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Preface

Drug repurposing or drug repositioning is a new approach to presenting new 
indications for common commercial and clinically approved existing compounds 
and drugs. Many drugs have been repositioned including minoxidil, a vasodilator 
approved for treating alopecia (brand name Rogaine) and sildenafil, another 
vasodilator that is approved for erectile dysfunction (brand name Viagra).

Moreover, we are proposing drug repositioning as a new treatment option to 
overcome cancer cell resistance or drug resistance in general. In this regard, old 
drugs seem to be ideal candidates for either reposition or combination therapy 
with known chemotherapeutic drugs. The development of cancer cell resistance is 
attributed to different cellular mechanisms such as the development of multidrug 
resistance (MDR). Therefore, there is no wonder that several research studies have 
been directed toward the discovery of chemosensitizing agents among commonly 
available approved drugs that will not only increase the sensitivity of cancer cells 
but that will also decrease the applied doses of chemotherapeutic drugs and their 
associated side effects.

Therefore, several scientists have been directed to discover novel compounds that 
interfere with efflux pumps such as P-glycoprotein and consequently enhance 
cancer cell sensitivity towards chemotherapeutic drugs. Recently, the old anti-
malarial drug chloroquine has shown to be a good candidate for treating COVID-19 
and interfering with MDR in several types of cancer. Moreover, quinine, which is a 
known and commercially available natural anti-malarial alkaloid, has been reported 
for its efficacy as a chemosensitizer in human leukemic cells.

In this book, we focus on the hypothesis, risk/benefits, and economic impacts 
of drug repurposing on drug discovery in dermatology, infectious diseases, 
neurological disorders, cancer, and orphan diseases.

More importantly, two chapters explain in full detail the usefulness of simple 
and cheap chemicals such as fumaric and salicylic acids or their esters for new 
therapeutic purposes. They address several controversial issues regarding these 
interesting natural molecules with fascinating multi-pharmacological and 
therapeutic effects.

This book poses a balance between developments in scientific research and the 
premises that researchers must be able to absorb and to link scientific advances 
with clinical practice so that the management of diseases can be based on 
sound physiological concepts. Each chapter has been reviewed and revised and 
new authors have brought up-to-date research to make the book informative, 
illustrative, and easy to read.
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We hope this book is useful to a wide range of readers from students newly 
learning about drug discovery to advanced clinicians, the pharmaceutical 
industry, and researchers who are looking for a review of current treatments and 
conceptualizations.

Farid A. Badria, Ph.D
Department of Pharmacognosy,

Faculty of Pharmacy,
Mansoura University,

Mansoura, Egypt
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Chapter 1

Drug Repurposing (DR): 
An Emerging Approach in Drug 
Discovery
Mithun Rudrapal, Shubham J. Khairnar and Anil G. Jadhav

Abstract

Drug repurposing (DR) (also known as drug repositioning) is a process of 
identifying new therapeutic use(s) for old/existing/available drugs. It is an effective 
strategy in discovering or developing drug molecules with new pharmacological/
therapeutic indications. In recent years, many pharmaceutical companies are devel-
oping new drugs with the discovery of novel biological targets by applying the drug 
repositioning strategy in drug discovery and development program. This strategy 
is highly efficient, time saving, low-cost and minimum risk of failure. It maximizes 
the therapeutic value of a drug and consequently increases the success rate. Thus, 
drug repositioning is an effective alternative approach to traditional drug discovery 
process. Finding new molecular entities (NME) by traditional or de novo approach 
of drug discovery is a lengthy, time consuming and expensive venture. Drug 
repositioning utilizes the combined efforts of activity-based or experimental and in 
silico-based or computational approaches to develop/identify the new uses of drug 
molecules on a rational basis. It is, therefore, believed to be an emerging strategy 
where existing medicines, having already been tested safe in humans, are redirected 
based on a valid target molecule to combat particularly, rare, difficult-to-treat 
diseases and neglected diseases.

Keywords: drug repurposing, drug discovery, in silico repositioning, activity-based 
repositioning, target-based screening, therapeutic indication

1. Introduction

Drug repurposing (DR) is also known as drug repositioning, drug re-tasking, drug 
reprofiling, drug rescuing, drug recycling, drug redirection, and therapeutic switch-
ing. It can be defined as a process of identification of new pharmacological indica-
tions from old/existing/failed/investigational/already marketed/FDA approved 
drugs/pro-drugs, and the application of the newly developed drugs to the treatment 
of diseases other than the drug’s original/intended therapeutic use. It involves 
establishing new therapeutic uses for already known drugs, including approved, 
discontinued, abandoned and experimental drugs [1–3]. Traditional drug discovery 
is a time-consuming, laborious, highly expensive and high risk process. The novel 
approach of drug repositioning has the potential to be employed over traditional 
drug discovery program by mitigating the high monetary cost, longer duration of 
development and increased risk of failure. It confers reduced risk of failure where a 
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failure rate of ~45% is associated due to safety or toxicity issues in traditional drug 
discovery program with additional benefit of saving up to 5–7 years in average drug 
development time [4, 5]. In recent years, the drug repositioning strategy has gained 
considerable momentum with about one-third of the new drug approvals corre-
spond to repurposed drugs which currently generate around 25% of the annual rev-
enue for the pharmaceutical industry [6]. It has been accounted that approximately 
30% of the US Food and Drug Administration (FDA) approved drugs and biologics 
(vaccines) are repositioned drugs. According to recent estimates, pharmaceutical 
industries have significantly placed the market for repurposed drugs at $24.4 billion 
in 2015 with projected growth up to $31.3 billion in 2020. The first example of drug 
repositioning was an accidental discovery/serendipitous observations in the 1920s. 
After about a century of development, more approaches were developed for acceler-
ating the process of drug repositioning. Some most successful and best-known 
drugs that have been emerged out of the DR approach are sildenafil, minoxidil, 
aspirin, valproic acid, methotrexate etc. [7]. For example, sildenafil originally 
developed for the treatment of hypertension and angina pectoris has currently been 
used to treat erectile dysfunction.

2. Traditional drug discovery vs. drug repurposing

The traditional approach to drug discovery involves de novo identification and of 
new molecular entities (NME), which include five stages: discovery and preclinical, 
safety review, clinical research, FDA review, and FDA post-market safety monitoring. 
It is a time-consuming and costly process with high risk of failure [8]. On the other 
hand, there are only four stages in drug repositioning, which include compound 
identification, compound acquisition, development, and FDA post-market safety 
monitoring [9] (Figure 1). With the advancement of bioinformatics/cheminformat-
ics tools and availability of huge biological and structural database, drug reposition-
ing has significantly decreased the time and cost of the drug development with 
reduction in risk of failure. In recent years, the use of in silico techniques along with 
the application of structure-based drug design (SBDD) and artificial intelligence 
(AI) technology has further accelerated the drug purposing process [10, 11].

However, the repositioning strategy of using approved therapeutics for new 
therapeutic indications has demonstrated success particularly through prior seren-
dipitous observations. The discovery of drugs by this approach is certainly advanta-
geous as depicted above over traditional drug discovery program as described below. 
For example, sildenafil (Viagra), a phosphodiesterase-5 (PDE5) inhibitor initially 
developed for coronary artery disease (angina) by Pfizer (1985) has been repurposed 
for the treatment of erectile dysfunction. It potentially reduced the development 
cost at shorter development time. Metformin (Glucophage), an oral anti-diabetic 
medication used widely in type 2 diabetes mellitus has been developed as a cancer 
therapeutic which is currently under phase II/phase III clinical trials [1, 12].

Drug repositioning has several advantages in comparison with traditional 
approaches to drug discovery. When comparing with traditional drug discovery 
program, a significant reduction of the time spent in R&D can be observed. In 
traditional approach, it is estimated that 10–16 years are spent for the develop-
ment of a new drug, while in DR the estimated time is between 3 and 12 years. It 
only costs $1.6 billion to develop a new drug using a drug repositioning strategy, 
while the drug development through traditional strategy costs around $12 billion. 
Moreover, researchers only need 1–2 years to identify new drug targets and about 
an average of 8 years to develop a repositioned drug [6, 7]. A repositioned drug does 
not require the initial 6–9 years typically required for the development of new drugs 
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by traditional process, but instead enters directly to preclinical testing and clinical 
trials, thus reducing the overall risk, time and cost of development. Reports suggest 
that repurposed drugs require approximately 3–12 years for gaining approval from 
FDA and/or European Medicines Agency (EMA) and at reduced 50–60% cost. At 
the beginning of a repositioning project, a range of pre-clinical (pharmacological, 
toxicological, etc.), and clinical efficacy and safety information is already avail-
able, as the candidate drug has already undergone through the early stages of drug 
development such as structural optimization, preclinical and/or clinical trials, in 
addition to the possibility of the candidate drug being an approved drug, having its 
clinical efficacy and safety profile. In this way, there is a reduction of the risks asso-
ciated with failures in the early stages of development, which are high in traditional 
approaches, as well as a significant reduction of cost with the possible increase in 
clinical safety and therefore, high success rate [13, 14].

Due to the availability of previously collected pharmacokinetic, toxicologi-
cal, clinical and safety data at the start of a repurposing development project, 
the advantages that are encountered with drug repurposing over traditional drug 
discovery approach are reduced time of development, lower cost of development 
and reduced risks of failure in the clinical development.

It has been estimated that the time required for development of a repositioned 
drug varies from 3 to 12 years (which is about 10–17 years in traditional discovery 
program) with substantially lower costs, which ensures the repositioning company’s 
significant savings in terms of time and capital. The average cost required to bring 

Figure 1. 
Traditional drug discovery vs. drug repurposing.
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It has been estimated that the time required for development of a repositioned 
drug varies from 3 to 12 years (which is about 10–17 years in traditional discovery 
program) with substantially lower costs, which ensures the repositioning company’s 
significant savings in terms of time and capital. The average cost required to bring 

Figure 1. 
Traditional drug discovery vs. drug repurposing.
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a new drug to market is USD 1.24 billion by traditional drug development process, 
whereas in drug repurposing it costs around ≤60% expenditure of traditional drug 
discovery. Some other advantages are as follow. The primary focus of traditional dis-
covery program is to discover drugs to treat chronic and complex diseases, whereas 
by drug repositioning approach, development of drugs for rapidly emerging and 
re-emerging infectious diseases, difficult to treat diseases and neglected diseases 
(NTDs) are focused. Due to the availability of bioinformatics or cheminformatics 
approaches, huge omics (proteomics, transcriptomics, metabolomics, genomics 
etc.) data and database resources, disease targeted-based repositioning methods can 
be used to explore the unknown mechanisms of action (such as unknown targets 
for drugs, unknown drug–drug similarities, new biomarkers for diseases etc.) of 
known/existing drugs [13].

