposing to find secondary targets for a medicine that has already
been licensed [19]. Proteins can be compared on a broad scale based on how similar
their sequences are. The kinome is the most often-used example of a phylogenetic tree
constructed using protein sequences [20]. In this tree, proteins from the same family
are more likely to detect substrates or ligands that share similar functions, as in the
case of dual inhibitors of the EGFR and ErbB2 receptors for an epidermal growth fac-
tor [21]. Sequence alignments work best when proteins have a high level of sequence
identity. In contrast, local protein comparison works better when proteins share a low
level of sequence identity to uncover unknown targets of known ligands [22]. It has
become more crucial to compare protein binding sites to find local similarities [19].
This process is frequently followed by computing several descriptors that help deter-
mine a similarity score to locate cavities on the protein surface and compare binding
sites. It is important to note that, when available, ligand binding modes are a valuable
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tool for finding new targets. Putting a focus on target-ligand interactions is one
method of modeling molecular recognition. Several techniques, like structure-based
pharmacophores or interaction fingerprints, can accomplish this. When the protein-
ligand complex’s structure is unknown, one can predict hot spots in the binding site
using computational approaches [23]. The viability of crystallographic structures of
protein-ligand complexes is a prerequisite for structure-based techniques. The level
of specificity that can be used to represent a binding site depends on resolution and
sensitivity to atomic coordinates. While a protein’s static model can be seen in its
crystallographic structure, conformational variations can cause the appearance of
additional pockets [13].

3.2.2.4 Machine learning approaches

Although machine learning methods produce better prediction models, they are
more data-dependent. Combining machine learning methods and other techniques
can make an effective treatment plan for COVID-19 [16]. The general approach has
been to fuse the structure-based and ligand-based screening methods with Al algo-
rithms to build prediction models. Al and ML algorithms like deep learning, support
vector machine (SVM), random forest (RF), Naive Bayesian, and neural networks
have been extensively used for high throughput screening with lots of dataset mol-
ecules. In recent years, the development of next-generation computational methods
using Artificial Intelligence (AI), Machine Learning (ML), and network medicine
approaches has positively impacted the different stages of drug development [24].

4. Success stories in computational drug repurposing

The field of data science is blooming, and its role in detecting potential candi-
dates for drug repurposing has yet to be explored. There are various approaches to
drug repurposing, but the computational approach is unique in the way it utilizes
neither in-vivo nor in-vitro techniques. It is known as in-silico drug repurposing—an
expediting, cost-friendly, and reliable process [25]. This method relies heavily on
data from diverse sources like electronic health records (EHRs) comprising disease
diagnoses, lab test results, medical prescriptions, genetic data from biobanks, che-
mogenomic data, and proteomic data [26]. These data sources, when collated and
analyzed, are then capable of producing valuable insights. A few instances:

Given widespread tuberculosis and its extensive resistance mechanisms to current
anti-infective treatment, Kleandrova et al. performed a study on computational drug
repurposing for antituberculosis therapy by creating a multi-condition model based
on quantitative structure-activity-relationship (QSAR) [27]. This sought to find
potential antituberculosis agents capable of acting as inhibitors of multiple strains of
the bacteria. The model utilized a combination of perturbation theory concepts and
machine learning techniques to screen large data repositories for chemical structures
with the potential to inhibit Mycobacterium tuberculosis, the causative organism.
The dataset comprised 8898 agency-regulated chemicals, including investigational
and FDA-approved drugs. After that, stipulated metrics were used to rank these
agents, with priority given to those exhibiting the highest values. Top of the list was
macozinone, BTZ-043, and niclosamide, but niclosamide is a popularly known anti-
helminthic. This drug is believed to have anti-parkinsonian, anti-diabetic, and anti-
viral properties [28]. It is also important to mention that through computationally
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identifying drugs that can increase the mRNA expression of downregulated genes in
hepatocellular carcinoma (HCC) and decrease the mRNA expression of upregulated
genes, the antitumor activity of niclosamide and its ethanolamine salt (NEN) was
discovered. The antiproliferative activity of niclosamide and NEN in different HCC
cell lines and primary human hepatocytes was then evaluated in vitro. This was
further confirmed by in vivo testing against two mouse models (genetically induced
liver tumors and patient-derived xenografts [PDXs]) for HCC to show a substantial
reduction in the cancer progression after oral administration of NEN compared to
niclosamide [29].

Similarly, Zhang et al. performed thorough data mining to identify drugs with
anti-Alzheimer properties [30]. Their study revealed seven drugs inhibiting acetyl-
cholinesterase, a known drug target of most anti-Alzheimer conventional medicines.
These drugs, which have never been used in the management of Alzheimer’, can be
used in the future for cognitive deficiency therapy in patients with the disease. Zhang
et al. previously conducted an identical study for drugs that can be used for anti-
diabetic treatment [31]. Using data mining and pathogenesis information, their study
repurposed 58 drugs, out of which nine were prioritized for having higher potential
in treating diabetes. Among these nine drugs were four (diflunisal, nabumetone,
niflumic acid, and valdecoxib) used in rheumatoid arthritis, osteoarthritis, and pain
management. Connectivity map analysis showed that cells treated with these four
drugs had similar gene expression as cells treated with conventional anti-diabetic
medications like metformin and glimepiride. Evidence from Koren et al., 2019 also
suggests that a different class of drugs, the alpha-1 adrenergic antagonists, might
have a potential impact on diabetes control [32]. These success stories, though sparse
in their numbers, hold a promise for the future. Diseases like diabetes often last for a
lifetime, and an estimated 400 million people [33] worldwide suffer from it; there-
fore, integrating the results of this expediting approach to drug discovery into clinical
practice will revolutionize modern medicine.

5. Limitations

Drug repurposing by pharmaceutical companies faces many challenges. There is a
need to create a business model to support the use of existing molecules as therapeutics
for new indications and repurposing drug pathways. There is also a need to demon-
strate the effectiveness and recover the investment required to bring recycled products
to market [1]. Furthermore, this methodology is based on structural files and cannot
be used immediately when identifying a new or orphan target [24]. This is because a
more extensive collection of records may not be achieved since there is no defining
identifier to connect data [16]. This can be seen in the Artificial Intelligence, Machine
Learning, and network medicine approaches of computational drug repurposing,
which require large amounts of data to train models. Lack of access to structured,
standardized data related to analytics and clinical trials can impair the tool’s predictive
ability. Furthermore, the majority of developed models are local models; that is, they
are specific to one problem, and there is no global model or suite that helps in solving
or querying the wide range of problems drug discovery teams may encounter [24].

All computational-based drug repurposing methods heavily depend on data.
Existing databases pose lots of challenges for researchers. The volume of data in
some databases needs to be increased to generate a suitable model, and there is no
determinant identifier to connect data to collect more comprehensive datasets. Data
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descriptions could be clearer, making it easier to understand them. The databases
also contain data for a specific purpose rather than complete data. Lastly, introducing
new Active Pharmaceutical Compounds (API) commands has made them difficult to
learn and use. Existing databases have some limitations that can be overcome using
software engineering techniques [16]. In terms of improving efficacy and reducing
the time and cost of a drug discovery project, computational-based approaches may
produce more acceptable results than others. Every computational drug repurposing
method has advantages and disadvantages and heavily depends on data [16].

The computational approach is auspicious and effective in other domains. Natural
language processing, for example, has proven helpful in translation, spell-checking,
and other applications. However, AI/ML-based techniques necessitate a large amount
of data to train the models. The inaccessibility of structured and standardized data
associated with assays and clinical trials may jeopardize the tools’ predictive ability.
Furthermore, most developed models are local, which means they are specific to one
problem. No global model or suite can help resolve or query a wide range of issues that
a drug discovery team may frequently encounter [24].

6. Opportunities in the computational repurposing of drugs

Although sciences and technology have progressed rapidly, de novo drug develop-
ment has been costly and time-consuming over the past decades. Given these circum-
stances, “drug repurposing” (or “drug repositioning”) has appeared as an alternative
tool to accelerate the drug development process by seeking new indications for
already approved drugs rather than discovering de novo drug compounds, nowadays
accounting for 30% of newly marked medications in the U.S [34]. Even though the
application of computational methodologies to drug repurposing has yielded some
positive results and has been propounded to repurpose drugs on a large scale by utiliz-
ing available high-throughput data, due to the failure of the current drug regimen,
many more diseases need urgent attention in terms of new drug therapies. There are
increasing number of deaths from Neglected tropical diseases. The World Health
Organization (WHO) describes neglected tropical diseases (NTDs) as a diverse
group of communicable diseases that prevail in tropical and subtropical conditions
[35]. Neglected Tropical Diseases include Buruli ulcer, Chagas disease, dengue and
chikungunya, dracunculiasis (Guinea-worm disease), echinococcosis, foodborne
trematodiases, African human trypanosomiasis (sleeping sickness), leishmaniasis,
leprosy (Hansen’s disease), lymphatic filariasis, mycetoma, chromoblastomycosis,
and other deep mycoses, onchocerciasis (river blindness), rabies, scabies, and other
ectoparasitoses, schistosomiasis, soil-transmitted helminthiases, snakebite envenom-
ing, taeniasis/cysticercosis, trachoma, and yaws and other endemic treponematoses
[35]. According to WHO, NTDs cause about 200,000 deaths yearly [35]. A person
may become severely disabled, disfigured, blind, or malnourished after contract-
ing an NTD and frequently acquire multiple NTDs at once. If new drugs have to be
developed for these conditions through conventional means, many deaths must have
been recorded before the drugs get to market.

According to Nigeria Centre for Disease Control (NCDC), in 2021 and 2022,
Cholera killed more people in Nigeria than COVID-19 [36]. Even though there are
standard treatment guidelines for this condition, the death rate keeps rising. Globally,
lives are being lost from different types of cancers, even with all the treatments
currently available. Lives are also being lost from various other diseases affecting
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mankind. Computational drug repurposing will go a long way in providing within a
short time a possible better treatment and management options for these diseases and
all other diseases challenging mankind.

7. Conclusion

The utilization of existing drugs to identify other potential therapeutic indications
can be done more quickly and with less expense through computational drug repur-
posing. This approach is facilitated by the use of protein and chemical databases,
which have been developed to support computational techniques. These databases
enable existing drugs to be acquired in the necessary formats for computational
studies. There is now a broad selection of available computational tools, with more
currently under development, which can help to advance the application of computa-
tional approaches in drug repurposing. With access to these tools and databases, any
researcher with an interest in this area can begin to explore drug repurposing. The
effective use of computational drug repurposing has the potential to improve treat-
ment and management options for a wide range of diseases affecting humanity.
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Chapter11
Role of Drug Repurposing in
Sustainable Drug Discovery

Shanta Bhar

Abstract

The contemporary global drug discovery scenario, in spite of several technological
advances, is heavily ridden with multiple challenges of a dynamic regulatory system,
escalating costs from bench to bedside investigational drugs, the increased probability
of withdrawal after launch, and over-stretched timelines from discovery to approval,
among others. Drug repurposing/repositioning/re-profiling/re-tasking is an effec-
tive and practical complimentary method for the selection of alternate therapies
for approved, shelved, discontinued/abandoned, and investigational drugs or new
chemical entities, with the parallel study of new metabolic pathways and/or protein
targets. Such an approach encompasses multipronged benefits of redundant preclini-
cal testing, toxicity evaluation, and formulation studies, based largely on serendip-
ity. In recent years, approaches have been driven by artificial intelligence (AI) and
machine learning, and bioinformatics have opened up new vistas in drug re-profiling
acceleration. Increasing protocols to club the shared mechanisms among structurally
diverse/dissimilar drugs include pathway analysis, phenotypic screening, signature
matching, related disease genes, binding assay studies, molecular docking, and clini-
cal data monitoring. All in all, repositioning of abandoned/investigational/existing
drugs or new chemical entities for other therapeutic indications could enhance the
overall productivity of the pharmaceutical industry while paradigmatically shifting
the focus from new drug discovery to the optimization of available resources.