3. Strategies of drug repurposing

There are two main strategies of DR, viz., on-target and off-target (Figure 2). In 
on-target DR, the known pharmacological mechanism of a drug molecule is applied 
to a new therapeutic indication. In this strategy, the biological target of the drug 
molecule is same, but the disease is different [12].

For example, in the repositioning of minoxidil (Rogaine), an on-target profile is 
observed, since the drug acts on the same target and produces two different thera-
peutic effects. Minoxidil was transformed from an antihypertensive vasodilator 
anti hair loss drug. As an antihypertensive vasodilator, minoxidil has the property 
of widening blood vessels and opening potassium channels, which allows more 
oxygen, blood, and nutrients to the hair follicles and this pharmacological action 
helps its use in the treatment of male pattern baldness (androgenic alopecia). 

Figure 2. 
On-target and off-target strategies of drug repositioning.
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On the other hand, in the off-target profile, the pharmacological mechanism is 
unknown. Drugs and drugs candidates act on new targets, out of the original scope, 
for new therapeutic indications. Therefore, both the targets and the indications are 
new [1]. Aspirin (Colsprin) is good example of the off-target profile. Aspirin has 
been traditionally used as NSAID in the treatment of various pain and inflamma-
tory disorders. It also suppresses blood coagulation (clot formation) by inhibiting 
the normal functioning of platelets (antiplatelet drug). It is, therefore, used in the 
treatment of heart attacks and strokes. Another new use of aspirin in the treatment 
of prostate cancer has also been reported.

4. Approaches of drug repurposing

Drug repositioning has two alternative and complementary approaches, one is 
experiment-based approach and the other is in silico-based approach.

The experiment-based approach is also known as activity-based repositioning 
which refers to the screening of original drugs for new pharmacological indica-
tions based on experimental assays. It involves protein target-based and cell/
organism-based screens in in vitro and/or in vivo disease models without requiring 
any structural information of target proteins. Several approaches of experimental 
repositioning are target screening approach, cell assay approach, animal model 
approach and clinical approach [15, 16].

In contrast, in silico repositioning carries out virtual screening of public 
databases of huge drug/chemical libraries using computational biology and bioin-
formatics/cheminformatics tools. In this approach, the identification of potential 
bioactive molecules is achieved based upon the molecular interaction between drug 
molecule and protein target [17].

The differences between activity- and in silico-based approaches of drug reposi-
tioning are summarized in Table 1.

Over the past few decades, the in silico approach has gained wide popularity with 
significant success in drug discovery program. Many pharmaceutical companies 
and drug discovery research laboratories have already successfully incorporated 
the in silico tools and techniques for the drug discovery from structurally diverse 
chemical spaces since a large amount of information on the chemical structure 
bioactive compounds, structure of proteins and pharmacophore models are avail-
able in the public domain. Moreover, in silico repositioning has some advantages 
over the experimental-based approach, which includes reduced time and cost of 
development and low risk of failure. The limitation of this method is that it requires 

Activity-based approach In silico-based approach

Experimental (in vitro and in vivo) screening Computational (virtual) screening

Target-based and cell/organism-based screening 
assay

Protein target-based screening

Requires no structural information of target 
proteins and drug-induced cell/disease phenotypic 
information

Requires structural information of target proteins 
and drug-induced cell/disease phenotypic 
information

Time and labor consuming Time and labor efficient

Lower rate of false positive hits during the 
screening

Higher rate of false positive hits during the screening

Table 1. 
Differences between activity- and in silico- based approaches of drug repositioning [17, 18].
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precise structural information about drug targets and in case, the protein target is 
not available, disease specific phenotypic or genotypic profiles of drugs are required 
[19]. Figure 3 represents the approaches of drug repositioning.

In recent years, discovery scientists and researchers have combined in silico and 
experimental approaches to identify new therapeutic indications for existing drugs, 
called mixed approach. In the mixed approach, the result of computational meth-
ods is validated by pre-clinical biological experiments (in vitro and in vivo tests) and 
clinical studies. The simultaneous application of computational and experimental 
methodologies in a systematic manner offer a robust and logical approach to the 
discovery of new indications, demonstrating a greater efficiency than the discovery 
based on serendipity. Further, mixed approach offers opportunities for developing 
repositioned drugs more effectively and rapidly. This approach is credible and yet, 
reliable [20].

5. Methodologies of drug repurposing

The methodologies adopted in DR can be divided into three broad groups 
depending on the quantity and quality of the pharmacological, toxicological and 
biological activity information available. These are mainly (i) drug-oriented,  
(ii) target-oriented, and (iii) disease/therapy-oriented.

In the drug-oriented methodology, the structural characteristics of drug 
molecules, biological activities, adverse effects and toxicities are evaluated. This 
strategy is meant for identifying molecules with biological effects based on cell/

Figure 3. 
Approaches of drug repositioning.
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animal assays. This type of repositioning methodology is based on traditional phar-
macology and drug discovery principles, where studies are usually conducted to 
determine the biological efficacy of drug molecules without really knowing about 
the biological targets. Significant successes in DR have been achieved with this 
orientation profile, through serendipity or clinical observation, such as discoveries 
with sildenafil [21].

Target-based methodology comprise in silico screening or virtual high-through-
put screening (vHTS) of drugs or compounds from drug libraries/compound 
databases such as ligand-based screening or molecular docking followed by in vitro 
and in vivo high-throughput and/or high-content screening (HTS/HCS) of drugs 
against a selective protein molecule or a biomarker of interest. In this method, 
there is a significant success rate in drug discovery as compared to drug-oriented 
method, because most biological targets directly represent the disease pathways/
mechanisms [22].

The application of disease/therapy-oriented methodology in DR is relevant when 
there is more information on the disease model is available. In this case, DR can be 
guided by the disease and/or treatment based upon availability of information given 
by proteomics (disease specific target proteins), genomics (disease specific genetic 
data), metabolomics (disease specific metabolic pathways/profile) and phenotypic 
data (off-target mechanism, pharmacological targets, disease pathways, pathologi-
cal conditions, adverse and side effects etc.) concerning the disease process. It, 
therefore, requires construction of specific disease networks, recognizing genetic 
expression, considering key targets, identifying disease causing protein molecules 
related to cell and metabolic pathways of interest in the disease model [23].

Figure 4 delineates the methodologies and steps involved in drug repositioning.
Drug-based phenotypic screening and target-based methods account for more 

than 50% of the FDA approved small drug molecules and biologics. Phenotypic 
drug screening methods identify drug candidates from small molecule libraries 

Figure 4. 
Methodologies and steps involved in drug repositioning.
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by serendipitous observations. Target-based methods discover drugs based upon 
known target molecules. The treatment/therapy-based repositioning methodology 
is similar to disease-based methodology [23].

A detailed enumeration of various methodologies employed in drug reposition-
ing along with suitable examples is given in Table 2.

Methodology Type of method, 
category

Method/specific 
approach

Example(s)

Drug-oriented

Phenotypic 
screening

Blinded/ Target-based, 
Screening

In vitro and in vivo 
HTS/HCS screening

Sildenafil (erectile 
dysfunction), rituximab 
(breast cancer)

Target 3D 
structure, chemical 
structure, 
information of 
drugs and ligands

Target-based, 
Cheminformatics

In silico screening, 
ligand-based screening 
and molecular docking, 
fragment-based 
screening

Fluorouracil (lung 
cancer), etoposide 
(bladder cancer)

Drug-target 
information, 
chemical structure, 
information of 
targets and drugs

Knowledge-based, 
Bioinformatics/ 
Chem-informatics

Drug–target prediction Simvastatin, 
ketoconazole (breast 
cancer)

Clinical trial 
information and 
adverse effects

Knowledge-based, 
Bioinformatics

Drug similarity studies —

FDA approval 
labels

Knowledge-based, 
Bioinformatics

Drug similarity studies —

Disease-oriented

Available Pathway 
information

Knowledge-based, 
Bioinformatics

Discovery of disease 
mechanism and 
address of key targets

Vismodegib (skin 
cancer)

Disease omics/ 
genetics data

Signature-based 
Bioinformatics

Studying gene 
signatures/ genomics 
to identify key targets

—

Disease omics data, 
available pathway 
information, and 
protein interaction 
network

Pathway or network- 
based, Network biology

Analysis of disease-
specific pathways and 
networks to identify 
key targets

Sunitinib, dasatinib 
(breast cancer, brain 
tumor)

Therapy-oriented

Drug omics data Signature- based or 
Signature- and network- 
based, Bioinformatics 
and/or Network biology

Studying gene 
signatures

Sirolimus (acute 
lymphoblastic 
leukemia), Fasudil 
(neurodegenerative 
disorders)

Disease omics and 
drug omics data

Signature based, 
Bioinformatics

Similarities between 
drugs and diseases

Cimetidine (lung 
cancer), topiramate 
(inflammatory bowel 
disease)

Drug omics data, 
disease pathway 
and protein 
interaction network

Targeted- mechanism 
based, Network biology 
and Systems biology

Elucidating targeted 
pathways

Daunorubicin, clomifene 
(breast cancer)

Table 2. 
Some available methods of drug repositioning [23, 24].
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Several available repositioning methods depicted above in Table 2 are described 
briefly as follows:

Blinded search or screening methods involve serendipitous identification from 
biological tests/experimental screens aimed at specific disease models and drugs. 
The advantage of these methods is that they possess higher flexibility for screening 
a large number of drugs or diseases.

Target-based methods carry out in vitro and in vivo high-throughput and/
or high-content screening (HTS/HCS) of drug molecules for a protein target or 
a biomarker of interest and in silico screening of compounds or drugs from large 
compound libraries, such as ligand-based screening or molecular docking. In these 
methods, there is a higher possibility of finding useful drugs/drug leads as com-
pared to blinded search methods. It also requires less time for the entire screening 
process to complete.

Knowledge-based methods utilize bioinformatics or cheminformatics 
approaches to gather the available information of drug profile, chemical structures 
of targets and drugs, drug-target networks, clinical trial information including 
adverse effects, signaling or metabolic pathways. This information content of 
knowledge-based methods is rich enough as compared to blinded or target-based 
methods. The known information can be used to predict therefore, be used to pre-
dict the unknown new mechanisms, such as unknown targets for drugs, unknown 
drug–drug similarities, new biomarkers for diseases etc.

Signature-based methods use gene signatures derived from disease omics data 
(genomics data) with or without treatments to discover unknown off-targets or 
unknown disease mechanisms. Genomics data are publicly available as databases. 
The advantage of these methods is that they are useful to explore unknown mecha-
nisms of action of drugs. In comparison to knowledge-based methods, signature-
based methods investigate drug mechanisms at more molecular-level, such as 
changes in expression of genes by using computational approaches.

Pathway- or network-based methods make use of disease omics data, available 
signaling or metabolic pathways, and protein interaction networks to reconstruct 
disease-specific path- ways that provide the key targets for repositioned drugs. 
The advantage of these methods is that they can narrow down general signaling 
networks from a large number of proteins to a specific network with a few proteins 
(or target molecules).

Targeted mechanism-based methods integrate treatment omics data, avail-
able signaling pathway information and protein interaction networks to describe 
the unknown mechanisms of action of drugs. The advantage of these methods 
is that they are not only used to discover the mechanisms related to diseases or 
drugs, but also to identify those directly related to treatments of drugs to specific 
diseases [23–25].

6. Repositioned drugs

Drug repositioning is an alternative approach to traditional drug discovery. With 
increasing market demand many pharmaceutical companies are developing new 
drugs or new therapeutic uses from existing/old/available drugs by drug reposi-
tioning approaches in less time, yet at low cost. In drug discovery program, the 
repositioning is usually essentially carried out in two stages as described follows. In 
the first stage, the in silico screening of approved drugs against a particular disease 
target is carried out, which is followed by the second step, in which the selected 
identified molecules are further experimentally investigated both in vitro and in 
vivo in specific disease models of interest. After successful preclinical studies in the 
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second stage of repositioning, identified drug candidates enter the clinical trials 
in human subjects [24, 25]. Figure 5 delineates several potential strategies (with 
suitable examples) of drug repositioning.

Table 3 depicts examples of some repositioned drugs already developed or 
currently under development from various approved (FDA) or marketed drugs and 
investigational new drugs (IND). Some repositioned drugs currently under clinical 
trials in COVID-19 are also included in the list.

Colchicine, a well-known anti-inflammatory drug used in the treatment of 
gout and pericarditis, is currently under clinical trial for treating COVID-19 
patients. This drug has been proved to be effective in preventing massive cyto-
kine storm induced pneumonia caused by SARS-CoV-2 (severe acute respiratory 
syndrome coronavirus-2). The antiviral effect of an older antimalarial drug, 
chloroquine (used as phosphate salt) against SARS-CoV-2 infection has also been 
investigated worldwide. Studies suggest that chloroquine may be beneficial in 
preventing coronavirus induced pneumonia in COVID-19. As per recent reports 
from NIH (National Institutes of Health, US), the clinical trial of a combination 
of hydroxychloroquine/azithromycin for the treatment of COVID-19 patients 
has already been started. In this combination, both the drugs are FDA approved, 
where hydroxychloroquine is an antimalarial drug and azithromycin is an anti-
bacterial antibiotic. An anti-viral drug, favipiravir intended for the treatment of 
influenza is currently under phase-2/phase-3 clinical trials on COVID-19 patients 
around the world (China, Japan, US, India). Glenmark has initiated phase-3 trial 
on favipiravir for the treatment of COVID-19 patients in India. An investigational 
anti-retroviral drug called remdesivir (originally developed by Gilead Sciences 
Inc. for the treatment of Ebola, but failed in clinical trial) is also under clinical 
trial for treating COVOD-19 patients in several countries like China, US, UK 
and India. In India, clinical trials on favipiravir, remdesivir and colchicine are 
currently underway by CSIR (Council of Scientific & Industrial Research) labora-
tories. A fixed dose drug combination called lopinavir/ritonavir earlier approved 

Figure 5. 
Strategies of drug repositioning with examples. vHTS: virtual high-throughput screening; HTS/HCS: 
high-throughput and/or high-content screening; Strategy 1 (S1): serendipitous observation; Strategy 2 (S2): 
observance of novel activity (specific disease phenotype, rational approach); Strategy 3 (S3): new drug-target 
interaction; Strategy 4 (S4): new roles for existing protein target; Strategy 5 (S5): new biochemical pathways; 
Strategy 6 (S6): disease-specific repositioning; Strategy 7 (S7): unexpected side effects.
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to treat HIV/AIDS under the brand name Kaletra is currently being studied to 
treat COVID-19 patients in several countries. This drug combination was inves-
tigated along with the flu drug, oseltamivir (Tamiflu) to cure infection caused 
by SARS-CoV-2 in Thailand. The clinical trial of an anti-parasitic drug called 
ivermectin (used traditionally as an approved treatment in worm infestations) 
for the treatment of COVID-19 is being undertaken in several parts of the world 
after a successful in vitro effectiveness against SARS-CoV-2 infection at Monash 
University in Melbourne, Australia. The clinical trial of toclizumab, an IL-6 recep-
tor antagonist (marketed under the brand name Actemra) used for the treatment 
of inflammatory illness such as rheumatoid arthritis is also being conducted for 
the treatment of patients with COVID-19 [25, 26].

Drug, pharmacological 
category

Original indication New indication Status of 
development

Amphotericin B (AMB), 
Anti-fungal antibiotic

Fungal infections Leishmaniasis Already developed*

Aspirin, NSAID Pain and inflammation CVDs (Anti-platelet) Already developed*

Prostate cancer Under development*

Amantadine, Anti-viral Influenza PD Already developed*

Astemizole, 
Anti-histaminic

Allergic illness such as 
urticaria

Malaria Under development*

Atomoxetine, 
Anti-depressant

Depression Attention deficit, 
Hyperactivity 
disorder

Already developed*

Avermectin, Anthelmintic River blindness, 
Elephantiasis

Tuberculosis Under development*

Azithromycin, Anti-
bacterial antibiotic

Bacterial infections COVID-19 Under development*

Bromocriptine, Dopamine 
receptor antagonist

PD DM (type 2) Under development*

Bupropion, SSRI, 
Anti-depressant

Depression Smoking cessation Already developed*

Celecoxib, COX-2 inhibitor, 
NSAID

Inflammation Breast and colon 
cancer

Under development*

Chloroquine, Anti-malarial Malaria COVID-19 Under development*

Cimetidine, H2 receptor 
antagonist

Gastric ulcer Breast, lung and 
prostate cancer

Under development*

Crizotinib, ALK inhibitor Lymphoma (under 
clinical trial for ALCL)

NSCLC Already developed#

Colchicine, Anti-
inflammatory agent

Gout (Gouty arthritis) Pericarditis Already developed*

COVID-19 Under development*

Daunorubicin, Antibiotic Breast cancer Already developed*

Digoxin, Cardiotonic CVDs such as heart 
failure

Prostate Cancer Under development*

Dimethyl fumarate, 
Anti-allergic

Psoriasis Multiple sclerosis 
(MS)

Already developed*

Disulfiram, Acetaldehyde 
dehydrogenase inhibitor

Chronic alcoholism Cancer Under development*
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after a successful in vitro effectiveness against SARS-CoV-2 infection at Monash 
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failure
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dehydrogenase inhibitor

Chronic alcoholism Cancer Under development*



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

14

Drug, pharmacological 
category

Original indication New indication Status of 
development

Duloxetine, SSNRI Depression Generalized 
anxiety disorder, 
fibromyalgia, chronic 
musculoskeletal pain, 
neuropathic pain

Already developed*

Everolimus, Immune 
suppressant

Immune suppressant Pancreatic 
neuroendocrine 
tumors

Already developed*

Favipiravir, Anti-viral Influenza COVID-19 Under development*

Fluorouracil, 
Antimetabolite, 
Anti-cancer

Cancer Breast cancer Already developed*

Fluoxetine, 
Anti-depressant

Depression Premenstrual 
dysphoria

Already developed*

Gabapentin, Anti-epileptic Epilepsy Neuropathic pain Already developed*

Galantamine, AChE 
inhibitor

Neuromuscular 
paralysis

AD Already developed*

Hydroxychloroquine, 
Anti-malarial

Malaria, RA COVID-19 Under development*

Ibudilast, PDE inhibitor 
(Anti-asthmatic)

Asthma Neuropathic pain Already developed*

Imatinib, TKI 
(Anti-cancer)

CML, ALL GIST Already developed*

Isoniazid, Anti-tubercular Tuberculosis Certain types of 
tumor

Already developed*

Itraconazole, Anti-fungal Fungal infections Cancer like NSCLC 
(Anti-angiogenic)

Under development*

Ivermectin, Anthelmintic 
(Anti-parasitic)

Scabies, river 
blindness, 
helminthiasis

COVID-19 Under development*

Lopinavir/Ritonavir, 
Anti-viral

HIV/AIDS COVID-19 Under development*

Metformin, Anti-diabetic DM (type 2) Breast and colon 
Cancer, CVDs

Under development*

Methotrexate, Anti-
metabolite (Anti-cancer)

Cancer Psoriasis, RA Already developed*

Milnacipram, 
Anti-depressant

Depression Fibromyalgia Already developed*

Miltefosine, 
Anti-leishmanial

Cancer Leishmaniasis, 
Amoeba infection

Already developed*

Mifepristone, 
Antiprogestin

Termination of 
pregnancy in 
combination with 
misoprostol

Cushing’s syndrome Already developed*

Minoxidil, Vasodilator 
(Anti-hypertensive)

Hypertension Androgenic alopecia Already developed*

Nelfinavir, Anti-viral HIV/AIDS Breast cancer, 
NSCLC (under 
clinical trials)

Under development*

Nitroxoline, Anti-bacterial UTI Breast, bladder and 
pancreatic cancers

Under development*
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Drug, pharmacological 
category

Original indication New indication Status of 
development

Orlistat, Anti-obesity agent Obesity Cancer Already developed*

Penfluridol/Pimozide, 
Anti-psychotics

Psychiatric illness Breast cancer Under development*

Propranolol, β-Blocker Hypertension Migraine Already developed*

Remdesivir, Anti-viral Influenza, Ebola 
(failed in clinical trial)

COVID-19 Under development#

Retinoic acid Acne Acute leukemia Already developed*

Ribavirin, Anti-viral Viral infection such 
as RSV, hepatitis C 
infections

Cancers like 
leukemias and 
lymphomas

Under development*

Ritoximab

Ropinirole, Anti-
Parkinsonian drug

PD Restless leg 
syndrome

Already developed*

Sildenafil, PDE inhibitor Angina pectoris, 
Pulmonary arterial 
hypertension

Erectile dysfunction Already developed*

Simvastatin, 
Hypolipidemic

CVDs Lung cancer Already developed*

Sunitinib, TKI 
(Anti-cancer)

Imatinib-resistant 
GIST, RCC

Pancreatic 
neuroendocrine 
tumors

Already developed*

Tamoxifen, Anti-estrogen 
(Anti-cancer)

Breast cancer, 
Anticancer

Systemic lupus 
erythematosus

Already developed*

NTDs like 
Leishmaniasis (in 
combination with 
miltefosine)

Under development*

Thalidomide, Immune 
modulator

Immunomodulation, 
Morning sickness 
(withdrawn)