Keywords: innovation, repurposing, big data, pharmacological analysis, pathway
matching

1. Introduction

The overall global population exposed to regular medicines has increased two-
fold over the past few decades. To complement this, the average life expectancy
has increased considerably, and newer, lesser understood diseases are on the rise.
Unfortunately, the rather long timelines of drug design and approval (10-12 years),
increased rates of USFDA failure/recall after launch, escalating resources for new
drug discovery and development, and a paradigm shift toward green chemistry have,
in totality, rendered the conventional drug discovery process largely wanting for
alternative backup plans.
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According to the Brundtland Commission of the United Nations: “Sustainable
development is development that meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs” [1]. The Sustainable
Development Goals (SDGs) and the One-Health approach are analogous initiatives
[2]. The various alternative ways of making drug discovery sustainable are: signature
mapping, pathway matching, in silico screening and molecular docking, genetic asso-
ciation, retrospective analysis of clinical data, drug repurposing, high-throughput
screening, and so on.

Out of all the options available for introducing sustainability in drug discovery
and development, drug repositioning, also known by its alternative names of repur-
posing, re-profiling, or re-tasking, is the strategy of choice as the advantages far
outweigh the challenges encountered in offering a drug for a new medical indication,
totally distinct from its original scope.

The most important reason for the failure/withdrawal of an approved drug is
addressed adequately: the potentially repurposed drug would have been in preclini-
cal models and early-stage human clinical trials (phase I & II), thereby justifying its
safety; thus, subsequent efficacy trials would be more predictable.

In addition, drug development timelines can be sufficiently squeezed, due to non-
repetition of preclinical testing, safety assessment, and/or formulation development.
Most significantly, it is the most economically lucrative of all the sustainable strate-
gies employed, as mandatory investment is marginal. The regulatory and phase III
costs can involve substantial savings in preclinical, phase I, and phase II expenditure.

Since the commencement of drug repurposing concept, it was rational but seren-
dipitous; that is, an approved drug or one in clinical trials was studied for its contrain-
dications, off-target reactions, and/or an enhanced on-target response, patented and
groomed for repurposed launch. Most success stories of relaunch in a new therapeutic
avatar have indeed relied hugely on serendipity, rather than on a structured and well-
planned approach. Such examples include aspirin, minoxidil, sildenafil, thalidomide,
celecoxib, rituximab, raloxifene, fingolimod, dapoxetine, topiramate, and ketocon-
azole, among others.

However, with several technological advancements, in the form of various
approaches, drug repurposing in general, and specifically for rare diseases, compris-
ing a databank of over several thousand (~7000), with 95-96% of these having no
approved therapeutic agent, primarily because of unknown disease pathophysiology,
contemporary drug repurposing abounds in opportunities to fill up the unmet medi-
cal space.

As we shall see further, the trade-off between challenges posed by drug repurpos-
ing and its many advantages is also laced with limitations of collation, integration,
analysis, and interpretation of big data, of biomedical, clinical, pharmacological, or
sequencing type.

2. Types of sustainable approaches to drug discovery

The many approaches toward sustainable drug discovery are listed below (Figure1):
2.1 Signature mapping

In a broad sense, this process is based on the relative comparison of certain distinct
features, thus referred to as the ‘signature’ of one drug against another, disease
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Figure 1.
Sustainable drug repurposing approaches.

pathway comparison, or clinical phenotype matching [3, 4]. This signature pattern of
two comparable drugs is generally assigned from three databanks:

1. Transcriptomic (RNA), proteomic, or metabolomic data
2. Chemical structures
3. Adverse event profiles

For example, two drugs were identified using drug-disease similarity approach
using the correlation between the gene expression signature of the drug and that of
the disease, prednisolone, and topiramate.

2.2 Pathway/network matching

Genetic, protein, or disease data can aid the identification of repurposing targets.

In some disease pathways, the relevant genes are not druggable as targets. This is
when a pathway-based comparison of genes that are either downstream or upstream
or a genome-wide association studies (GWAS)-related target may be used for repur-
posing issues [5]. Network analysis uses available information on gene expression

165



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

patterns, disease pathology, protein interactions, or GWAS data for construction of a
drug or disease network to further potential repurposing candidates.

For example, pranlukast, an asthma drug/leukotriene receptor 1 antagonist, and a
phosphodiesterase inhibitor amrinone are used for congestive heart failure.

2.3 High-throughput screening

Or phenotypic screening of compounds, it is applied to in vitro or in vivo disease
models can reveal potential drug candidates for clinical evaluation.

For example, the discovery of disulfiram, used against alcohol abuse, turned out
to be a selective antineoplastic agent, with proven research using genome-wide gene
expression studies.

2.4 In Silico screening and molecular docking

It is a computational approach based on structure similarity to predict binding
site complementarity between a ligand (for example, a drug) and a therapeutic target
(typically, a protein receptor).

For example, molecular docking studies identified mebendazole, an anti-parasitic
drug and inhibitor of vascular endothelial growth factor receptor 2 (VEGFR2), and
also a mediator of angiogenesis. This was validated with experiment studies.

2.5 Genetic association

Genes that assumed to be associated with a disease mechanism should be
considered as potential drug targets about which a small molecule ligand can be
designed.

2.6 Retrospective analysis of clinical data

Large volumes of old, retrievable clinical data including hospital records, clinical
trial data, and post-marketing surveillance data can be tapped, compiled, integrated,
and analyzed. Such databases comprise both structured and unstructured data on
patient response and outcomes.

For example, terbutaline sulfate, an anti-asthmatic drug candidate, was arrived
at for the treatment of amyotrophic lateral sclerosis (ALS), from the retrospective
clinical data analysis.

3. Drug repurposing
3.1 Challenges to overcome
3.1.1 Legal and commercial challenges

Some developing countries like India, the Philippines, Taiwan (Province of
China), the Andean Pact Latin American countries (Bolivia, Colombia, Ecuador, and
Peru), and Vietnam do not allow the granting of a method-of-use patent for a second
or alternate medical use of an approved drug, whereas several developed nations
allow second medical use patents defined as fiction of novelty. In some other cases,

166



Role of Drug Repurposing in Sustainable Drug Discovery
DOT: http://dx.doi.org/10.5772/intechopen.110621

possible repurposing may have been discussed/covered/reported in the original lit-
erature or may be part of its non-registered uses. The international TRIPS Agreement
allows flexibility to the individual signatory nations as also to their courts on the
refusal/approval of second medical use patents.

The European Patent Office (EPO) does not allow a second medical use patent if
it is merely noted that the drug exhibits selective binding to another receptor; yet if
the claim focuses on the end result of the drug function, mentioned categorically as
“any condition susceptible of being improved or prevented by inhibition or enhance-
ment of a specific enzyme activity,” the patent is granted/approved provided that it
is validated/supported by experimental data, which is also disclosed in the patent
application specifications. Any information related to drug re-profiling may not be
controlled by intellectual property rights; however, if in the public domain, it cannot
attract novelty, thus ceasing to be patentable material. Furthermore, proof-of-concept
studies also need to be validated by controlled clinical trials.

Toggling the bioisosteres of existing off-patent drugs by keeping their pharmaco-
phore intact would defeat the purpose of repurposing, as it would give rise to a new
entity. Same dosage and/or formulation for off-patent drugs being re-profiled would
not be legally patentable. Therefore, offering a lower dosage form than in use or an
alternate formulation would be key to its re-profiling.

3.1.2 Retrieving data

With respect to shelved/abandoned/withdrawn drugs, a major hurdle is acces-
sibility to clinical trials data that only its discovering organization may be privy to.
Although a shelved drug is capable of reinventing itself as a lower dose repurposed
opportunity, the pharma industry, on an average, does not resort to sharing its list/
portfolio of shelved drugs, especially if the therapy area of repurposing does not cater
to its organization’s disease portfolio.

In another scenario, where there is a collaborative interface between industry and
academia, this problem can only be facilitated by CDA (Confidentiality Disclosure
Agreement) and compound sharing. Dealing with abandoned drugs, or those which
have been outlived by their competitors, another challenge is posed by the availability
of a suitable vendor.

3.1.3 Limited repurposing space

As more and more approved drugs are finding their way into repurposed thera-
peutic territories, it may seem that the druggable space for repurposing is exhausting
itself out. In such a scenario, a prudent strategy would be to club drugs for combina-
tion therapy, as also to discover new pathways for their effective applications. This is
visible more so in the field of infectious diseases, by employing the nifurtimox-eflo-
rnithine combination therapy for second-stage African trypanosomiasis [6]. Another
avenue to expand the re-profiling horizon is personalized medicine.

4. Early examples of successful drug repositioning

The first example of drug repositioning is aspirin or acetylsalicylic acid (Figure 2).
In 1899, Bayer marketed it as an analgesic, while at the turn of the century, in the 1980s,
it was repositioned as an antiplatelet aggregation drug [7].
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h

Figure 2.
Aspirin/AcetylSalicylic acid.

During the last millennium, drug repurposing successes of sildenafil, valproic
acid, and minoxidil were charted by analyzing their known pharmacology in a
particular domain (vis-a-vis the adverse effects) to resolve a pressing clinical problem
from another therapeutic area, not relying entirely on serendipity [8].

Sildenafil (formulated as its citrate) (Figure 3), originally introduced by Pfizer, as
an antihypertensive medication, was later repurposed for erectile dysfunction (TM
Viagra) based on prior clinical experience and went on to become a blockbuster drug
[9]. Moreover, as a reversible inhibitor of phosphodiesterase type 5 (PDES), it has also
been approved for pulmonary arterial hypertension (PAH) intervention under the

brand name of Revatio® [10].

Valproic acid (N-dipropylacetic acid) (Figure 4) was discovered by Meunier and
Carraz in the year 1967. On the revelation of its anticonvulsant properties, it was a
popular drug widely used in epilepsy and bipolar disorder, formulated as sodium
valproate. Valproic acid (VPA) has so far been the drug of choice for epilepsy and
other neurological disorders since the past 66 years. Ongoing research has indicated
the potential of VPA as an antineoplastic agent, partly due to its role in the inhibi-
tion of histone deacetylases, thus modulating the expression of genes and affecting
changes in the cell cycle, differentiation, and subsequently apoptosis. Over and above
inhibiting histone deacetylases, VPA enhances RNA interference, activating histone
methyl-transferases, or suppressing the activation of transcription factors [11].

Minoxidil (Figure 5) was originally developed in the late 1950s, by The Upjohn
Company, now Pfizer, with hopes of treating ulcers; however, it failed to treat
gastric issues, and instead was shown to be a vasodilator and a potassium channel
opener, hyperpolarizing the cell membranes. Two decades later, in 1979, minoxidil
was repurposed for arterial hypertension [12]. During clinical trials, it was observed
that unwanted hair growth was an adverse side effect, and thus, subsequently, a
topical minoxidil formulation was evaluated to treat hair loss. FDA approved topical
minoxidil in 1988 for androgenetic alopecia and alopecia areata, and today, generic
minoxidil is sold over the counter (OTC) as Regaine Topical Solution 2%, for men
and women [13].

Another drug, thalidomide, originally introduced as a sedative in the year 1957,
was found to induce severe skeletal birth defects in newborn children whose moth-
ers were administered this drug in the first pregnancy trimester; thus, after about
4 years, it was withdrawn and further repurposed for erythema nodosum leprosum
(ENL) (1964), and multiple myeloma (1999) was based on serendipity [14]. The
two indications were distinct of each other, and decades apart from each other. The
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successful repurposing of thalidomide also led to the discovery, development, and
approval of other highly successful derivatives, notably lenalidomide (Revlimid,
Celgene) (Figure 6).

This strategy is especially very pertinent when applied to rare and neglected
diseases and disorders, and orphan drugs, as is noticed in the drug portfolio of DNDi
(Drug for Neglected Diseases initiative) repurposed NCE candidates undergoing
clinical trials, including fexinidazole, fosravuconazole, Ambisome™, and miltefosine,
fexinidazole being the first oral-only drug, for advanced-stage sleeping sickness
[15], with a small fraction of the estimated investment for a de novo drug. Rare and
orphan diseases often have unknown or poorly characterized metabolic pathways/
pathophysiology where computational approaches for predictive repurposing result
in large-scale genome sequencing data analysis for the identification of genetic
variation/s contributing to the disorder and expediting the re-profiling of existing
drugs targeting the relevant protein/s [16].

During the past decade, drug repurposing as well as drug discovery is hugely
complemented by artificial intelligence/machine learning methods to squeeze the
drug discovery timelines while maintaining consistency in the systematic retrieval,
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analysis, and application of big data. Notable approaches in this area are system-
atic analysis of clinical trial data, molecular similarity approximations, signature
matching of targets, transcriptomic and proteomic data, and structure-based
virtual screens.

5. Unusual case studies
5.1 Dapoxetine

Dapoxetine, discovered by Eli Lilly, as a selective serotonin reuptake inhibitor
(SSRI), was primarily discontinued by Eli Lilly as an adjunct therapy for analgesia.
Later on, it was repurposed as an antidepressant with fluoxetine. But short half-life of
the compound and the rapid onset did not permit daily dosage, an imperative crite-
rion for any supplementary antidepressant, and thus, it fizzled out.

Finally, dapoxetine’s rapid onset and short half-life were considered to be a phar-
macokinetic advantage for the therapy of premature ejaculation, which prompted
patenting the findings and validating with phase II proof-of-concept studies, and
after changing hands, with a new method-of-use patent, dapoxetine (now a part of
Johnson & Johnson portfolio) is now in phase III clinical development for premature
ejaculation.

5.2 Thalidomide

As noted previously, after severely unfortunate fallouts, thalidomide made a grand
role reversal. Originally marketed as a sedative in 1957 in Germany and England,
Thalidomide created unforeseen complications in pregnant women facing morning
sickness. It was subsequently repurposed as a drug of choice to treat the erythema
nodosum laprosum (ENL), an agonizing inflammation caused due to leprosy whereby
painfully large boils often lead to blindness.

6. Future outlook

Currently, almost a third of approvals are repurposed drugs. This clearly indicates
the success of several repurposed drugs. New avenues for repositioning can emerge
from increased collaboration between pharmaceutical industry and allied sectors of
academia, with priority awarded to orphan diseases, rare and neglected disorders,
and synergistic drug combinations of repurposed drugs, in such cases as metformin,
where the efficacy of the original drug continues unabated. Rare and neglected
diseases are not usually profitable for pharmaceutical giants, and their involvement
in terms of corporate social responsibility, which endeavors to bridge the gap between
profit margins and overall societal welfare, can also add up to generate awareness
about several lesser-known disorders. These can be heavily incentivized, parallelly by
governmental agencies/organizations, to sustain the equilibrium between commercial
viability and redressal of new therapeutic solutions for marginalized diseases.

To supplement this, personalized/precision medicine will add to newer informa-
tion regarding the characterization and classification of disease pathways, leading to
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a better understanding of repositioning old/abandoned drugs for diverse therapeutic
areas, revitalizing drug re-profiling even further. Contraindications/adverse reactions
relating to a prior allotted pharmacokinetic metabolism can assist and enhance our
knowledge of expected drug reactions. Sustainable drug re-profiling is also compli-
mented by advances in technology such as artificial intelligence and machine learn-
ing, which are instrumental in the expedition of large-scale extraction and integration
of heterogeneous data, comprising a mixed bag of imaging, HTS data, DMPK pro-
files, clinical trials records, and electronic health reports and records, to name a few.

Thus, de novo drug discovery and drug repositioning can support each other to
make pharmaceutical innovation more sustainable in terms of resources, time, and
setbacks.
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Development of Phytomedicines as
Novel Antimalarial Lead Molecules:
Progress towards Successful
Antimalarial Drug Discovery

Mithun Rudrapal, Dipak Chetia and Soumya Bhattacharya

Abstract

Among numerous life-threatening infectious diseases (HIV/AIDS, TB, NTDs and
EIDs), malaria continues to be the deadliest parasitic disease caused by Plasmodium
protozoa transmitted by an infective female Anopheles mosquito. Plasmodium falci-
parum, the potentially fatal malaria parasite, is believed to be responsible for most of
the morbidities and mortalities associated with malaria infections. Artemisinin-based
Combination Therapies (ACTs) are currently considered to be the frontline therapy
against malaria caused by P, falciparum. Despite significant progresses in antimalarial
drug discovery, the control and prevention of malaria is still a challenging task. It
is primarily because of the reduced clinical efficacy of existing antimalarial thera-
pies including ACTs due to the widespread emergence of drug-resistant strains of
malaria parasites, especially P, falciparum. It is, therefore, necessary to discover and
develop novel drug candidates and/or alternative therapies for the treatment as well
as prevention of resistant malaria. In this chapter, the potential of phytomedicines as
natural sources of novel antimalarial lead molecules/ drugs with recent advances in
phytomedicine-based antimalarial drug discovery has been reviewed.

Keywords: antimalarials, phytomedicines, P, falciparum, lead molecules,
drug discovery

1. Introduction

Malaria is a potentially life-threatening parasitic disease caused by Plasmodium
protozoa transmitted by an infective female Anopheles mosquito. Along with human
immunodeficiency virus/ acquired immunodeficiency syndrome (HIV/AIDS), tuber-
culosis (TB), neglected tropical diseases (NTDs) and viral hepatitis (hepatitis B),
malaria affects billions of people, and causes more than 4 million deaths every year
globally [1]. Apart from these infectious diseases, emerging infectious diseases (EIDs)
are serious public health threats in the twenty-first century. Some deadly EIDs include
severe acute respiratory syndrome (SARS), Ebola virus disease (EVD), Zika virus
disease (ZVD), swine flu (HIN1 influenza), bird flu (avian influenza), chikungunya
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(CHIKV), dengue fever (DENV), hanta pulmonary syndrome (HPS, hanta virus),
antibiotic-resistant infections (superbugs) and coronavirus disease (COVID-19,
SARS-CoV-2) [2, 3].

According to the latest report by World Health Organization (WHO), about 229
million clinical cases of malaria with a death toll of 409,000 have been documented
for the year 2019. In the same year, 94% of all malaria cases and deaths were found in
the WHO African region. In the Southeast Asian region of WHO, there were an esti-
mated 7.9 million cases of malaria in 2018. Children under 5 years of age are consider-
ably at higher risk of malaria. They have been accounted for 67% of all malaria deaths
worldwide in 2019 [4-6]. However, Plasmodium falciparum, the deadliest malaria
parasite, is attributed to be responsible for most of the morbidity and mortality
associated with malaria [7, 8]. Artemisinin-based Combination Therapies (ACTs) are
currently considered as the frontline therapy against malaria caused by P. falciparum
[9, 10]. Due to the widespread emergence and spread of drug resistant strains of P

falciparum, the clinical utility of existing antimalarial therapies including ACTs has
been drastically declined [11, 12]. It has, therefore, become a serious health concern,
which urgently necessities the discovery and development of novel drug candidates
and/or alternative therapies for the treatment as well as prevention of resistant
malaria. In this chapter, the potential of phytomedicines as natural sources of novel
antimalarial lead molecules/ drugs with recent advances in phytomedicine-based
antimalarial drug discovery has been briefly summarized.

2. Phytomedicines and antimalarial drugs

The discovery of antimalarial drugs from plant sources was started in 200 years
back when quinine (QN), a cinchona alkaloid, was isolated from Cinchona bark in the
year 1820. Earlier, the extract of Cinchona bark (also known as Peruvian Bark) was
traditionally used for the treatment of fever by native Peruvian Indians in 1600s [13].
QN was the only known antimalarial drug for more than three centuries, and until the
1930s was the only effective therapeutic agent for the treatment of malaria. Later, the
structure of quinine served as a template for the development of several synthetic con-
geners as potent antimalarial agents [13, 14]. The introduction of CQ, a 4-aminoquino-
line derivative of QN, in the mid-twentieth century (1940) ceased the wide spread use
of QN. Soon after its introduction, CQ became the mainstay of malaria chemotherapy,
since it was clinically effective, less toxic and cheaper drug [15]. Another synthetic
antimalarial, primaquine (PQ, 1950) was also developed thereafter based on the

4 HO
HNMNV N
m o
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QN CQ MQ

Figure 1.
Some QN-based antimalarial drugs.
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structure of lead QN molecule. PQ is a 8-aminoquinoline analogue of QN. Mefloquine
(MQ), a synthetic quinoline methanol derivative of QN, was developed (1975) after
CQ to treat resistant cases of malaria. Malaria parasites resistance to CQ and MQ began
to appear within a few decades of introduction [16]. Later, several quinoline deriva-
tives related to CQ (amodiaquine, AQ and isoquine, IQ) and MQ [halofantrine (HL),
lumefantrine (LUM) and pyronaridine (PYN)] were developed and found effective
(in combination with ART-based drugs such as dihydroartemisinin, artemether and
artesunate) against CQ-resistant and/or multi-drug resistant (MDR) P, falciparum
infections. Hepatotoxicity and cardiotoxicity are some serious toxic effects associated
with these drugs [17]. Moreover, rapid development of resistance has severely limited
the use of QN-based drugs alone, and therefore, they are used in combination with
other drugs in the treatment of resistant malaria. The increasing prevalence of MDR
strains of malaria parasites, particularly P, falciparum in most malaria endemic areas
(Southeast Asia including Myanmar, Thailand, Vietnam and India, African continent
and Eastern Mediterranean region) has significantly reduced the efficacy of CQ and
other potent QN-based antimalarials in the treatment of malaria [8]. Figure 1 depicts
structures of some QN-based antimalarial drugs.

QN-based antimalarials are used widely in the treatment and prophylaxis of
malaria. QN still remains an important antimalarial drug due to the emergence of
CQ-resistant and MDR strains of malaria parasites, especially P, falciparum. Due to its
undesirable side effects, it is now only used as an intravenous injection (as sulphate
salt) to treat severe malaria. CQ (as phosphate salt) still remains the first-line drug in
the treatment of uncomplicated sensitive P. falciparum malaria, despite its increasing
resistance to parasites, due to its easy availability, low cost and good tolerability. In
CQ-resistant malaria, the next drug of choice is MQ, followed by QN in combination
with tetracycline, doxycycline or sulphadoxine-pyrimethamine (SP). MQ and AQ are
widely available and are used to treat cases of uncomplicated malaria in areas where
CQ resistance is prevalent [18, 19].

QN-based drugs are blood stage schizonticidal. CQ/MQ is selectively active against
the intra-erythrocytic mature forms (trophozoites) and also younger ring forms of
malaria parasites, without any activity against gametocytes. QN-based drugs inhibit
the heme polymerase enzyme resulting in specific toxicity during the developmental
stage of the parasite. CQ accumulates by a weak base mechanism in the acidic food
vacuole of trophozoite-infected cells and act by forming a complex with heme in
the parasite food vacuole, which prevents heme polymerization and consequently,
hemozoin formation. Simply, they these drugs block the polymerisation of heme
to haemozoin (malaria pigment). As a result, the heme which is released during
haemoglobin degradation builds up toxic accumulation of heme (haematin), thereby
kills the parasite with its own toxic effects. The mode of action of QN is similar to
CQ. QN binds strongly to heme protein and forms complexes that are toxic to the
malaria parasite, as already delineated above. MQ also acts by inhibiting the heme
polymerase, similar to CQ [8, 18-20].

ART, an active constituent of Artemisia annua L. (Sweet wormwood) and related
compounds (semi-synthetic derivatives) showed promising antimalarial efficacy in
clinical trials in 1970s (1972) and till date they are considered as the most effective
and potent antimalarial agents [21]. Since ART is not soluble in water or oil, it has
several limitations such as poor aqueous solubility, oral absorption and bioavailability.
Reduction of ART (sesquiterpene lactones or cyclic endoperoxide) produced dihy-
droartemisinin (DHA), a sesquiterpene lactol, which served later as a template for the
synthesis of a series of semi-synthetic analogues such as artemether (AM), arteether
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ART DHA R=Me, AM
R=Et, AE
R=CO(CH,),COONa, AS

Figure 2.
ART and some ART-based antimalarials.

(AE) and artesunate (AS). They are collectively termed as the first-generation deriva-
tives of ART [22, 23]. First-generation ART derivatives can be further grouped into
oil soluble C(10) p-alkyl ethers (AM and AE) and water soluble C(10) B-(substituted)
esters (sodium artesunate and sodium artelinate). These drugs possess better oil/
water solubility, and therefore, have superior pharmacokinetics properties with
increased antimalarial efficacies over the parent compound, ART [8]. Figure 2 repre-
sents the structures of ART and some ART-based antimalarial drugs.

Because of having excellent antiparasitic efficacy against resistant parasites,
ART-based drugs mostly replaced the use of QN- and antifolate-based drugs. ART
derivatives are fast-acting antimalarials effective against MDR strains of P, falciparum
and are used for the treatment of severe and complicated malaria. ART-based drugs
showed very rapid clearance of parasites and faster resolution of fever as compared to
QN. In some areas of Southeast Asia, combinations of ART-based drug and MQ offer
the only reliable treatment for uncomplicated MDR P, falciparum malaria [24, 25].