Multiple myeloma, 
Leprosy

Already developed#

Tocilizumab, IL-6 inhibitor 
(Immune modulator)

RA COVID-19 Under development*

Topiramate Fungal infections IBD Already developed*

Valproic acid, 
Anti-epileptic

Epilepsy Manic depression 
(bipolar disorder), 
migraine headache

Already developed*

Valsartan, ARB 
(Anti-hypertensive)

Hypertension, Heart 
attack

AD Already developed*

Zidovudine, Anti-viral Cancer (failed clinical 
trial)

HIV/AIDS Already developed#

*Indicates successful repositioning from FDA approved drug.
#Indicates successful repositioning from investigational new drug (IND).
AD: Alzheimer’s disease; AChE: acetylcholine esterase inhibitor; ALCL: anaplastic large cell lymphoma; ALL: 
acute lymphocytic leukemia; ALK: anaplastic lymphoma kinase; ARB: angiotensin-receptor blocker; CML: chronic 
myeloid leukemia; COVID-19: coronavirus diseases-19; COX: cyclooxygenase; CVDs: cardiovascular diseases; DM: 
diabetes mellitus; GIST: gastrointestinal stromal tumor; HIV/AIDS: human immunodeficiency virus/acquired 
immunodeficiency syndrome; IBD: inflammatory bowel disease; IL: interleukin; NSAID: non-steroidal anti-
inflammatory drug; NSCLC: non-small cell lung carcinoma; NTD: neglected tropical diseases; PD: Parkinson’s 
diseases; PDE: phosphodiesterase; RA: rheumatoid arthritis; RCC: renal cell carcinoma; RSV: respiratory syncytial 
virus; SSNRI: selective serotonin and norepinephrine reuptake inhibitor; SSRI: selective serotonin reuptake inhibitor; 
TKI: tyrosine kinase inhibitor; UTI: urinary tract infections.

Table 3. 
Examples of some repositioned drugs from approved and investigational drugs [24–29].
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Drug, pharmacological 
category

Original indication New indication Status of 
development
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Everolimus, Immune 
suppressant

Immune suppressant Pancreatic 
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tumors
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Favipiravir, Anti-viral Influenza COVID-19 Under development*
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Antimetabolite, 
Anti-cancer

Cancer Breast cancer Already developed*

Fluoxetine, 
Anti-depressant

Depression Premenstrual 
dysphoria

Already developed*

Gabapentin, Anti-epileptic Epilepsy Neuropathic pain Already developed*

Galantamine, AChE 
inhibitor

Neuromuscular 
paralysis

AD Already developed*

Hydroxychloroquine, 
Anti-malarial

Malaria, RA COVID-19 Under development*

Ibudilast, PDE inhibitor 
(Anti-asthmatic)

Asthma Neuropathic pain Already developed*

Imatinib, TKI 
(Anti-cancer)

CML, ALL GIST Already developed*

Isoniazid, Anti-tubercular Tuberculosis Certain types of 
tumor

Already developed*

Itraconazole, Anti-fungal Fungal infections Cancer like NSCLC 
(Anti-angiogenic)

Under development*

Ivermectin, Anthelmintic 
(Anti-parasitic)

Scabies, river 
blindness, 
helminthiasis

COVID-19 Under development*

Lopinavir/Ritonavir, 
Anti-viral

HIV/AIDS COVID-19 Under development*

Metformin, Anti-diabetic DM (type 2) Breast and colon 
Cancer, CVDs

Under development*

Methotrexate, Anti-
metabolite (Anti-cancer)

Cancer Psoriasis, RA Already developed*

Milnacipram, 
Anti-depressant

Depression Fibromyalgia Already developed*

Miltefosine, 
Anti-leishmanial

Cancer Leishmaniasis, 
Amoeba infection

Already developed*

Mifepristone, 
Antiprogestin

Termination of 
pregnancy in 
combination with 
misoprostol

Cushing’s syndrome Already developed*

Minoxidil, Vasodilator 
(Anti-hypertensive)

Hypertension Androgenic alopecia Already developed*

Nelfinavir, Anti-viral HIV/AIDS Breast cancer, 
NSCLC (under 
clinical trials)

Under development*

Nitroxoline, Anti-bacterial UTI Breast, bladder and 
pancreatic cancers

Under development*
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Drug, pharmacological 
category

Original indication New indication Status of 
development
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Anti-psychotics

Psychiatric illness Breast cancer Under development*

Propranolol, β-Blocker Hypertension Migraine Already developed*

Remdesivir, Anti-viral Influenza, Ebola 
(failed in clinical trial)
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Ribavirin, Anti-viral Viral infection such 
as RSV, hepatitis C 
infections

Cancers like 
leukemias and 
lymphomas

Under development*

Ritoximab

Ropinirole, Anti-
Parkinsonian drug

PD Restless leg 
syndrome

Already developed*

Sildenafil, PDE inhibitor Angina pectoris, 
Pulmonary arterial 
hypertension

Erectile dysfunction Already developed*

Simvastatin, 
Hypolipidemic

CVDs Lung cancer Already developed*

Sunitinib, TKI 
(Anti-cancer)
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GIST, RCC
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tumors
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(Anti-cancer)

Breast cancer, 
Anticancer

Systemic lupus 
erythematosus

Already developed*

NTDs like 
Leishmaniasis (in 
combination with 
miltefosine)

Under development*

Thalidomide, Immune 
modulator

Immunomodulation, 
Morning sickness 
(withdrawn)

Multiple myeloma, 
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Already developed#

Tocilizumab, IL-6 inhibitor 
(Immune modulator)

RA COVID-19 Under development*
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Valproic acid, 
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(bipolar disorder), 
migraine headache

Already developed*

Valsartan, ARB 
(Anti-hypertensive)

Hypertension, Heart 
attack

AD Already developed*

Zidovudine, Anti-viral Cancer (failed clinical 
trial)

HIV/AIDS Already developed#

*Indicates successful repositioning from FDA approved drug.
#Indicates successful repositioning from investigational new drug (IND).
AD: Alzheimer’s disease; AChE: acetylcholine esterase inhibitor; ALCL: anaplastic large cell lymphoma; ALL: 
acute lymphocytic leukemia; ALK: anaplastic lymphoma kinase; ARB: angiotensin-receptor blocker; CML: chronic 
myeloid leukemia; COVID-19: coronavirus diseases-19; COX: cyclooxygenase; CVDs: cardiovascular diseases; DM: 
diabetes mellitus; GIST: gastrointestinal stromal tumor; HIV/AIDS: human immunodeficiency virus/acquired 
immunodeficiency syndrome; IBD: inflammatory bowel disease; IL: interleukin; NSAID: non-steroidal anti-
inflammatory drug; NSCLC: non-small cell lung carcinoma; NTD: neglected tropical diseases; PD: Parkinson’s 
diseases; PDE: phosphodiesterase; RA: rheumatoid arthritis; RCC: renal cell carcinoma; RSV: respiratory syncytial 
virus; SSNRI: selective serotonin and norepinephrine reuptake inhibitor; SSRI: selective serotonin reuptake inhibitor; 
TKI: tyrosine kinase inhibitor; UTI: urinary tract infections.

Table 3. 
Examples of some repositioned drugs from approved and investigational drugs [24–29].
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7. Opportunities and challenges

On contrary to traditional drug discovery program (a complex and time 
consuming process with high cost of development and risk of failure), drug 
repositioning, reduces the time and cost of drug development. Drug reposition-
ing is also a low-risk strategy. Computational or machine learning approach has 
significantly improved the performance of drug repositioning. In comparison 
to computational approaches, using experimental approaches (such as target 
protein-based screening, cell-based assay, testing in animal model, and clinical 
testing) that provide direct evidence-based understanding of links between drugs 
and diseases are more reliable and credible. However, in recent years computa-
tional approaches are usually combined with the experimental approaches to 
identify new indications for old drugs, called mixed approaches. In this approach, 
computational methods are validated by biological experiments and clinical tests. 
Mixed approach of repositioning offers a rational and exhaustive exploration 
of all possible repositioning opportunities, taking into consideration improved 
access to available databases and technological advances. Furthermore, the R&D 
investment required for drug repositioning is lower than that for traditional drug 
discovery. Thus, drug repositioning offers an opportunity for many pharmaceuti-
cal companies to develop drugs with lower investments [27, 28]. Mixed approach 
of DR offers opportunities for developing repositioned drugs more effectively 
and rapidly. From the market perspective, a large number of diseases require new 
drugs to be treated with a potential market demand and economic impacts. For 
example, the discovery of drugs for rare/neglected diseases has a large potential 
market to explore. There is, therefore, an opportunity for repurposing of drugs 
for the treatment of rare, neglected, orphan diseases or difficult to treat diseases. 
There are over 6000 rare diseases that lack proper treatment. About 5% of them 
are being researched. Rare diseases have a large potential market to explore. Given 
the high attrition rates, substantial costs and slow pace of drug discovery and 
development, repurposing of old drugs to treat both common and rare diseases is 
increasingly becoming an attractive area of research because it involves the use of 
drug molecules with reduced risk of failure at shorter time and lower cost devel-
opment [30–33].

With the advent of technologies such as genomics, proteomics, transcriptomics, 
metabolomics, etc., and availability of huge databases resources including drug 
omics data, disease omics data, etc., there are a plenty of opportunities to discover 
drugs by drug repositioning in a collective and integrated effort of all the above 
methods/approaches mentioned above. Researchers are currently equipped with the 
latest reliable tools and data to explore the novel unknown mechanism of actions/
pathways based upon disease-specific target proteins/genes and/or specific bio-
markers associated with the progression of the disease [34, 35].

Various databases and software are available publicly for genomics, proteomics, 
metabolomics and pathway analysis. Several computational strategies are already 
developed to increase the speed and ease of the repurposing process. Some impor-
tant databases used in drug repositioning studies are outlined in Table 4.