ART and its analogues are active against all blood stages, particularly against
younger ring forms and gametocytes. They have no activity on hepatic stages of
parasites. They reduce parasitemia very rapidly and are well tolerated in both adults
and children. ART and related compounds are concentrated in parasite-infected
erythrocytes and exert their parasiticidal activity subsequent to reductive activation
by heme in an irreversible redox reaction, which produces toxic carbon-centred free
radicals. Toxic free radicals may lead to alkylation of heme or bring about oxidative
damage to parasite proteins/lipids. The endoperoxide group, therefore, appears to be
crucial for the antimalarial activity. The antimalarial activity of ART may also result
from the inhibition of a parasitic calcium ATPase enzyme [8, 24-26].

The development of atovaquone (ATO), a 2-hydroxy-1,4-napthoquinone anti-
malarial, began more than 50 years ago when the outbreak of World War II caused
substantial shortages in the supply of QN. ATO is an analogue of lapachol (a pre-
nylnaphthoquinone isolated from Tabebuia species, Lapacho tree, 1892). Lapachol
was used as an antimalarial lead molecule for the development of ATO. It is effective
against CQ-resistant P, falciparum, but because, when used alone, resistance develops
rapidly, ATO is often given in combination with proguanil (PG). A new fixed-dose
antimalarial combination of ATO and PG (Malarone, 1998) is available in the market
worldwide. Malarone shows good tolerability with minimal side effects in children and
adults with uncomplicated malaria. It is used as chemoprophylaxis for the prevention
of malaria in travellers. ATO represents a novel class of expensive antimalarial drug.
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Figure 3.
Structure of ATO.

ATO is used in combination with PG (a selective inhibitor of dihydrofolate reduc-
tase, DHFR) or tetracycline for the prevention as well as treatment of CQ-resistant
malaria, including cerebral malaria caused by P, falciparum. It is as effective as MQ or
doxycycline. ATO acts through the inhibition of electron transport at the Plasmodium
mitochondrial cytochrome bcl complex and depolarizes the membranes of Plasmodial
mitochondria[15, 16]. The structure of ATO is given in Figure 3.

3. Approaches to antimalarial drug discovery

The objective of antimalarial drug discovery is to find out new and potent drug
candidates based on the knowledge of existing and/or novel drug targets. It is neces-
sary to develop affordable and safe drugs that would be reasonably cheaper, non-toxic
to host tissues, and clinically effective against resistant malaria parasites. Suitable
in vitro and in vivo experimental methods are, therefore, used for the evaluation of
efficacy as well as toxicity of newer antimalarial agents. However, there are several
traditional and modern approaches to antimalarial drug discovery programme,
which include traditional evaluation of bioactive natural products/phytomedicines,
molecular modifications of existing lead molecules, reverse pharmacological or drug
repurposing approach and drug discovery based on CADD/SBDD approach [8]. Brief
explanations of these approaches are given here under (Figure 4).

3.1 Ethnomedicinal evaluation based approach

The investigation of medicinal plants having traditional/ folkloric uses as antima-
larial medicine may be potential sources of novel bioactive compounds that can be
further developed into potent antimalarial drugs and/or lead molecules. Several tribes
and aboriginals of Asian, African and South American continents still rely on plant-
based ethnomedicines for the management of fever and malaria-like illness. QN and
ART were discovered from the ethnomedicinal use of Cinchona and Artemisia plants,
respectively. They served as lead structures in the development of many more potent
antimalarial drugs of current use. Considering the above fact, thousands of medicinal
plants and traditional formulations have been screened (i vitro and in vivo) to aid
bioactive fraction guided discovery of antimalarial lead molecules [27].
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Figure 4.
Approaches to antimalarial drug discovery.

3.2 Random high-throughput screening

Random high-throughput screening of plant extracts is one of the common
approaches for antimalarial drug discovery. Scientists and researchers perform
random screening of plant extracts against Plasmodium strains by various in vitro
methods in search for novel antimalarial compounds. Depending upon preliminary
antimalarial efficacy (ICs) and cytotoxicity profile (CCsp) obtained iz vitro, plant
extracts and/or isolated pure compounds can be further subjected to iz vivo experi-
mental (EDsy and Pharmacokinetics) studies [28].

3.3 Plasmodium life cycle targeted drug discovery

This is believed to be the most potential approach in antimalarial drug discovery
programme. Specific proteins or enzymes that are essential biological components
in the life cycle of Plasmodium parasite may provide novel targets for the discovery
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of drug molecules. For instance, falcipains (FP), plasmepsins (PM), dihydrooroate
dehydrogenase (DHOH), phosphatidylisositol-4-kinase (PI4K), cytochrome be1 (Cyt
be1) and Na*-ATPase 4 are some novel drug targets discovered from the biology of

P, falciparum [8].

3.4 Indigenous phytomedicine-based reverse pharmacological approach

Reverse Pharmacology deals with the precisely designed preclinical and clinical
research of age old herbal medicine used in well documented indigenous system
of medicine (Ayurvedic medicine, Chinese medicine etc.) with a view of better
understanding of the mechanism of action (even at molecular level) followed by the
isolation of bioactive molecule(s) and finally the development of lead molecule(s). In
fact, the discovery and development of ART (from A. annua) and its derivatives are
the result of reverse pharmacological approach. Another interesting example is the
discovery of antiplasmodial protoberberine type alkaloids allocryptopine and pro-
topine from A. mexicana. This approach is considered to be quite reliable and faster
technique due to the availability of prior information about therapeutic and toxic
properties of the plant species under investigation. However, the discovery of potent
lead molecule(s) with desired pharmacological/toxicity profile may sometimes be
difficult because herbal medicine/ plant extracts possess therapeutic efficacy due to
the synergistic activity of multiple ingredients in the crude mixture [26, 29].

3.5 Drug repurposing approach

Repurposing of existing drugs with new therapeutic indications is also consid-
ered as one of the effective alternatives for the discovery of antimalarial drugs. The
notable advantage of this approach is that the mechanism of action and toxicity
of drugs have already been established in clinical trials for other diseases. Folate
antagonists (sulphonamides, sulphones, biguanides, pyrimethamine, triazines, etc.)
and several antibacterials/ antibiotics (tetracycline, doxycycline, clindamycin etc.)
have been reported to exhibit promising antiplasmodial efficacy against malaria
parasites. In recent days, drug repurposing involves the combined efforts of in silico
and in vitro methods to identify new therapeutic uses of existing drug molecules on
arational basis. Using the same strategy, researchers have been working on existing
drugs in search for new antimalarial drug candidates. Repurposing of azithromycin,
auranofin, loperamide hydrochloride, amlodipine besylate, cyclosporin A, esome-
prazole magnesium, omeprazole etc. with antimalarial activity have been reported in
literature [30, 31].

3.6 Semi-synthetic modifications or designing of analogues

Novel antimalarial drugs can be developed from the semi-synthetic modification of
naturally derived lead molecules and/or by designing of newer synthetic analogues/
derivatives of existing drugs based on the structure-activity relationship (SAR)
approach. This approach mainly emphasizes on reducing the toxicity with retain-
ing and/or enhancing the therapeutic efficacy of the basic template structure/ lead
molecule. Synthetic quinolines like CQ, AQ, IQ (4-aminoquinolines), PQ (8-amino-
quinolines) MQ, HL, LUM (quinoline amino alcohols), piperaquine (PIP, bisquino-
line analogue) and PYN (benzonaphthyridine derivative) were developed based upon
the structural template of QN. Several chemical strategies were involved in structural
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modification of QN or other lead molecules in order to improve the therapeutic
efficacy as well as toxicity of the parent molecule. Tebuquine (4-aminoquinoline
derivative, a CQ analogue) and tafenoquine (8-aminoquinoline derivative, a deriva-
tive of PQ), are two newer drugs developed recently. Ferroquine (4-aminoquinoline
derivative, a CQ analogue, Phase II terminated), AQ-13 (4-aminoquinoline analogue,
Phase II) are presently under development. Following similar approach, DHA, AM
and AS were also developed from ART. Some newer drugs (belonging to different
classes) that are under development include DSM265 [Pf dihydrooroate dehydroge-
nase (DHOH) inhibitor, a triazolopyrimidine-based drug, Phase II], MMV390048 [Pf
phosphatidylisositol-4-kinase (PI4K) inhibitor, Phase I] and KAE609 or cipargamin
(Na+-ATPase 4 inhibitor) [8, 32-38].

3.7 Combination therapy approach

The concept of combination therapy (CT) is based on the synergistic or addi-
tive activity of two or more drugs, which improves therapeutic efficacy and also
delays the development of resistance to the individual drugs of the combination.

In antimalarial combination therapy, two or more drugs are used together that act
with independent mode of action probably at different biochemical targets in the
life cycle of Plasmodium parasite. WHO recommended combining the rapid schi-
zonticidal ART derivative (DHA, AM or AS) with one or more partner drugs (from
different class of antimalarials having longer biological half-lives) for the treatment
of resistant P. falciparum malaria. Such combined antimalarial drug regimens (for
examples, AM + LUM (Co-Artem, fixed dose, AL), AS + MQ (AM), AS + CQ, AS

+ SP, AS + DOX, AS + DOX + CQ etc.) are known as ACTs. Some ACTs which are

in pipeline include AS + PYN, DHA + PIP (Artekin), DHA-PIP- Trimethoprim and
DHA + PIP + MQ [8, 25].

3.8 Drug discovery by CADD/SBDD approach

Traditionally, drugs are discovered by testing naturally derived or synthetically
obtained compounds in time-consuming multi-step processes against a battery of in
vitro and in vivo screening methods. Compounds having promising therapeutic poten-
tial are further investigated for their development as drug candidates after pharma-
cokinetic, metabolism and toxicity studies. Today’s modern drug discovery process
involves rational design and development of novel drug molecules based on a particular
disease target using modern tools and techniques of virtual and experimental screening
techniques. In virtual screening, computational methods screen large chemical librar-
ies targeted towards a specific biological receptor, using advanced high performance
computing environments, data management software and internet. It delivers new drug
candidates quickly and at lower costs. Virtual screening is an approach of structure-
based drug design (SBDD) that uses computer-based (ix silico) methods to discover
and develop new drug molecules on the basis of biological structures of particular
disease of interest. SBDD methods mainly focus on the design of molecules for a
disease target with known three dimensional structures followed by the determination
of their binding affinity for the target by molecular docking along with other ix silico
screening methods (ADMET and toxicity screening) for optimization of molecules
during development. The process of SBDD proceeds through design and development
of a series of consecutive steps from hit identification to lead optimization followed
by preclinical and clinical development of drug candidates [38, 39]. Antimalarial drug
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Antimalarial drug discovery based on SBDD approach.

discovery based on SBDD approach involves the application of modern tools of molecu-
lar modelling and other iz silico techniques in the development of novel antimalarial
drug candidates (Figure 5).

4. Phytomedicines and antimalarial lead molecules: recent developments

Phytomedicines (i.e., plant-based/ herbal traditional medicine systems) served
as potential sources of lead molecules for the development of several clinically useful
antimalarial drug candidates. For example, QN isolated from Cinchona bark was used
as a template for the development of CQ and MQ. ART isolated from Artemisia annua
has been utilized for the successful development of various semi-synthetic deriva-
tives (DHA, AM and AS) which are currently used in the treatment of CQ-resistant P
falciparum malaria [40, 41]. Apart from QN and ART, some examples of antimalarial
natural products that were developed from plants include yingzhausu A, febrifugine,
sergeolide, chaparrin, glaucarubin, tehranholide and brusatol [42].

During the last few decades, a large number of plant species have been identi-
fied to be effective as antimalarial agents. Pure phytochemicals isolated from these
plants have been reported to exhibit antimalarial effectiveness, particularly, against
CQ-sensitive and CQ-resistant strains of P, falciparum. It is, therefore, imperative that
antimalarial phytochemicals reported with promising iz vitro and in vivo activities
can be further subjected to preclinical and clinical confirmation for their develop-
ment as novel antimalarial lead molecules and/ drug candidates. Plant-derived
antimalarial compounds belong to several phytochemical classes of natural products
such as alkaloids, terpenoids, quassinoids, limonoids, Polyphenols and flavonoids,
coumarins, steroids, anthraquinones, naphthoquinones etc.
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Structures of some recently developed plant-derived antimalarial compounds.

Terhanolide (artediffusin), a sequiterpene lactone isolated from A. diffusa exhib-
ited antimalarial efficacy against P, falciparum (in vitro) and P, berghei (in vivo) [43].
Halofuginone, an analogue of febrifugine (an alkaloid originally isolated from the
plant Dichroa febrifuga) exhibited antiplasmodial effects against CQ-sensitive and
CQ-resistant P, falciparum (in vitro) with curative effects in P, berghei-infected mice
[44]. Sergeolide, a quassinoid from Picrolemma pseudocoffa showed antimalarial
activities in vitro against P, falciparum and in vivo against P. berghei in mice [45].
Further, the antimalarial property licochalcone A (oxygenated chalcone) obtained
from Chinese licorice has been reported to exhibit antimalarial activity against CQ-
sensitive and CQ-resistant Plasmodium strain. Lichochalcone-A was the first natural

Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Alkaloids

Strychnogucine B Bisindole alkaloid Strychnos icaja Baill. In vivo antimalarial
Strychnobaillonine (Loganiaceae) activity (30 mg/kg/d

dose) against P. berghei in
murine model

Potent in vitro
antimalarial activity
against

CQ-sensitive 3D7 strain
of P, falciparum with

1Cso value of 1.1 pM

Lycorine Indolizidine alkaloid Plants from In vitro antimalarial
Amaryllidaceae family activity with ICsg value
of 0.029 pg/mL against
FCR-3 African strain of

P, falciparum
Caesalminines A & B Tetracyclic cassane-type Caesalpinia minax Hance  Antiplasmodial activity
diterpenoids alkaloids (fabaceae) with ICsq values between
0.42 and 0.79 pM
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Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
8a-Polyeolinone, Indolosesquiterpene Polyalthia oliveri Pellegr. Antiplasmodial activity
polyalthenol, N-acetyl- alkaloid (Annonaceae) Polyalthia against NF54 strain of 2
8a-polyeolinone and suaveolens Engl. & falciparum with ICsq of
N-acetyl-polyveoine Diels. (Annonaceae) 2.8 M
(syn.Greenwayodendron
suaveolens Engl. & Diels.
Verdc. (Annonaceae)
Strychnochrysine Bisindolomonoter Strychnos nux-vomica Antiplasmodial activity
penoid alkaloid Linn. (Loganiaceae) against CQ-sensitive and
CQ-resistant strains of P
falcipaum
Conessine Steroidal alkaloid Holarrhena antidysenterica  Antimalarial activity
(L.) Wall. ExA. DC. against CQ-sensitive P
(Apocynaceae) berghei NK65 strain in
BALB/c mice
Conessine Steroidal alkaloid Holarrhena antidysenterica  1Csy values of 1.9 g/
(L.) Wall. Ex A. DC. mland 1.3 ug/ml in the

(Apocynaceae)

schizont maturation and
pLDH assays,

Mokluangin D irehline and
mokluangin A

Pregnene-type alkaloid

Holarrhena pubescens
(Buch.-Ham.) Wall. Ex G.
Don. (Apocynaceae)

Antimalarial activity
against MDR P
falciparum K1 strain with
ICsg values between 1.2
and 2.0 yM

N-3-benzoyldihydrocyclo

Steroidal alkaloid

Buxus cochinchinensis

Antimalarial activity

microphylline F Pierre ex Gagnep. against DR Dd2 strain of
(Buxaceae) P, falciparum with ICs
value of 2.07 yM
Alstonisine Indole alkaloid Alstonia macrophylla Wall.  Antiplasmodial activity
ex G.Don (Apocynaceae)  against P falciparum with
1Csp value of 7.6 pM
20-Epi-dasycarpidone Indole alkaloid Aspidosperma ulei Markgr.  Active against MDR K1
(Apocynaceae). strain of P, falciparum
with ICs value of 16.7 uM
16-demethoxycar Sarpagine-type indole Tabernaemontana Antiplasmodial activity
bonylvoacamine alkaloids macrocarpa Jack. against 3D7 strain of P
(Apocynaceae) falciparum
Dehydrotylophorine, Phenanthroindolizine Ficus septica Burm.f. Antimalarial activity
dehydroantofine and alkaloids (Moraceae) against 3D7 strain of
tylophoridicine D P falciparum with ICsq

values of 0.42, 0.028,
0.058 yM

10-Demethylxylopinine

Isoquinoline alkaloids

Actinodaphne macrophylla
(Blume)Nees (Lauraceae)

In vitro antiplasmodial
activity against 3D7
strain of P, falciparum

(+)-N-methylisococlaurine,
atherosperminine,
2-hydroxyathersperminine

Isoquinoline

Cryptocarya nigra R.Br.
(Lauraceae)

Antiplasmodial activity
against CQ-resistant
strain of P, falciparum
(K1 strain) with ICs
values of 5.40, 5.80, and
0.75 uM

187



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Dihydronitidine dihydronitidine Zanthoxylum heitzii Potent against P
(Aubrey. & Pellegr.) PG.  falciparum with ICsq
Waterm. (Rutaceae) value of 25 nM
(—)-Pseudocurine Bisbenzylisoquinoline Stephania abyssinica Oliv. Antiplasmodial
(Menispermaceae) activity against both
CQ-susceptible D6 and
CQ-resistant W2 strains
of P, falciparum (ICs =
0.29:0.00 and 0.31:0.01
ug/ml, respectively)
(+)-laurotetanine, Bisbenzylisoquinoline Alseodaphne corneri In vitro antiplasmodial

(+)-norstephasubine

Kosterm. (Lauraceae)

efficacy with ICsy values

of 0.189 and 0.116 pM
Dioncophylline F Naphthylisoquinoline Ancistrocladus ileboensis Highly effective and
alkaloid Heubl, Mudogo specifically active against
& G. Bringmann. P, falciparum
(Ancistrocladaceae)
Pseudopalmatine Aporphine alkaloid Stephania rotunda Lour. Effective against W2
Obtusipetadione (Menispermaceae) strain of P, falciparum
Anonaine Dasymaschalon with ICs value of 2.8 pM
Tavoyanine A, roemerine, obtusipetalum Jing Wang In vitro antiplasmodial
Laurolitsine and boldine & R.M.K. Saunders. activity against MDR P
(Annonaceae) falciparum strains (TM4
Xylopia sericea A.St.-Hil. and K1) with ICs, values
(Annonaceae) of 246 + 0.12and 1.38 +
Phoebe tavoyana (Meissn.) ~ 0.99 pg/mL
Hook f. (Lauraceae) Antiplasmodial activity
against CQ-resistant W2
strain of R, falciparum
With ICsg value of 23.2 +
2.7 pg/ml
Potent inhibitory activity
against 3D7 strain of P
falciparum 3D7 with ICs,
values of 0.89, 1.49 and
1.65 pg/ml
Sebiferine Morphinandienone type  Phoebe tavoyana (Meissn.)  Potent inhibitoryactivity
alkaloid Hook f. (Lauraceae) against the growth of P
falciparum 3D7 clone, with
ICso values of 2.76 ug/ml
Simplicifolianine Protoberberine Meconopsis simplicifolia Antiplasmodial activity
(D. Don) Walpers against P, falciparum
(Papaveraceae) strains, TM4/8.2
(CQ-antifolate-sensitive
strain) and K1CB1
(MDR) with ICs, values
of 0.78 pg/mL and 1.29
pg/mL, respectively
Coptisine Protoberberine-type Coptis chinesis Franch. Potent inhibitory activity

alkaloid

(Ranunculaceae)

against P, falciparum
dihydroorotate
dehydrogenase (Pf
DHODH) with ICsj value
of 1.83 + 0.08 pM
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Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Miliusacunines A Oxoprotoberberine Miliusa cuneata (Graib). In vitro antimalarial

(Annonaceae)

activity against TM4
strain of P, falciparum
with ICso value of 19.3 +
34 M

Hymenocardine N-oxide

Cyclopeptide alkaloids

Hymenocardia acida Tul.

Antiplasmodial activity

(Phyllanthaceae) against P falciparum with
1Csp value of 12.2 + 6.6 pM
Microthecaline A Quinoline alkaloid Eremophila Moderate antimalarial
microtheca F.Muell. activity against P
(Scrophulariaceae) falciparum (3D7 strain)
with ICsq value of 7.7 uM
Sauristolactam Pyridocoumarin alkaloid  Goniothalamus australis Potent antimalarila
Jessup. (Annonaceae) activity against
CQ-sensitive P
falciparum (3D7 strain)
with ICsq value of 9.0 pM
Normelicopidine Acridone Alkaloid Zanthoxylum simullans Active against drug
Hance (Rutaceae) resistant Dd2 strain of
P, falciparum with ICsg
value of 18.9 ug/mL
Carpaine Macrocyclic dilactone Carica papaya L. Potent antimalarial

(Caricaeae)

activity activity against
3D7 (sensitive) and Dd2
(resistant) strains of

P, falciparum with I1Csg
values of 4.21 pM and
4.57 pM, respectively

Palmitine and jatrorrhizine

Indole alkaloid

Penianthus longifolius
Miers. (Menispermaceae)

In vitro antimalarial
activity against P
falciparum with ICsy
values ranging from 0.28
t0 0.35 pg mL™"

Liriodenine

Indole alkaloid

Glossocalyx brevipes Benth.

(Siparunaceae)

Antimalarial activity
against drug sensitive
D-6 strain and NF54
strains of P, falciparum
with ICsq values of
2.37 M and 1.32 pM,
respectively

Fagaronine

Indole alkaloid

Fagara zanthoxyloides
(Lam). (Rutaceae)

Antimalarial activity in
vitro against P, falciparum
with ICsq value of 0.018
pgmL™

Strychnopentamine
chrysopentamine

Indole alkaloid

Strychnos usambarensis
Glig ex Engl.
(Loganiaceae)

Antimalarial activity
against CQ-sensitive (FCA
20) (ICsg = 117 to 579 nM),
moderately CQ-resistant
(FCB1-R) (ICs = 107-550
nM) and CQ-resistant
(W2) (ICso = 145-507 nM)
strains of P falciparum
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Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Ancistrobrevine; Naphthoisoquinolines Ancistrocladus Moderate antimalarial
Ancistrobertsonine A, robertsoniorum J. Leonard.  activity against K-1
Ancistrobertsonine B, (Ancistrocladace) and NF54 strains of P
Ancistrobertsonine C, falciparum (ICsq values
Ancistrobertsonine D ranges from 2.0 to 15.9
pM)
Habropetaline A, Naphthoisoquinolines Triphyophyllum peltatum Antiplasmodial
5'-Odemethyl- (Hutch. & Dalz.) Airy activities against K1 (CQ
dioncohylline A Shaw (Dioncophyllaceae)  and pyrimethamine
resistant) and NF54
(sensitive to all known
drugs) strains of P
falciparum with ICsy
values of 5.0 and 2.3 ng
mL7, respectively
Nitidine Furoquinolines alkaloid Toddalia asiatica (L.) In vitro antiplasmodial

Lam. (Rutaceae)

activity against K39
strain of P, falciparum
with ICsq value of 0.045
pgmL™

B-hydroxydihydrochalcone
Deguelin, obovatin

Flavonoids

Tephrosia elata Deflers .
(Fabaceae)

Antiplasmodial activity
against D6 and W2
strains of P, falciparum
with ICs values of 8.2 +
0.8and 16.3 + 0.9 uM,
respectively Antimalarial
activity against D6

and W2 strains of P
falciparum with ICsy
values ranging from 12.4
to 27.6 yM

Chrobisiamone A

Bischromone

Cassia siamea (Lam).
(Fabaceae)

In vitro antiplasmodial
activity against 3D7
strain of P, falciparum
3D7 (ICso = 5.6 pM)

Series of twelve
biflavonoids
(amentoflavone and
hinokiflavone derivatives)

Flavonoids

Selaginella bryopteris L.
(Selaginellaceae)

Antiplasmodial activity
against P, falciparum
strains with ICsq value
between 0.30 and 0.26
uM

Citflavanone lonchocarpol
A 8-prenyldaidzein

Flavonoids

Erythrina fusca Lour.
(Fabaceae)

In vitro antiplasmodial
activity against P
falciparum at 12.5 pg/mL

Butyraxanthones A-D

Xanthone

Pentadesma butyracea
Sabine (Clusiaceae)