However, opportunities come often with many challenges in drug repositioning. 
The identification of a new therapeutic indication for an existing drug poses a major 
challenge in repositioning. However, drug repositioning is a complex process involv-
ing multiple factors such as technology, commercial models, patents, and invest-
ment and market demands. Some multiple challenges which include choosing the 
right therapeutic area for the drug under investigation, issues related to clinical trials 
such as need to run new trials from start if the data from clinical or preclinical trials 
for the original drug or drug product are outdated or are not satisfactory [34, 35].
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Information 
available 
about

Database Website

Chemical 
structure

PubChem http://pubchem.ncbi.nlm.nih.gov

Drugbank http://www.drugbank.ca/

Chemspider http://www.chemspider.com

ChemDB http://www.chemdb.com

Therapeutic Target Database 
(TTD)

http://bidd.nus.edu.sg/group/cjttd/

Target 3D 
structure

RCSB Protein Data Bank (PDB) http://www.rcsb.org

OCA http://oca.weizmann.ac.il/oca-bin/ocamain

Proteopedia http://proteopedia.org

Drug-target 
information

Drugbank http://www.drugbank.ca/

Therapeutic Target Database 
(TTD)

http://bidd.nus.edu.sg/group/cjttd/

Pharmacogenetics Knowledge 
Base (PharmGKB)

http://www.pharmgkb.org/

DrugMap Central (DMC) http://r2d2drug.org/index.html

Protein 
interaction 
information

Human Protein Reference 
Database (HPRD)

http://www.hprd.org/

Biological General Repository 
for Interaction

http://thebiogrid.org/

Database of Interacting 
Proteins (DIP)

http://dip.doe-mbi.ucla.edu/dip/Main.cgi

STRING http://string-db.org/

Pathway 
information

NCI Pathway Interaction 
Database (NCI-PID)

http://pid.nci.nih.gov/

Kyoto Encyclopedia of Genes 
and Genomes (KEGG)

http://www.genome.jp/kegg/

PathwayCommons http://www.pathwaycommons.org/about/

Clinical trial 
information 
and adverse 
effects

Clinicaltrial.gov http://clinicaltrials.gov

Adverse Reaction Database 
(Canada)

http://www.fda.gov/Drugs/

SIDER http://sideeffects.embl.de/

FDA label 
information

FDALABEL (US FDA) http://www.fda.gov/ScienceResearch/

DailyMed (US FDA) http://dailymed.nlm.nih.gov/dailymed/about.cfm

Structured Product Labeling 
(SPL)

http://www.fda.gov/ForIndustry/DataStandards/

Omics data 
(Target/Drug)

NCBI-GEO http://www.ncbi.nlm.nih.gov/geo/

Sequence Read Archive (SRA) http://www.ncbi.nlm.nih.gov/Traces/sra/

ArrayExpress http://www.ebi.ac.uk/arrayexpress/

Cancer Cell Line Encyclopedia 
(CCLE)

http://www.broadinstitute.org/ccle/home

Sequence Read Archive (SRA) http://www.ncbi.nlm.nih.gov/Traces/sra/

Table 4. 
Databases used in repositioning studies [34–36].
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discovery. Thus, drug repositioning offers an opportunity for many pharmaceuti-
cal companies to develop drugs with lower investments [27, 28]. Mixed approach 
of DR offers opportunities for developing repositioned drugs more effectively 
and rapidly. From the market perspective, a large number of diseases require new 
drugs to be treated with a potential market demand and economic impacts. For 
example, the discovery of drugs for rare/neglected diseases has a large potential 
market to explore. There is, therefore, an opportunity for repurposing of drugs 
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are being researched. Rare diseases have a large potential market to explore. Given 
the high attrition rates, substantial costs and slow pace of drug discovery and 
development, repurposing of old drugs to treat both common and rare diseases is 
increasingly becoming an attractive area of research because it involves the use of 
drug molecules with reduced risk of failure at shorter time and lower cost devel-
opment [30–33].
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omics data, disease omics data, etc., there are a plenty of opportunities to discover 
drugs by drug repositioning in a collective and integrated effort of all the above 
methods/approaches mentioned above. Researchers are currently equipped with the 
latest reliable tools and data to explore the novel unknown mechanism of actions/
pathways based upon disease-specific target proteins/genes and/or specific bio-
markers associated with the progression of the disease [34, 35].

Various databases and software are available publicly for genomics, proteomics, 
metabolomics and pathway analysis. Several computational strategies are already 
developed to increase the speed and ease of the repurposing process. Some impor-
tant databases used in drug repositioning studies are outlined in Table 4.

However, opportunities come often with many challenges in drug repositioning. 
The identification of a new therapeutic indication for an existing drug poses a major 
challenge in repositioning. However, drug repositioning is a complex process involv-
ing multiple factors such as technology, commercial models, patents, and invest-
ment and market demands. Some multiple challenges which include choosing the 
right therapeutic area for the drug under investigation, issues related to clinical trials 
such as need to run new trials from start if the data from clinical or preclinical trials 
for the original drug or drug product are outdated or are not satisfactory [34, 35].
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Information 
available 
about

Database Website

Chemical 
structure

PubChem http://pubchem.ncbi.nlm.nih.gov

Drugbank http://www.drugbank.ca/

Chemspider http://www.chemspider.com

ChemDB http://www.chemdb.com

Therapeutic Target Database 
(TTD)

http://bidd.nus.edu.sg/group/cjttd/

Target 3D 
structure

RCSB Protein Data Bank (PDB) http://www.rcsb.org

OCA http://oca.weizmann.ac.il/oca-bin/ocamain

Proteopedia http://proteopedia.org

Drug-target 
information

Drugbank http://www.drugbank.ca/

Therapeutic Target Database 
(TTD)

http://bidd.nus.edu.sg/group/cjttd/

Pharmacogenetics Knowledge 
Base (PharmGKB)

http://www.pharmgkb.org/

DrugMap Central (DMC) http://r2d2drug.org/index.html

Protein 
interaction 
information

Human Protein Reference 
Database (HPRD)

http://www.hprd.org/

Biological General Repository 
for Interaction

http://thebiogrid.org/

Database of Interacting 
Proteins (DIP)

http://dip.doe-mbi.ucla.edu/dip/Main.cgi

STRING http://string-db.org/

Pathway 
information

NCI Pathway Interaction 
Database (NCI-PID)

http://pid.nci.nih.gov/

Kyoto Encyclopedia of Genes 
and Genomes (KEGG)

http://www.genome.jp/kegg/

PathwayCommons http://www.pathwaycommons.org/about/

Clinical trial 
information 
and adverse 
effects

Clinicaltrial.gov http://clinicaltrials.gov

Adverse Reaction Database 
(Canada)

http://www.fda.gov/Drugs/

SIDER http://sideeffects.embl.de/

FDA label 
information

FDALABEL (US FDA) http://www.fda.gov/ScienceResearch/

DailyMed (US FDA) http://dailymed.nlm.nih.gov/dailymed/about.cfm

Structured Product Labeling 
(SPL)

http://www.fda.gov/ForIndustry/DataStandards/

Omics data 
(Target/Drug)

NCBI-GEO http://www.ncbi.nlm.nih.gov/geo/

Sequence Read Archive (SRA) http://www.ncbi.nlm.nih.gov/Traces/sra/

ArrayExpress http://www.ebi.ac.uk/arrayexpress/

Cancer Cell Line Encyclopedia 
(CCLE)

http://www.broadinstitute.org/ccle/home

Sequence Read Archive (SRA) http://www.ncbi.nlm.nih.gov/Traces/sra/

Table 4. 
Databases used in repositioning studies [34–36].
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8. Regulatory and intellectual property issues

Traditional drug development strategies are costly, failure prone and expensive 
ventures. Therefore, drug repositioning has recently drawn considerable atten-
tion to discover drugs with new therapeutic uses with the goal to bring drugs 
out at comparatively faster rate for clinical use. Some regulatory issues that are 
commonly encountered in drug repositioning are described as follows [37, 38]. As 
per regulatory guidelines, new preclinical and/or clinical trials may be required 
to be carried out if the available data are not satisfactory and do not comply with 
the requirements of regulatory agencies such as FDA or EMA. Another important 
issue is related to patent application and intellectual property rights (IPR). There 
are no provisions of IP protection of drug discovery by repositioning approach 
as per the IP and patent laws. For repositioned drugs, IP protection is limited. 
For repositioning drugs, IP protection is limited. For example, some novel drug-
target disease associations found by repositioning researchers were confirmed 
by publications or online databases; however, it is difficult to seek IP protection 
for such associations because of the law. The IP issue prevents some repositioned 
drugs from entering even into the market [39, 40]. Moreover, some repositioning 
projects are forced to be abandoned, which is a waste of time, money and lot of 
efforts. Although many omics data and medical databases have been established, 
selecting the appropriate approach for repositioning is still a challenge due to the 
regulatory issues because massive amounts of data may not be valid if not obtained 
from reliable sources. It is, therefore, necessary that researchers or manufacturers 
must strictly adhere with standard regulatory guidelines for drug discovery by 
repositioning approaches [2, 41–43].

9. Conclusion

Traditionally, the dug repurposing has a long recorded history discovery of drug 
molecules particularly through serendipitous observations. In recent years, it has 
embarked a new avenue in the development of new therapies based upon existing/
approved medicines. The strategic drug repositioning in a more systematic and 
rational way has brought innovation with the discovery of drug molecules with 
unknown therapeutic indications. As drug repositioning approach offers significant 
reduction in R&D costs, greater chances of success, shorter research time and lower 
investment risk, it has gained increasing market demands. Because these advantages 
are beneficial for discovery scientists, drug researchers, consumers and pharma-
ceutical companies, enabling the application of novel approaches of repositioning 
strategy in the drug discovery program for almost all human diseases. Moreover, the 
use of in silico techniques along with the application of structure-based drug design 
(SBDD) and pharmacophore modeling strategies and artificial intelligence (AI) 
technology can further accelerate the process of drug purposing in the drug discov-
ery program. In the era of precision medicine, the drug repositioning strategy has 
become very much useful to establish the unknown mechanism of action of drugs 
through exploration of novel disease/metabolic/signaling pathways, or off-targets 
and target-specific mechanisms/ genetic expression profile for even genetic disor-
ders. Advancement in genomics have provided us with genomic and transcriptomic 
data in huge quantities using technologies like next generation sequencing, microar-
ray data and transcriptomics, etc. Network biology and systems biology approaches 
may add additional benefits to unveil such novel mechanisms of actions with 
through insights into drug-target interaction profile at molecular/genetic level. For 
better drug repositioning, more in-depth understanding are required to be executed 
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Abstract

Aspirin had been introduced as a nonsteroidal anti-inflammatory molecule. 
As further research on aspirin started, other therapeutic effects have been 
revealed. Now, this molecule has become the polychrest in medical science. 
Aspirin has served as a drug of choice for the primary prevention of cardiovas-
cular disease (CVD) for the last few decades. However, recent trials have raised 
questions on the use of aspirin for CVD prevention due to some life-threatening 
adverse drug events. In spite of that, outcomes of trials will surely assist to frame 
a guideline for anoxic administration regimen of aspirin in order to prevent CVD.

Keywords: aspirin, CVD, clinical trial, adverse drug events

1. Introduction

In 1859, Hermann Kolbe was paved the foundation for the development of 
Aspirin moiety for clinical practice. Whilst, there were no scientific resemblance 
established for aspirin as medicine [1]. After a long laboratory modification Felix 
Hoffman had succeeded to evolve the finest, clinical molecule by means of acetyla-
tion. Clinical investigation had passed the salicylate compound with intended 
therapeutic effects with no or minimum side effect. Clinicians had accepted this 
molecule open handedly. On February 1, 1899 Aspirin is registered as an authentic 
molecule (Figure 1) [2]. Currently, aspirin has become renowned and huge block-
buster molecule as NSAIDs followed by primary prevention of CVD [3].