Antiplasmodial activity
against . falciparum with
ICsp values ranging from
4.4t08.0 uyM
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Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Kaempferol Flavonols Onions, kale, broccoli, In vitro antiplasmodial
apples, cherries, fennel, activity against P
sorrel, berries, tea falciparum with ICsy
values 33 + 7 uM(3D7
strain) and 25 + 2 pM
(7G8 strain)
Myricetin Flavonols Onions, kale, broccoli, In vitro antiplasmodial
apples, cherries, fennel, activity against P
sorrel, berries, tea falciparum with ICsy
values 40 + 10 pM (3D7)
and 76 + 2 uM (7G8)
Quercetin Flavonols Onions, kale, broccoli, In vitro antiplasmodial
apples, cherries, fennel, activity against P
sorrel, berries, tea falciparum with ICsy
values 15+ 5uM pM (3D7)
and 14 + 1 uM (7G8)
Isoquercitrin Flavonols Onions, kale, broccoli, In vitro antiplasmodial
apples, cherries, fennel, activity against P
sorrel, berries, tea falciparum with ICsy
values 66+ 10uM (3D7)
and 66+ 10uM (7G8)
Luteolin Flavones Parsley, thyme, celery, In vitro antiplasmodial
sweet red pepper activity against P
falciparum with 1Csy
values 11+ 1uM (3D7)
and 12 + 1 M (7G8)
Chrysin Flavones Parsley, thyme, celery, In vitro antiplasmodial
sweet red pepper activity against P
falciparum with ICsy
values 18+ 3uM (3D7)
and 22 + 4 uM (7G8)
Okundoperoxide bicyclofarnesyl Scleria striatinux de Antiplasmodial activity
sesquiterpene Wild (syn. S. striatonux) against CQ-sensitive
endoperoxide (Cyperaceae) (D6) and CQ-resistant
(W?2) strains of P
falciparum with ICsy
values ranging from 176
to 180 pM
Fagraldehyde Secoiridoid aglycone Fagraea fragrans (Roxb.) Effective in vitro against
DC. (Gentianaceae) P, falciparum, exhibiting
an ICs value of 116.6 +
9.4 uM (W2 strain)
6a,7p- Diterpene Bowdichia nitida Benth. In vitro antiplasmodial
Diacetoxyvouacapane (Fabaceae) activity against 3D7
strain of P, falciparum
(ICso = 1uM)
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Name of specific Type of compound(s) Plant source (Family) Antimalarial/
phytochemical(s) Antiplasmodial activity
Geraniol Monoterpene Pure isolated compound Antiplasmodial activities

against CQ-resistant
FcM29-Cameroon strain
of P, falciparum (ICs =
52 pM)

Limonene Monoterpene Pure isolated compound IC50 = 66 p
Mantiplasmodial
activities against the
chloroquine-resistant
FcM29-Cameroon strain

of P, falciparum
Ineupatorolide A Sesquiterpene lactone Carpesium rosulatum In vitro antiplasmodial
(Asteraceae) activity against

CQ-resistant D10 strain
of P, falciparum (ICso

= 0.019 pM) In vivo
antimalarial activity
against P berghei in mice
at doses of 2, 5and 10
mgkgday™

Table 1.
Phytomedicines as potential sources of antimalarial compounds [41, 47, 48, 52-58].

derivative of chalcones with antimalarial effectiveness against CQ-resistant strain
of P. falciparum [43]. Figure 6 displays structures of some recently developed plant-
derived antimalarial compounds.

Herein, phytomedicine-derived antimalarial compounds are categorized into
two broad groups, viz. alkaloids and non-alkaloids [46]. Different alkaloids such
as indoles, bisindols, isoquinolines (naphthyl and benzyl), piperidines, pyrroles,
quinolones, steroidal alkaloids have been reported to possess antimalarial effective-
ness. Polyphenolic compounds and bioflavonoids including dietary flavonoids such as
kaempferol, myricetin, quercetin and isoquercitrin possess iz vitro antimalarial activi-
ties. Different terpenenoids (farnesol, nerolidol, limonene, and linalool), quassinoids,
coumarins and limonoids also exhibited antiplasmodial activity when tested in vitro
against P, falciparum strains [47, 48]. Semi-synthetic triterpenes such as balsaminoside
B, karavilagenin C, S-farnesylthiosalicylic acid, and karavoates B and D have been
reported to exhibit in vitro and in vivo antimalarial activity [49-51]. Table 1 describes
phytomedicines as potential sources of novel antimalarial compounds.

5. Challenges in antimalarial drug discovery

There are several challenges that exist in the domain of antimalarial drug discovery
from plant sources. Some major challenges are low natural abundance of phytocon-
stituents, difficulty in isolation of the specific active compound in pure form, safety/
toxicity and ADMET/pharmacokinetics issues, and high cost of production. Due
to synergistic nature of crude plant extracts, it is also difficult to select the specific
phytochemical responsible for the antimalarial action for isolation. Other issues
include limited oral bioavailability and target specificity of natural molecules isolated
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from plants [59, 60]. Natural products with high degree of structural complexity and
chemical instability are the other notable hindrances in the drug discovery pipeline

of antimalarial drugs from plants. In vitro screening using parasitic cell cultures is a
tedious work protocol which requires an expensive experimental set up and skilled
laboratory personnel for the successful evaluation of antiparasitic activity. Similarly,
the in vitro toxicity evaluation on normal cell lines requires extensive efforts, skills and
labours. Compounds having high in vitro efficacy (ICsp < 1pM) and sufficient oral bio-
availability can be considered for further iz vivo testing. Compounds with EDy, values
of less than 10 mg/kg per os in in vivo murine model is essential for further develop-
ment [12, 17]. An important challenge is the lacking of efficacy in preclinical trials
after the successful in vitro and in vivo studies. Further, development of semi-synthetic
derivatives from the natural lead(s) is a challenging task in context of designing
scheme of synthesis, synthetic modification, purification of compounds and finally
chemical characterization of pure compounds. High-throughput experimental assays
eliminate potent antimalarial compounds due to toxicity issues and lack of pharma-
cokinetic properties [42]. Another challenge is the geochemical and climatic variation
of plants. One more important challenge is that since no molecular mechanism and
target specificity is known, it is very difficult to choose the i vitro or in vivo models
for preliminary screening, and final confirmation of antimalarial efficacy with the
exploration of mode(s) of action [59, 60]. Recently, ix silico techniques based discovery
of antimalarial drugs could reduce the chances of failure in the discovery pipeline.
However, newer assays and target based approaches are required to be developed for
discovery of newer congeners/ derivatives of naturally occurring potent molecules
with desired antimalarial potency and less toxicity.

6. Conclusion

Re-emergence of resistance of existing drugs against P, falciparum, toxicity and
unsatisfactory pharmacokinetics and less cost-effectiveness and poor patient compli-
ance, particularly in South-east Asian and African regions are some major concerns
in the malaria control and prevention programme worldwide. Although QN- and
ART-based existing drugs/ therapies are considered as gold standards in malaria
chemotherapy, the clinical utility of these drugs is challenging. Potent antimalarial
compounds derived from phytomedicines could serve as potential sources of future
antimalarial leads/ agents after a plethora of drug development (pre-clinical and
clinical studies) processes. Target-based discovery of bioactive phytochemical entities
is required for their successful development as effective and safe antimalarial drug
molecules.
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Chapter 13

Effects and Pharmacological Use of
Alkaloids on the Eyes

Jin-Ho Joo

Abstract

Alkaloids can have a variety of effects on the eyes. Some alkaloids are used as a
treatment for eye diseases, such as keratoconjunctivitis, but they are also toxic to
the retina. Other alkaloids are known to protect neuroretina from damage caused by
oxidative stress. Numerous ophthalmic drugs, such as glaucoma and antibiotic eye
drops, have long been developed through alkaloids. In this chapter, we will introduce
the beneficial and detrimental effects of alkaloids on the eye. In addition, the action
of alkaloids as existing eye drops and the possibility of developing them as drugs in
the future will be discussed.

Keywords: alkaloid, eye, mydriasis, miosis, repurposing, myopia, presbyopia,
intraocular pressure, retina, cataract, glaucoma, optic neuropathy, angiogenesis

1. Introduction

Alkaloid is a generic term for compounds derived from natural substances and
having a nitrogen atom as a base. Alkaloids can be obtained from a variety of organisms,
including bacteria, fungi, plants, and animals. The first alkaloid to be isolated was mor-
phine from opium in 1804 by Friedrich Sertiirner, a German pharmacist [1, 2]. Alkaloids
with pharmacological effects are often known to be used as medicines, for example,
physostigmine and pilocarpine as a treatment for glaucoma, and cocaine as a topical
ocular anesthetic. However, in some cases, they are toxic, just as cocaine is highly toxic to
corneal epithelial cells. Sometimes alkaloids cause undesirable constriction or dilation of
the pupil, making us uncomfortable.

Recently, several studies have shown the potential of alkaloids as new drugs in
the field of ophthalmology. Previously used, atropine plays a role in inhibiting the
progression of myopia, and pilocarpine is attracting attention as a new treatment
for presbyopia. In addition, some alkaloids are known to have antioxidant effects to
prevent the progression of cataracts, protect the optic nerve through various mecha-
nisms, and protect the retina by inhibiting angiogenesis.

Therefore, in this chapter, we would like to introduce the positive effects of using
alkaloids as medicines and the various effects of alkaloids on the eyes. And among the
recent studies, alkaloids would like to introduce the possibility of novel treatment in
the field of ophthalmology.
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2. Medicinal use of alkaloids in the field of ophthalmology
2.1 Atropine

Atropine (C17H3NO;) is a drug widely used by ophthalmologists for ophthalmic
diagnosis and treatment since the 1800s and not only derived from the leaves of
Atropa belladonna but is also found in other plants mainly from the Solanaceae fam-
ily, such as Datura stramonium, A. belladonna, Hyoscyamus niger, and Mandragora
officinarum [3]. It is an anticholinergic drug that causes powerful and long-lasting
mydriasis and paralyzes the ciliary body, causing cycloplegia. For muscarinic
receptors, it competes with acetylcholine or muscarine to inhibit parasympathetic
nerves and selectively block the action of acetylcholine or muscarine. Acetylcholine
secreted by stimulation binds to muscarinic receptors to continue signal transmis-
sion, and then, acetylcholine must be degraded by an enzyme called “acetylcho-
linesterase” to continue normal signal transmission. Atropine binds to muscarinic
receptors but does not cause signal transduction, and since atropine and acetylcho-
line competitively bind to muscarinic receptors, atropine acts to inhibit the action of
acetylcholine [4].

Until now, atropine eye drops have been used in ophthalmology to make mydriasis
for diagnosis and surgical treatment, to help reduce intraocular inflammation and
control the spasm of the near reflex. Recently, low concentrations of atropine have
been found to be effective in controlling myopia. In a randomized clinical trials study,
it was known that 0.05% atropine was less effective at the optimal concentration and
minimized the side effects of near blurry and photophobia [5, 6].

Although the mechanism by which atropine suppresses the progression of myo-
pia is not known, the following hypotheses are known to be highly likely through
several studies. First, atropine affects the sclera, which is a fibrous connective tissue
that protects the eye. It has been reported that atropine reduces the activity of the
epidermal growth factor receptor in sclera fibroblasts, thereby reducing the prolifer-
ation of these cells, increasing the thickness of the scleral fibrous layer in the myopic
eye, and reducing extracellular matrix production by reducing glycosaminoglycan
synthesis. This can explain that myopia is prevented by suppressing the increase in
the axial length of the eye. Second, atropine may affect the choroid, a layer of blood
vessels that supply oxygen and nutrients to the outer retina. Originally, the choroid
responds to optic defocus and controls the choroid thickness to focus. Atropine
blocks the muscarine receptors of the choroid retinal pigment epithelium (RPE),
modulates the transforming growth factor and basal fibroblast growth factor, and
eventually suppresses choroid thinning, which is known to prevent the progression
of myopia [7].

2.2 Physostigmine

In 1862, Thomas Fraser discovered the first intraocular pressure (IOP) lowering
medication, physostigmine (C;5H,1N30,), from the Calabar beans [8]. Physostigmine
is a highly toxic parasympathomimetic alkaloid and a reversible cholinesterase
inhibitor. After instillation into the eye, it increases the activity of free acetylcholine
in the pupil sphincter, causing miosis leading to contraction of the ciliary muscle.
Contraction of the ciliary muscle has been shown to decrease IOP by increasing the
drainage of aqueous humor into the trabecular pathway. However, physostigmine has
been replaced with safer drugs, which will be introduced below, due to side effects,
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such as headache, spasm of accommodation, blurred vision due to miosis, increased
risk of retinal detachment, and inflammation of the conjunctiva, cornea, and iris [9].

2.3 Pilocarpine

Pilocarpine (Cy;H;6N,0,) is a cholinergic agent that was isolated by Hardy and
Gerrard from Pilocarpus in 1875 and used as an eye drops for the treatment of glaucoma.
Installation of pilocarpine reduces the size of the pupil, which can help reduce glare.

Pilocarpine is a cholinergic parasympathomimetic agent that acts through direct
stimulation of muscarinic receptors and smooth muscles, such as the iris [10].
Aqueous humor is secreted from the ciliary body, travels through the pupil to the
anterior chamber, and exits through the trabecular meshwork into Schlemm? canal.
In angle closure glaucoma, IOP rises because aqueous flow obstruction occurs by the
pupillary block. This can cause vision loss and pain in the eyeball. The therapeutic
principle in angle closure is by removing the pupillary block. Pilocarpine contracts
the iris sphincter muscle and pulls it away from the trabecular meshwork, widening
the anterior chamber angle. As a result, it is used as an important treatment for angle
closure glaucoma by resolving a pupillary block [11, 12].

Pilocarpine is also used for diagnostic purposes. Dilated pupils can appear for a
variety of reasons. Among them, Adie’s tonic pupil is caused by damage to the post-
ganglionic parasympathetic nerve of the iris sphincter muscle. Denervation supersen-
sitivity is a characteristic sign in Adie’s tonic pupil that is confirmed by pharmacologic
testing with a direct-acting weak muscarinic agonist, dilute pilocarpine [13].

Recently, pilocarpine 1.25% eye drops have been approved by the FDA for the
treatment of presbyopia. Presbyopia is a condition in which near vision loss occurs
due to a progressive physiological loss of accommodation. Accommodation is adjust-
ing refraction to make focus on a near object. This can be achieved by increasing lens
thickness by reducing zonular tension with ciliary muscle contraction, pupillary
constriction, and convergence of both eyes. Presbyopia is known to occur due to the
stiffening of the lens due to aging. About 1.25% pilocarpine is a muscarinic agent that
induces miosis and ciliary body contraction and has been demonstrated to improve
near vision without significantly impairing distance vision [14, 15].

2.4 Cocaine

It was first used in 1884 by Karl Kéller as cocaine (Cy7H»;NO,) for topical ocular
anesthesia. As a local anesthetic, cocaine reduces pain by blocking sodium channels in
the membranes of sensory nerve endings. However, cocaine is highly toxic to corneal
epithelial cells and is no longer used for anesthesia. Since then, local anesthetics for
ophthalmic use have changed to tetracaine, proparacaine, and lidocaine [16, 17].

Cocaine inhibits norepinephrine reuptake and causes pupillary dilation. High
concentrations can cause cycloplegia, and chronic users can cause exophthalmos and
retraction of the upper eyelid [18]. Cocaine users may develop superficial punctate
keratitis, epithelial defects, and ulcers through eye rubbing or retrograde passage
through the nasolacrimal duct [19]. Although not directly affected by drugs, unilat-
eral vision loss along with proptosis and ophthalmoplegia may occur due to orbital
congestion and ophthalmic/central retinal artery occlusion due to continuous pres-
sure on the orbital socket while sleeping in an abnormal posture due to unconscious-
ness after excessive drug abuse. Orbital congestion and proptosis improved with time,
but the visual prognosis was poor [20].

201



Drug Repurposing - Advances, Scopes and Opportunities in Drug Discovery

2.5 Pyrrolizidine alkaloid

Heliotropium Indicum is used traditionally as a remedy for conjunctivitis. This
plant is an annual, hirsute plant that is a common weed in waste places and settled
areas. It is native to Asia. It is widely used in native medicine in India. The extract
from the pounded leaves of this plant contains several pharmacologically active
alkaloids, such as indicine (C;5H;5NOs), acetyl-indicine (C;;H,;NOg), indicinine-
N-oxide (C;5sH,sNOg), heleurine (C16H;7NO,), heliotrine (C;6H,;NOs), supinidine
(CgHy3NO), and lindelofidine (CgH;sNO). These alkaloids have anti-allergic effects,
possibly by immunomodulation or immunosuppression in allergic conjunctivitis.
Also, this extraction exhibits an anti-inflammatory effect on uveitis, possibly by
reducing the production of pro-inflammatory mediators. It was confirmed that
this extract significantly reduced the concentrations of tumor necrosis factor-a
(TNF-a), prostaglandin E2 (PGE2), and monocyte chemoattractant protein-1
(MCP-1) in rabbits with uveitis [21, 22].

In another study, consuming extracts of this plant could inhibit the progression
of cataracts in rats. Total lens proteins glutathione and superoxide dismutase (SOD)
levels in the crystalline lens were also significantly preserved. This can be the basis for
anew treatment that can prevent cataract progression by suppressing oxidative stress
[23]. In addition, it lowers IOP and has anti-oxidant and possible neuroprotective
effects. When treated with this extract, IOP was significantly reduced in rabbits with
glaucoma, and the concentration of glutathione in the aqueous humor was preserved,
proving that the eyes were protected from oxidative damage. So, it has the potential to
develop into a drug helpful in the treatment of glaucoma [24].

3. Various effects of alkaloids on the eyes
3.1 Caffeine

In modern society, caffeine (CgHyoN4O,) is one of the most widely used dietary
constituents. Caffeine is an adenosine receptor antagonist and makes a pharmaco-
logical effect on various organ systems. The lens progresses to a cataract due to the
formation of reactive oxygen species (ROS) by ultraviolet light or diabetes. Caffeine
has been shown to protect the lens from oxidative damage in various animal models of
cataracts [25-27]. One study has shown that there is a significant negative correlation
between coffee consumption and cataract incidence [28]. Given that it reduced the
incidence of UV-induced cataracts in animal models, it is thought that caffeine could
be an important candidate for future cataract-preventive eye drugs.

It is known that the administration of caffeine induces ocular vasoconstriction in
healthy individuals. About 5% of vasoconstriction in the retinal arterioles occurred
1 hour after ingestion of 200 mg of caffeine. How caffeine induces vasoconstriction
is not known in detail. Caffeine-induced vasoconstriction may represent autoregula-
tory myogenic smooth muscle contraction in response to elevated blood pressure.
When caffeine was administered, retinal vessel diameter showed a negative cor-
relation with mean arterial pressure, suggesting that it originates from a myogenic
response [29]. Caffeine can also induce vasoconstriction by increasing sympathetic
tone. Since the choroidal and ciliary circulations receive sympathetic innervation,
the increased sympathetic tone may contribute to vasoconstriction of the ocular
circulation [30].
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Controversy has arisen about the increase in IOP after caffeine intake in normal
young people, but it has been found that caffeine intake increases IOP in glaucoma-
tous eyes [31]. Caffeine elevates IOP probably because it antagonizes the actions of
adenosine, which reduces IOP. Adenosine receptors Al and A2 are known to induce
vasodilation and decrease IOP [32]. Glaucomatous eyes are known to result from
damage to the aqueous humor outflow system. Several studies have shown that
patients with glaucoma have abnormal vascular reactivity and peripheral microvascu-
lar circulation [33]. The action of caffeine can alter the adenosine signaling pathway,
leading to differential vascular effects of caffeine in normal and glaucomatous eyes.

For along time, studies have shown caffeine to be a potential drug for neuro-
degenerative diseases because of its adenosine-antagonizing properties. Since the
retina is also a neurosensory organ and an extension of the brain, there is an opinion
that caffeine may play a role in protecting the retina by blocking the adenosine A5
receptor and controlling the reactivity of microglia [34]. In oxygen-induced reti-
nopathy in the mouse model, caffeine intake attenuated hypoxia-induced pathologic
angiogenesis and vascular occlusion without interfering with normal retinal vascular
development [35]. There are suggestions that the cellular response to hypoxia is
extracellular adenosine production and the markedly induced adenosine receptors,
which are thought to be novel targets for pathological angiogenesis. Among them,
three adenosine receptor subtypes (AjR, Ay4R, and ApR) are expected to play a role
[36]. Therefore, it is considered that caffeine can be an important candidate for new
drugs for retinal diseases, such as diabetic retinopathy (DR), retinal vascular occlu-
sion, retinopathy of prematurity, and age-related macular degeneration (ARMD), by
using the effects of caffeine on the nerve and vascular protection.

3.2 Nicotine

Cigarette smoking is one of the most common and serious health problems today.
Chemical toxicity and free radical-related oxidative damage can affect multiple
structures in the body. In particular, nicotine (C;oH;4N,) is known to cause changes
in the conjunctival flora, irritation, redness, dry eye, ocular surface inflammation,
and meibomian gland dysfunction. Tear film breakup time is known to decrease,
indicating an unstable tear film. As a result, dry eye syndrome can become more
severe [37-41]. Although it cannot be limited to that caused by nicotine, it is known
that cigarettes have various harmful effects on the eyes. It increases the risk of
squamous metaplasia of bulbar conjunctiva and conjunctival intraepithelial neo-
plasia [39, 42], delays corneal wound healing [43], reduces endothelial cell count or
hexagonality of endothelial cells [44, 45], and can lead to cataract formation [46].
Smoking is also known to increase the risk of age-related macular degeneration

[47], increase IOP [48], and induce non-arteritic anterior ischemic optic neuropathy
(NAION) [49].

3.3 Opiates

Morphine (C;7H;9NOs) causes miosis by acting on opioid receptors [50, 51]. The
triad of coma, pupillary constriction, and depressed respiration suggests opioid
addiction. Morphine abuse can cause downbeat nystagmus, transient disturbances
of eye fixation, saccadic intrusions, and oscillations [52]. Intravenous abuse of
this drug may cause embolization of the retinal vasculature and may result in
endophthalmitis.
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3.4 Quinine

Quinine (C,0H4N,0,) was first isolated in 1820 from the bark of a cinchona tree.
It has been used as a remedy for malaria since 1632. Quinine is a flavor component
of tonic water and bitter lemon drink mixers. Tonic water was initially marketed as a
means of delivering quinine to consumers to offer antimalarial protection. Because
of the various complications of quinine and resistance to malaria, as of 2006, the
World Health Organization no longer recommends it as a first-line treatment for
malaria [53].

Chloroquine (C;gH,6CIN;) and hydroxychloroquine (C1sH,6CIN;0), derivatives
of quinine, were developed and used as antimalarial drugs, but are now widely
used to treat connective tissue disorders, such as systemic lupus erythematosus and
rheumatoid arthritis. Retinopathy can be caused by the use of hydroxychloroquine
and chloroquine, which is a serious complication. This is largely related to the dose,
and it is known that the incidence of retinopathy increases when the hydroxychloro-
quine dose exceeds 5.0 mg/kg or the chloroquine dose exceeds 2.3 mg/kg. Although
the mechanisms of chloroquine and hydroxychloroquine retinopathy have not been
clarified, these drugs bind to melanin and deposit in the retinal pigment epithelium.
They are thought to increase cell lysosomal pH, thereby preventing autophagosomal
attachment to lysosomes, and leading to photoreceptor degradation [54].

3.5 Scopolamine

Scopolamine (C;;H»;NO,) is an alkaloid used to treat motion sickness and postop-
erative nausea and vomiting. It was the first drug to be made commercially available
in a transdermal therapeutic system delivering alkaloids. It competitively inhibits
all four muscarinic receptors (M1, M2, M3, and M4) for acetylcholine and acts as
a nonselective muscarinic antagonist, producing both peripheral antimuscarinic
properties and central sedative, antiemetic, and amnestic effects [55]. It is used to
prevent motion sickness in the form of a transdermal patch. There have been reports
of mydriasis and reduced near vision occurring when rubbing the eyes with the hand
that touched the patch. There are many reasons for the occurrence of mydriasis, but if
there is no specific cause, contamination by scopolamine transdermal patches should
also be considered [56].

It was confirmed that continuous systemic administration of scopolamine in
rats could induce dry eye due to inflammation of the lacrimal gland by cholinergic
blockade induced by scopolamine [57].