2. Chemistry of aspirin

Production of aspirin is completed as single chain reaction. Acidic and alkaline 
both medium are suitable for synthesis. In chemistry language, aspirin is produced 
by the mixing of salicylic acid and acetic anhydride with the aid of phosphoric acid. 
Acetylsalicylic acid possesses three functional groups, namely hydroxyl, acetyl and 
ester. It is due to the presence of hydroxyl group polarity index of salicylic acid is 
high than that of aspirin. The reaction equation is displayed (Figure 2) [4].
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Aspirin is an O-acetyl derivative of salicylic acid (ASA—acetylsalicylic acid) 
and its dominant mechanism of action is believed to be through the transfer of 
this acetyl group to (▬OH) and amino (▬NH2) functionalities present in biological 
macromolecules as depicted in Figure 3. The acyl ester group is also unstable under 
basic conditions, and its hydrolysis to acetate is believed to proceed by a general 
base-assisted mechanism as described previously [5, 6]. More recent computational 
studies have suggested an n→π* interaction between the aromatic carboxylic acid 
and the carbonyl carbon of the acetate group [7]. This is consistent with a nuclear 
magnetic resonance spectroscopy (NMR) study [8], which posits the formation of a 
cyclic hemi-orthoester under basic conditions which can rearrange to give either the 
parent aspirin anion or a mixed anhydride.

Although the prevalence and role of the mixed anhydride in the biochemistry of 
aspirin has yet to be determined, the broad scope of anhydride reactivity may help 
to explain promiscuous acetylation activity of aspirin in biological systems [9, 10]. 

Figure 1. 
First container of aspirin.

Figure 2. 
Production reaction.
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Interestingly, it has also been shown that the mixed anhydride can react with the pri-
mary amino group of glycine in organic solvents to form N-salicyloylglycine, suggest-
ing a second class of aspirin-mediated protein modifications [11]. The nonselectivity 
of aspirin-mediated acetylation was demonstrated by Richard Farr and co-workers in 
1968 [12]. In these experiments, aspirin labeled with 14C at the acetyl carbonyl carbon 
was incubated with a series of blood proteins as well as common enzymes and nucleic 
acids. Following dialysis, substantial radiolabeling of albumin, immunoglobulins, 
α-macroglobulin, and other enzymes was observed. More recent mass spectrometry-
based studies have validated this initial finding and the list of proteins acetylated by 
aspirin has grown to include histones, IKKβ (I-kappa-β-kinase beta), and many others 
[13]. At high concentrations (micromolar to millimolar), aspirin has been shown to 
react with nucleophilic groups on proteins resulting in irreversible acetylation. These 
include the functional groups of the residues lysine (▬NH2), arginine (▬NH2), serine 
(▬OH), threonine (▬OH), tyrosine (▬OH), and cysteine (▬SH) [31, 32]. Synthesis of 
13C- or 14C-labeled aspirin has also facilitated the real-time analysis of acetylation of 
ubiquitin, hemoglobin, and human serum albumin [14].

3. Pharmacokinetics of aspirin

After absorption, as acetylsalicylic acid is rapidly converted to salicylic acid by 
hydrolysis and first-pass metabolism, peak plasma concentrations of acetylsalicylic 
acid are extremely sensitive to minor variations in solid dosage form dissolution and 
disintegration. In contrast, plasma concentrations of salicylic acid are predictable 
and relatively stable [15].

3.1 Absorption

Absorption of salicylate occurs rapidly by passive diffusion of un-ionized 
lipophilic molecules from the stomach at the low pH of the milieu. Aspirin (pKa 3.5) 
and salicylic acid (pKa 3.0) are weak acids, being 99% un-ionized at pH 1 and able 
to diffuse through lipid membranes. Less rapid absorption is observed with other 
formulations due to the rate limiting step of tablet disintegration; this latter factor 
being maximal in alkaline pH. Although aspirin can spontaneously hydrolyze, this 
is slow so that there is little or no free salicylate in the intestine and it is absorbed as 

Figure 3. 
Chemical reaction at molecular level.
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aspirin rather than salicylic acid. A complete picture of absorption track of aspirin 
is represented in Figure 4 [16]. Approximately 70% of aspirin reaches the periph-
eral circulation intact with maximum serum concentrations observed at 25 min 
after administration. After entering the bloodstream, aspirin undergoes enzymatic 
hydrolysis to yield acetate and salicylic acid. The major enzymes hydrolyzing aspirin 
in plasma are believed to be cholinesterases [17]. Acetylhydrolase-I, an intracellular 
erythrocyte platelet-activating factor, has been characterized as the major aspirin 
hydrolase of human blood [18].

Intravenous aspirin has a distribution half-life of about 3 min and inhibits pros-
taglandin biosynthesis within 5 min of administration, reflecting the rapid onset of 
inhibition compared to oral dosing [19].

Recent studies by Lichtenberger et al. demonstrated that aspirin could enter 
the lymph fluid directly when administered intragastrically or intraduodenally, 
potentially increasing its pharmacologic activity as a chemopreventive agent for 
colorectal cancer [20].

Rectal absorption of salicylate is also possible and cutaneous absorption may 
occur from salicylate containing rubefacients. Following oral administration of an 
aqueous solution, the absorption kinetics of aspirin is found to follow a first-order 
process [21].

The factors affecting absorption of salicylate are Rate of gastric emptying 
volume of food, pH of stomach contents, nervous state, concurrent drugs, exercise, 
posture, formulation and Disease states associated with altered gastrointestinal 
transit time.

Figure 4. 
In vivo reaction of aspirin.
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3.2 Distribution

Once absorbed, salicylates are distributed extensively through body fluids. 
Reported values for the apparent volume of distribution (Vd) of salicylate range 
from 9.6 to 12.7 L in adults with similar values (0.12–0.14 L/kg) in children [22].

Both aspirin and salicylic acid are partially bound to serum proteins. The 
distribution of aspirin is further enhanced by binding to human serum albumin 
[23, 24]. Human serum albumin is the most abundant protein found in blood and 
is often used as a plasma shuttle for steroids, hormones, and other small molecules. 
Binding studies suggest a conformational change in albumin upon acetylation that 
can influence transport and metabolism of other critical metabolites and drugs. For 
example, aspirin-induced acetylation of albumin can inhibit glucose binding [25], 
while increasing the binding of other molecules, as observed with the increased 
affinity of acetylated albumin for the marker anion acetrizoate [26]. Aspirin’s 
pharmacodynamic is also influenced by the interaction of other metabolites and 
serum albumin [24]. However, aspirin acetylation of serum albumin likely inhibits 
the binding of other metabolites commonly transported by albumin. In vitro studies 
have shown serum albumin binding and acetylation is dependent upon fatty acid 
binding, pH and temperature [27].

Figure 5. 
Reactivity of aspirin in different biological environments of proteins.
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Both salicylic acid and aspirin have been found to diffuse slowly into the cerebro-
spinal fluid (CSF) due to the high degree of ionization of salicylic acid at the pH (7.4) 
of plasma. Salicylic acid readily crosses the placenta, fetal plasma concentrations 
being higher at birth than concurrent maternal concentrations [28].

3.3 Metabolism and excretion

Aspirin is rapidly converted to salicylic acid with a half-life of only 15–20 minutes 
[19]. This hydrolysis is due to nonspecific esterases found in many body. The acetyl 
component of aspirin after oral and intravenous dosing is found in gastric mucosal 
cells or is excreted as carbon dioxide after passing through the Krebs cycle [29]. 
During absorption, aspirin esterase activity in the gastrointestinal mucosal mem-
branes contributes 28–35% of the hydrolysis of aspirin; though the activity of esterase 
enzyme may vary in relation to age and gender. Aspirin esterase activity is reduced in 
patients with alcoholic liver disease [17].

The major route of elimination of aspirin is through its hydrolyzed product 
salicylic acid. Salicylic acid is cleared from circulation via the kidneys with a serum 
half-life of approximately 2 h. A summary of the most common reactions of aspirin 
in biological systems are summarized in Figure 5.

Salicylic acid is partly excreted unchanged and partly metabolized. Free sali-
cylic acid diffuses readily across the glomerulus and is also actively secreted by 
the proximal tubule. The conjugates of salicylic acid are also excreted via kidney, 
being dependent on glomerular filtration and tubular secretion. The hydroxylated 
metabolite gentisic acid is excreted in the same way as free salicylic acid [30].

4. Pharmacodynamics of aspirin

The most recognized mechanism of action of aspirin is to inhibit the synthesis 
of prostaglandins but this by itself does not explain the repertoire of anti-inflam-
matory effects of aspirin. Later, another mechanism was described: the induction 
of the production of aspirin-triggered lipoxins (ATLs) from arachidonic acid by 
acetylation of the enzyme cyclooxygenase-2. The availability of a stable analog of 
ATL has stimulated investigations on the use of this analog and it has been found 
that, similar to endogenously produced lipoxins, ATL resolves inflammation and 
acts as antioxidant and immunomodulator. If we consider that in PE and in the 
obstetric APS, there is an underlying inflammatory process; aspirin might be used 
based on the induction of ATL [31].

The COX-inhibitory activity of aspirin is contingent on the administered dose. 
Low doses, those ranging from 75 to 300 mg, result in selective inhibition in platelet 
TXA2 production without suppressing prostacyclin (PGI2), a common platelet 
antagonist and vasodilator. PGI2 is expected to be derived mainly from vascular 
COX-2 suggesting that COX- 2 inhibition is minimal in the low-dose regime. 
Increased doses (>1200 mg) have analgesic and anti-inflammatory properties, 
properties associated with the pathophysiological inhibition of COX-1 and COX-2. 
It is important to note that COX- 2 can also utilize arachidonic acid for synthesis of 
lipoxins, particularly 15-hydroxyeicosatetraenoic acid [32, 33]. It is unlikely that 
the COX-2 is more than 5% acetylated while platelet-derived COX-1 is likely to be 
>70% acetylated. This suggests that regular low-dose aspirin will invariably main-
tain COX-1 inhibition in circulating platelets, with minimal effect in the inhibition 
of peripheral COX-2 [34].

A summary of the pharmacodynamic action of aspirin is summarized in 
Figure 6 [35, 36].

29

Risk-Benefit Events Associated with the Use of Aspirin for Primary Prevention…
DOI: http://dx.doi.org/10.5772/intechopen.93286

5. Pharmacological action of aspirin

5.1 Therapeutic effects

Beneficial clinical impaction of aspirin is mainly anti-inflammatory and  
anti-pyretic action. Evidence suggests that aspirin is a better analgesic than sali-
cylic acid [37, 38]. The analgesia produced by aspirin is dose-dependent, although 
the response does not parallel serum aspirin concentrations [39]. The dose  
of aspirin required for its antipyretic action is less than that required for  
analgesia [40].

The generally accepted therapeutic plasma concentration range of salicylate for 
the treatment of chronic inflammatory disease is 15–30 mg/100 ml (150–300 mg/L 
or 1–2 mmol/L), requiring daily doses in excess of 3 g [41].

Other indications for aspirin use are angina pectoris, angina pectoris prophy-
laxis, ankylosing spondylitis, cardiovascular risk reduction, colorectal cancer, 
ischemic stroke, ischemic stroke (prophylaxis), myocardial infarction, myocardial 
infarction (prophylaxis), osteoarthritis, revascularization procedures (prophy-
laxis), rheumatoid arthritis and systemic lupus erythematosus [42].

5.2 Adverse effects

The most common side effect of aspirin is gastrointestinal upset ranging from 
gastritis to gastrointestinal bleed. Other adverse effects are as followed:

Figure 6. 
Pharmacodynamics of aspirin.
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laxis, ankylosing spondylitis, cardiovascular risk reduction, colorectal cancer, 
ischemic stroke, ischemic stroke (prophylaxis), myocardial infarction, myocardial 
infarction (prophylaxis), osteoarthritis, revascularization procedures (prophy-
laxis), rheumatoid arthritis and systemic lupus erythematosus [42].

5.2 Adverse effects

The most common side effect of aspirin is gastrointestinal upset ranging from 
gastritis to gastrointestinal bleed. Other adverse effects are as followed:

Figure 6. 
Pharmacodynamics of aspirin.
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5.2.1 Hypersensitivity

Excessive sensitivity to NSAIDs is normal among everyone. The rate is about 
1–2%. Unwanted effects could be as gentle as a simple rash to angioedema and 
hypersensitivity. In case of asthmatic or interminable rhino-sinusitis patients, the 
predominance of these allergic susceptible indications could be as high as 26%. In 
the event that this is joined by nasal polyps and inflammation of the respiratory 
tract with eosinophils, it is known as aspirin triad. NSAID-exacerbated respiratory 
malady (NERD) is new term related with this disorder because of upper just as 
lower respiratory mucosal inflammation [43].

5.2.2 Reye syndrome

Reye condition, named after the Australian pathologist, Dr. R.D. Reye was first 
portrayed in 1963. It is an uncommon yet deadly condition with an expected death 
pace of somewhere in the range of 30% and 45%. It is a type of encephalopathy 
auxiliary to fatty changes in an otherwise healthy liver. The clinical vignette of Reye 
disorder comprises a viral infection of upper respiratory tract disease in kids and 
corresponding ingestion of aspirin for the treatment of fever. It is imagined that 
mitochondrial injury is optional to the previous viral disease which is the main hit 
to both the liver and the cerebrum. Aspirin or similar medicine gives the subsequent 
hit finishing the disorder. The occurrence has significantly diminished because of 
better mindfulness and utilization of acetaminophen for the treatment of fever in 
kids rather than aspirin. Despite the fact that the relationship between aspirin and 
Reye condition exists, a few authors contend that during diagnosis, salicylate levels 
were not routinely checked, biopsies were not acquired, and hereditary/intrinsic 
blunders of metabolism were not precluded [44, 45].

5.2.3 Intracerebral hemorrhage

Aspirin increases the risk of intracranial bleeding versus placebo [46].

5.2.4 Nephrotoxicity

Previous studies have shown conflicting results about the use of aspirin and 
the risk of chronic kidney diseases. Some earlier studies have shown that the use of 
aspirin is associated with chronic kidney disease [47].

5.2.5 Bleeding

Aspirin makes 2 3-crease increment in the danger of dose related peptic ulcer 
bleeding, a hazard that does not appear to be diminished by the utilization of 
enteric-covered aspirin. Sung et al. demonstrated that among people who had 
peptic ulcer blood loss, constant low-dose aspirin utilize expanded the danger of 
repetitive bleeding yet brought about lower overall cardiovascular and cerebrovas-
cular mortality rates [48].

5.3 Contraindication

Aspirin is contraindicated in patients who salicylate sensitive, hemophilic, 
in peptic/bleeding ulcers, in children suffering from chicken pox or influenza. 
Cautious use is desirable in patients with anemia, impaired hepatic or renal 
functions, and asthma and in pregnant or nursing mothers. It should be avoided 
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in diabetics with low cardiac reserve or frank CHF and in juvenile rheumatoid 
arthritis [49].

5.4 Drug interactions

Aspirin displaces warfarin, naproxen, sulfonylurea, phenytoin and methotrex-
ate from binding sites. It antagonizes uricosuric action of probenacid. It blunts 
diuretic action of furosemide and thiazides and reduces the action of spironolac-
tone. Aspirin reduces protein bound iodine levels by displacement of thyroxine; but 
hypothyroidism does not occur [50].

6. Role of aspirin in CVD

Efforts were being done for decades to prevent and treat cardiovascular disease 
(CVD). By the twentieth century, CVD had become a major cause of mortality and 
morbidity, and many efforts were being made to prevent it worldwide [51–53].

Given the prevalence of CVD, several strategies are being considered for its 
prevention, including lifestyle changes as well as strict management of cardiovas-
cular risk factors such as hypertension, diabetes, hyperlipidemia, and metabolic 
syndrome. In addition to traditional methods, other alternative methods have also 
been studied for its prevention. Along with this, some exploiters have used aspirin 
for the prevention of CVD, and with some controversy, it is believed that aspirin is 
beneficial in the primary prevention of CVD [54, 55].

Today aspirin is widely used for the primary prevention of CVD. In the United 
States alone, 40% of adults over the age of 50 are using aspirin for the prevention 
of CVD [56]. Aspirin is an irreversible and nonselective cyclo-oxygenase (COX) 
inhibitor class of drug, whose work is to reduce thromboxane A2 production and 
inhibit platelet aggregation and vasoconstriction. The ability to prevent platelet 
aggregation provides the potential to reduce arterial thrombosis, and when used 
at low doses, it is beneficial in preventing myocardial infarction (MI) and stroke. 
On the other hand, aspirin also inhibits the production of prostaglandin as well 
as reducing the side effects of GI bleeding by inhibiting COX 1 and protecting the 
gastrointestinal (GI) mucosa [57]. It has been assessed through successive clinical 
trials that aspirin is effective in the prevention of CVD. A number of tests have been 
performed to demonstrate its efficacy and it has been found that it is beneficial in 
secondary prevention of CVD even in patients with previous MI or ischemic stroke 
and at high risk [58].

7. Risk factors

Recently, the publication of a number of studies has raised doubts about 
the benefits of using aspirin as a primary prevention for patients with moder-
ate cardiovascular risk. Three of the trials were published in 2018, A Study of 
Cardiovascular Events in Diabetes (ASCEND), Aspirin in Reducing Events in the 
Elderly (ASPREE), and ARRIVE.

The ASCEND study assessed the effectiveness and safety of aspirin use by 
arbitrarily assigning 14,480 diabetic patients into 100 mg aspirin or placebo teams 
and observing them for a median of 7.4 years. Internal hemorrhage has emerged as 
a haul within the safety assessment. All major bleeding during this study was 29% 
higher with the aspirin administration cluster and a high risk of bleeding was seen 
in patients with a high risk of vascular events. This study has concluded that aspirin 
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5.2.1 Hypersensitivity

Excessive sensitivity to NSAIDs is normal among everyone. The rate is about 
1–2%. Unwanted effects could be as gentle as a simple rash to angioedema and 
hypersensitivity. In case of asthmatic or interminable rhino-sinusitis patients, the 
predominance of these allergic susceptible indications could be as high as 26%. In 
the event that this is joined by nasal polyps and inflammation of the respiratory 
tract with eosinophils, it is known as aspirin triad. NSAID-exacerbated respiratory 
malady (NERD) is new term related with this disorder because of upper just as 
lower respiratory mucosal inflammation [43].

5.2.2 Reye syndrome

Reye condition, named after the Australian pathologist, Dr. R.D. Reye was first 
portrayed in 1963. It is an uncommon yet deadly condition with an expected death 
pace of somewhere in the range of 30% and 45%. It is a type of encephalopathy 
auxiliary to fatty changes in an otherwise healthy liver. The clinical vignette of Reye 
disorder comprises a viral infection of upper respiratory tract disease in kids and 
corresponding ingestion of aspirin for the treatment of fever. It is imagined that 
mitochondrial injury is optional to the previous viral disease which is the main hit 
to both the liver and the cerebrum. Aspirin or similar medicine gives the subsequent 
hit finishing the disorder. The occurrence has significantly diminished because of 
better mindfulness and utilization of acetaminophen for the treatment of fever in 
kids rather than aspirin. Despite the fact that the relationship between aspirin and 
Reye condition exists, a few authors contend that during diagnosis, salicylate levels 
were not routinely checked, biopsies were not acquired, and hereditary/intrinsic 
blunders of metabolism were not precluded [44, 45].

5.2.3 Intracerebral hemorrhage

Aspirin increases the risk of intracranial bleeding versus placebo [46].

5.2.4 Nephrotoxicity

Previous studies have shown conflicting results about the use of aspirin and 
the risk of chronic kidney diseases. Some earlier studies have shown that the use of 
aspirin is associated with chronic kidney disease [47].

5.2.5 Bleeding

Aspirin makes 2 3-crease increment in the danger of dose related peptic ulcer 
bleeding, a hazard that does not appear to be diminished by the utilization of 
enteric-covered aspirin. Sung et al. demonstrated that among people who had 
peptic ulcer blood loss, constant low-dose aspirin utilize expanded the danger of 
repetitive bleeding yet brought about lower overall cardiovascular and cerebrovas-
cular mortality rates [48].

5.3 Contraindication

Aspirin is contraindicated in patients who salicylate sensitive, hemophilic, 
in peptic/bleeding ulcers, in children suffering from chicken pox or influenza. 
Cautious use is desirable in patients with anemia, impaired hepatic or renal 
functions, and asthma and in pregnant or nursing mothers. It should be avoided 
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in diabetics with low cardiac reserve or frank CHF and in juvenile rheumatoid 
arthritis [49].

5.4 Drug interactions

Aspirin displaces warfarin, naproxen, sulfonylurea, phenytoin and methotrex-
ate from binding sites. It antagonizes uricosuric action of probenacid. It blunts 
diuretic action of furosemide and thiazides and reduces the action of spironolac-
tone. Aspirin reduces protein bound iodine levels by displacement of thyroxine; but 
hypothyroidism does not occur [50].