4. Alkaloids as candidates for new drugs in ophthalmology
4.1Piperine

Piperine (Cy7H;sNOj;) was discovered by Hans Christian @rsted in 1819, and piper-
ine was isolated from Piper nigrum, the source plant of both black and white pepper.
Piperine is known to be able to inhibit free radicals and ROS, thereby protecting
apoptotic cell death from oxidative damage. In a steroid-induced chick embryo lens
model, it was confirmed that piperine exerted an effect as an antioxidant substance
and prevented the development of cataracts by reducing the increase in the level of
ROS [58].
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The effect of piperine was also confirmed to have a protective effect on the retina
in a mouse model with diabetic retinopathy. In a hypoxia-induced DR mouse model,
intraperitoneal injection of piperine was found to reduce the expression of hypoxia-
inducible factor-1a and vascular endothelial growth factor (VEGF) A, which are
known to have an angiogenic effect [59].

4.2 Matrine

Matrine (CysH»4N,0) is an alkaloid found in Leguminosae plants, including Sophora
flavescens Ait. It is known to have potent antitumor activity by inhibiting tumor cell
proliferation through a variety of mechanisms, including inducing cancer cell dif-
ferentiation and apoptosis, altering the tumor cell cycle, and inhibiting telomerase
activity. Antitumor effects of matrine were found in vincristine-resistant retino-
blastoma cells. Retinoblastoma is a malignant tumor of the retina and usually affects
children under the age of 6 years. Retinoblastoma is a threat to both a child’s vision
and life. Treatment for retinoblastoma includes chemotherapy, radiotherapy, surgery,
laser treatment, and freezing, among which vincristine is the most commonly used
chemotherapy. However, resistance to chemotherapeutic agents can lead to treatment
failure. When the drug-resistant retinoblastoma cell line was treated with matrine,
it was confirmed that the proliferation of tumor cells was suppressed, apoptosis
was suppressed, and the cell cycle was arrested. Matrine appears to induce apop-
tosis by downregulating the protein Bcl-2, which affects the antiapoptotic process.
Matrine was also confirmed to regulate the cell cycle of tumor cells by reducing
cyclin D1 expression. Matrine may be a potential treatment for vincristine-resistant
retinoblastoma [60].

Matrine has been shown to inhibit optic nerve infiltration and demyelination in
optic neuritis. Optic neuritis is a condition in which inflammation, demyelination,
and axonal injury occur in the optic nerve, resulting in demyelination leading to
temporary or permanent loss of vision. Retinal ganglion cells (RGCs) are known to
undergo significant loss during apoptosis in optic neuritis. The death of RGCs has
been considered the main cause of vision loss after an episode of optic neuritis. It was
confirmed that matrine can promote survival by protecting RGCs from inflamma-
tion-induced apoptosis. When matrine was injected intraperitoneally in optic neuritis
in the experimental autoimmune encephalomyelitis rat model, it was confirmed
that the increased numbers of CD4+ T cells and Ibal+ microglia/macrophages in the
optic nerves were reduced. Matrine also inhibits the production of proinflammatory
cytokines, such as IFN-y, TNF-a, and IL-17, and blocks the migration of peripheral
immune cells. What causes RGCs apoptosis is a shift toward a more proapoptotic ratio
in the Bcl-2 family and reduced phosphorylation of protein kinase B (Akt) proteins.
Matrine is thought to protect RGCs from apoptosis by shifting the Bcl-2/Bax ratio
back to an antiapoptotic one and promoting Akt phosphorylation. Matrine reduced
optic nerve inflammation, demyelination, and axonal loss, and protected retinal
ganglion cells from inflammation-induced cell death. Thus, matrine shows promise as
anovel treatment of optic neuritis, which can lead to blindness [61].

4.3 Vincamine

Vincamine (C,;HyN,0;) is a monoterpenoid indole alkaloid found in the
Apocynaceae Vinca plant (lesser periwinkle). It is used as a treatment for primary
degenerative and vascular dementia. It can improve the metabolism of ischemic tissue
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and protect the neuron. A recent study demonstrated that vincamine has a potential
neuroprotection effect in NAION. Vincamine can rescue the death of retinal ganglion
cells and reduce the number of apoptotic cells. The protection of vincamine might
play through the phosphoinositide 3-kinases (PI3K)/Akt/endothelial nitric oxide
synthase (eNOS) signaling pathway. Therefore, vincamine can be an effective therapy
method NAION [62].

4.4 Papaverine

Papaverine (C,0H,1NO,4) was discovered in 1848 by Georg Merck. Papaverine is a
nonselective phosphodiesterase inhibitor and is mainly used for cerebral thrombosis,
pulmonary embolism, and arterial spasms by relaxing cardiovascular, respiratory,
and gastrointestinal smooth muscles. Recent studies have confirmed evidence that
papaverine can protect the optic nerve. Cyclic adenosine 3,5’ -monophosphate (cAMP)
is known to play an important role in ATP metabolism. It is known that the exogenous
addition of cAMP increases the content of synaptic binding protein in axons, pro-
motes the survival of neurons and outgrowth of axons due to nerve injury, and accel-
erates functional recovery of the central nervous system. Intracellular cAMP levels
are regulated by the activity of phosphodiesterase, and phosphodiesterase inhibitors
increase cAMP levels by inhibiting the hydrolysis of cAMP. Papaverine regulates the
expression of cAMP by inhibiting lipopolysaccharide-induced retinal microglial acti-
vation, which plays a role in phagocytosis and secretion of inflammatory mediators
by regulating the nuclear factor-kB (NF- kB) and mitogen-activated protein kinase
(MEK) /extracellular signal-regulated kinases (ERK) pathways. This was eventually
confirmed to induce axonal regeneration of RGCs. This showed potential as a treat-
ment for optic nerve damage, such as glaucoma [63-65].

4.5 Berberine

Berberine (CyHsNO4") is a natural bioactive alkaloid derived from a variety
of Chinese Medicinal herbs, including Rhizoma Coptidis. It has been reported with
various pharmacological effects, such as anti-inflammation, anti-oxidation, hepatic
protection, and anticancer. In a recent study, berberine was found to be effective in
insulin-induced diabetic retinopathy. When Akt/mTOR signaling is activated by
insulin, the risk of neovascularization in the retina of diabetic animals may increase
due to an increase in hypoxia-inducible factor-1a (HIF-1a)/VEGEF in retinal endothe-
lial cells. When insulin-induced neovasculature of retina endothelial cells was treated
with berberine, it was found to improve insulin-induced DR by inhibiting Akt/
mammalian target of rapamycin (mTOR) activity and reducing the expression of the
HIF-1a/ VEGF pathway [66].

In addition, studies have shown that berberine can protect the retina from
light-induced photoreceptor degeneration. In the light-damaged retina, RPE65 and
Mct3 proteins were down-regulated, resulting in photoreceptor damage. It has been
shown that the PI3K/AKT/ERK pathway plays a major role in ultraviolet-induced
RPE damage. The mice treated with berberine had more photoreceptor nuclei in
the outer retina and photoreceptor inner/outer segments and higher RPE65 and
Mct3 in the RPE than the control group. Berberine was found to protect against
light-induced retinal damage by activating the PI3K/AKT/ERK pathway. This can
be considered to show the potential of a drug that can protect photoreceptors from
ARMD [67].
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4.6 Sanguinarine

Sanguinarine (CyH;4NO,) is a type of benzophenanthridine alkaloid extracted
from the root of the herbaceous plant Sanguinaria canadensis. It is known to have
antimicrobial, anti-inflammatory, anti-oxidative, and tumor-suppressing properties.
Sanguinarine has been found to be effective in preventing after-cataracts. After-
cataract refers to the posterior capsule opacification that occurs after cataract surgery
and is caused by the regeneration of residual lens epithelial cells. Sanguinarine signifi-
cantly reduced the viability of human lens epithelial B-3 cells and induced apoptosis.
Apoptotic effects probably induce reactive oxygen species generation and promote
phosphorylation of c-Jun N-terminal kinase (JNK) and p38 kinases, suggesting that
the mitogen-activated protein Kinase (MAPK) pathway is involved in apoptosis.
Sanguinarine may be used as a potential drug for after-cataract prevention [68].

Sanguinarine has been shown to have antiangiogenic effects in wet ARMD. A major
feature of wet ARMD is choroidal neovascularization, in which pathological neovascu-
larization originating from the choriocapillaris breaks through Bruch’s membrane and
creates leakage in the subretinal space, resulting in reduced visual acuity. The treatment
of wet ARMD is to suppress angiogenesis by administering intravitreal injections of
antibodies against VEGF. Intravitreal injection of sanguinarine chloride was performed
in the choroidal neovascularization mouse model, and as a result, the formation of
choroidal neovascularization was suppressed and the expression of VEGF was reduced.
Sanguinarine inhibited VEGF-induced AKT, ERK, and MAPK signaling pathways.
Sanguinarine has been suggested as a potential treatment for wet ARMD [69].

4.7 Galantamine

Galantamine (C;;H,;NQ3) is an alkaloid used as a treatment for Alzheimer’ disease,
a cognitive disorder. These are the bulbs and flowers of Galanthus nivalis (Common
snowdrop), Galanthus caucasicus (Caucasian snowdrop), Galanthus woronowii
(Voronov’s snowdrop), and some other members of the family Amaryllidaceae, such
as Narcissus (daffodil), Leucojum aestivum (snowflake), and Lycoris, including Lycoris
radiata (red spider lily). Galantamine acts as an acetylcholinesterase inhibitor and an
allosteric ligand of nicotinic acetylcholine receptors. Recent studies have shown that
it also has neuroprotective effects. In one study, galantamine was found to promote
the protection of RGCs in a rat glaucoma model. Galantamine-induced ganglion cell
survival was caused by the activation of types M1 and M4 muscarinic acetylcholine
receptors. This showed the potential of galantamine as a neuroprotectant for glaucoma
[70]. A further study by the same authors confirmed that galantamine preserved
microvasculature density and improved retinal blood flow in the glaucomatous retina,
strengthening the evidence for its neuroprotective effect in glaucoma [71].

5. Conclusions

Since ancient times, alkaloids have been extracted from natural substances and
have various effects on the eyes. Several alkaloids have been used medicinally since
that time. Atropine induces mydriasis and has been used for diagnosis and treat-
ment. Physostigmine and pilocarpine were first used as treatments for glaucoma
because they constrict the pupil and reduce IOP. Cocaine was used as an ophthalmic
anesthetic but is not currently used due to toxicity. However, there are cases where
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existing alkaloids are used for new purposes. Recently, atropine has attracted atten-
tion as a therapeutic agent that inhibits myopic progression, and pilocarpine has been
recognized and used as a treatment for presbyopia.

Alkaloids also had various effects. Caffeine inhibits cataract progression from
oxidative damage and reduces hypoxia-induced angiogenesis, but is known to induce
an increase in IOP. Nicotine is known to aggravate dry eye syndrome and blepharitis
by influencing the ocular surface and to induce the formation of conjunctival tumors
and cataracts. Chloroquine and hydroxychloroquine, derivatives of quinine, are drugs
widely used in rheumatic diseases, but can cause retinopathy.

Finally, alkaloids are being studied in some studies as new drugs in the field
of ophthalmology. Matrine, vincamine, papaverine, and galantamine were newly
found to be able to protect the optic nerve, confirming the possibility of developing
a treatment for diseases, such as glaucoma or optic neuropathy. In addition, piperine
and sanguinarine have been found to be associated with the formation of cataracts.
Matrine is expected to be effective in treating vincristine-resistant retinoblastoma.
Piperine, berberine, and sanguinarine are expected to be helpful in treating diseases
related to retinal neovascularization. They are expected to become therapeutic agents
for various ophthalmic diseases in the future.
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Acronyms and abbreviations

RPE Retinal pigment epithelium

IOP intraocular pressure

TNF-a tumor necrosis factor-o

PGE2 prostaglandin E2

MCP-1 monocyte chemoattractant protein-1
SOD superoxide dismutase

ROS reactive oxygen species

DR diabetic retinopathy

ARMD age-related macular degeneration
NAION non-arteritic anterior ischemic optic neuropathy
VEGF vascular endothelial growth factor
RGCs Retinal ganglion cells

Akt protein kinase B

PI3K phosphoinositide 3-kinases

eNOS endothelial Nitric Oxide Synthase
cAMP cyclic adenosine 3,5'-monophosphate
NEF- kB nuclear factor-kB

MEK mitogen-activated protein kinase
ERK extracellular signal-regulated kinases
HIF-1a hypoxia-inducible factor-1a

mTOR mammalian target of rapamycin

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein Kinase
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