6. Role of aspirin in CVD

Efforts were being done for decades to prevent and treat cardiovascular disease 
(CVD). By the twentieth century, CVD had become a major cause of mortality and 
morbidity, and many efforts were being made to prevent it worldwide [51–53].

Given the prevalence of CVD, several strategies are being considered for its 
prevention, including lifestyle changes as well as strict management of cardiovas-
cular risk factors such as hypertension, diabetes, hyperlipidemia, and metabolic 
syndrome. In addition to traditional methods, other alternative methods have also 
been studied for its prevention. Along with this, some exploiters have used aspirin 
for the prevention of CVD, and with some controversy, it is believed that aspirin is 
beneficial in the primary prevention of CVD [54, 55].

Today aspirin is widely used for the primary prevention of CVD. In the United 
States alone, 40% of adults over the age of 50 are using aspirin for the prevention 
of CVD [56]. Aspirin is an irreversible and nonselective cyclo-oxygenase (COX) 
inhibitor class of drug, whose work is to reduce thromboxane A2 production and 
inhibit platelet aggregation and vasoconstriction. The ability to prevent platelet 
aggregation provides the potential to reduce arterial thrombosis, and when used 
at low doses, it is beneficial in preventing myocardial infarction (MI) and stroke. 
On the other hand, aspirin also inhibits the production of prostaglandin as well 
as reducing the side effects of GI bleeding by inhibiting COX 1 and protecting the 
gastrointestinal (GI) mucosa [57]. It has been assessed through successive clinical 
trials that aspirin is effective in the prevention of CVD. A number of tests have been 
performed to demonstrate its efficacy and it has been found that it is beneficial in 
secondary prevention of CVD even in patients with previous MI or ischemic stroke 
and at high risk [58].

7. Risk factors

Recently, the publication of a number of studies has raised doubts about 
the benefits of using aspirin as a primary prevention for patients with moder-
ate cardiovascular risk. Three of the trials were published in 2018, A Study of 
Cardiovascular Events in Diabetes (ASCEND), Aspirin in Reducing Events in the 
Elderly (ASPREE), and ARRIVE.

The ASCEND study assessed the effectiveness and safety of aspirin use by 
arbitrarily assigning 14,480 diabetic patients into 100 mg aspirin or placebo teams 
and observing them for a median of 7.4 years. Internal hemorrhage has emerged as 
a haul within the safety assessment. All major bleeding during this study was 29% 
higher with the aspirin administration cluster and a high risk of bleeding was seen 
in patients with a high risk of vascular events. This study has concluded that aspirin 
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use prevented serious vascular events in patients who had diabetes and no previous 
CVD, however this absolute profit was for the most part balanced by the same rate 
of bleeding hazard [59].

In the ASPREE trial, old patients aged 70 or above who did not have CVD, 
dementia or disability were randomized and given 100 mg aspirin or placebo at 
a median of 4.7 years of follow-up. Contrary to other studies that established 
the incidence of CVD as the primary endpoint, ASPREE evaluated all causes 
of death, dementia, and chronic physical incapacity as primary endpoints. 
Moreover, apart from other studies, the ASPREE study evaluated the cause of 
mortality. Death from any cause was 12.7 per 1000 person within the aspirin 
group and 11.1 per 1000 people within the placebo group with a considerably 
accrued risk in the aspirin cluster. However, the incidence of CVD was 10.7 
within the aspirin and 11.3 within the placebo teams per 1000 person-years, 
which indicated there was no distinction between trial groups. They completed 
that once aspirin was taken for the first purpose of preventing CVD in healthy old 
subjects without CVD, there was no profit, but the risk of bleeding was larger and 
also the death rate was higher. Thus, the study has proposed that aspirin is not a 
significant prescribing agent as a practice in order to prevent CVD for healthy old 
individuals. The fascinating purpose of this study is that they enclosed insanity 
as a primary and secondary outcome as a result of there have been some previous 
suggestions that aspirin will scale back vascular insanity or physical inactivity by 
decreasing cerebral events [60, 61].

The ARRIVE was a randomized sort of trial, conducted with 12,545 patients of 
55 years (men) or 60 years (women) and older people (mean age 63.9); who had a 
median cardiac risk to receive 100 mg aspirin or placebo for 60 months of follow-
up. They restricted the patients who were at high risk of bleeding and diabetes. The 
first terminus (MI, stroke, cardiovascular death, unstable angina or TIA) occurred 
in 4.29% of patients within the aspirin cluster versus 4.48% of patients within the 
placebo teams. One of the significant the protocols to note within the ARRIVE trial 
is that the genuine cardiovascular event rate was less than the anticipated cardiovas-
cular rate. This implies that the cluster concerned within the ARRIVE trials man-
aged the CVD risk issue higher than within the former trials [62].

Thirteen randomized controlled trials comprising 164,225 patients were 
observed. The danger of all-cause and cardiovascular mortality was similar for 
both aspirin and control teams. Aspirin reduced the relative risk (RRR) of major 
adverse cardiovascular events (MACE) by 9%, myocardial infraction by 14%, and 
cerebrovascular accident by 10 percent, however was related to a 46% relative 
risk increase of major bleeding events as compared with controls. Aspirin use did 
not transform into a net clinical profit adjusted for event connected with mortal-
ity risk. There was associate degree interaction for aspirin impact in 3 patient 
subgroups: (i) in patients with statin drug treatment, aspirin was related to a 12% 
RRR of MACE and this impact was lacking within the no-statin group; (ii) in 
nonsmokers, aspirin was related to a 10% RRR of MACE and this impact was not 
observed in smokers; and (iii) in males, aspirin resulted in a 11% RRR of MACE 
with a nonsignificant impact in females. Aspirin use does not scale back all-cause 
of cardio vascular mortality associated with insufficient profit risk quantitative 
relation for CVD prevention. Nonsmokers, patients treated with statins, and males 
had the best risk reduction of MACE across subgroups. Systematic review registra-
tion: PROSPERO CRD42019118474 [63].

A systematic search of PubMed and Embase was conducted with the assis-
tance of Antithrombotic Trialists’ (ATT). A set of thirteen trials randomizing 
164,225 participants with 1,050,511 participant-years of follow-up were enclosed. 
The median age of trial participants was 62 years, 19 had diabetes along with the 
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median baseline risk of the primary cardiovascular outcome was 9.2%. Aspirin 
use was related to important reductions within the composite cardiac outcome 
compared with no aspirin (57.1 per 10,000 participant-years with aspirin and 
61.4 per 10,000 participant-years with no aspirin). Aspirin use was related to 
elevated degree accrued risk of major bleeding events compared with no aspirin 
(23.1 per 10,000 participant-years with aspirin and 16.4 per 10,000 participant-
years with no aspirin). The administration of aspirin in without cardiovascular 
disease was related to a lower risk of cardiovascular events associated with an 
accrued risk of major bleeding. This data may be helpful to aware the patients 
concerning aspirin use for primary prevention of cardiovascular events and 
bleeding [64].

Another meta-analysis was performed in concurrence with the well-liked 
coverage things for Systematic Reviews and Meta-Analyses (PRISMA) tips. 
Electronic databases were explored for randomized trials that compared aspirin 
vs. placebo (or control) in subjects while not established atherosclerotic disease. 
The first efficaciousness outcome was all-cause mortality, whereas the first safety 
outcome was major bleeding. Outline estimates were reported employing a Der 
Simonian and Laird random effects model. A set of 11 trials with 157,248 vol-
unteers were enclosed. At a mean follow-up of 6.6 years, aspirin was not related 
to a lower incidence of all-cause mortality. However, aspirin was related to high 
degree accrued incidence of major bleeding and intracranial bleeding. The same 
impact on all-cause mortality and major hemorrhage was incontestable in diabetic 
and high cardiovascular risk patients (i.e. 10-year risk >7.5%). Aspirin was related 
to a lower incidence of cardiac muscle infarction; but, this outcome was charac-
terized by extensive heterogeneousness, and this impact was not evident upon 
limiting the analysis to the more modern trials. Trial ordered analysis confirmed 
the shortage of good thing about aspirin for all-cause mortality up to a relative 
risk reduction of 5%. Aspirin use among healthy people while known arterial 
sclerosis seems to be related to accrued damage and lack of mortality benefit. 
During this setting, aspirin is probably related to a considerable reduction in 
MI risk; but, this comes at a value of accrued major bleeding and together with 
intracranial hemorrhage. The routine use of aspirin for primary prevention has to 
be reconsidered [65].

8. Guideline for prevention of CVD

The most significant approach to forestall atherosclerotic vascular malady, 
cardiovascular breakdown, and atrial fibrillation is to advance healthy routine all 
through life. A group based consideration approach is a compelling technique for 
the avoidance of cardiovascular malady. Clinicians ought to assess the social deter-
minants of wellbeing that influence people to advise treatment choices. Grown-ups 
who are 40–75 years old and are being assessed for cardiovascular illness preven-
tion ought to experience 10-year atherosclerotic cardiovascular disease (ASCVD) 
hazard estimation and have a clinician–patient risk conversation before beginning 
on pharmacological treatment, for example, antihypertensive treatment, a statin, or 
aspirin [66].

To adjust the advantages and dangers, earlier US guidelines have suggested 
prophylactic aspirin medicine just in the setting of raised ASCVD risk (eg, as 
determined estimators like the PCE (Personal Care Evaluation) or dependent on the 
nearness of explicit ASCVD risk elements). Meta-relapse investigations of recorded 
trials show that watched ASCVD chance tracks sensibly well with standard assessed 
ASCVD hazard. Interestingly, noticed bleeding risk on aspirin medicine is less very 
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use prevented serious vascular events in patients who had diabetes and no previous 
CVD, however this absolute profit was for the most part balanced by the same rate 
of bleeding hazard [59].

In the ASPREE trial, old patients aged 70 or above who did not have CVD, 
dementia or disability were randomized and given 100 mg aspirin or placebo at 
a median of 4.7 years of follow-up. Contrary to other studies that established 
the incidence of CVD as the primary endpoint, ASPREE evaluated all causes 
of death, dementia, and chronic physical incapacity as primary endpoints. 
Moreover, apart from other studies, the ASPREE study evaluated the cause of 
mortality. Death from any cause was 12.7 per 1000 person within the aspirin 
group and 11.1 per 1000 people within the placebo group with a considerably 
accrued risk in the aspirin cluster. However, the incidence of CVD was 10.7 
within the aspirin and 11.3 within the placebo teams per 1000 person-years, 
which indicated there was no distinction between trial groups. They completed 
that once aspirin was taken for the first purpose of preventing CVD in healthy old 
subjects without CVD, there was no profit, but the risk of bleeding was larger and 
also the death rate was higher. Thus, the study has proposed that aspirin is not a 
significant prescribing agent as a practice in order to prevent CVD for healthy old 
individuals. The fascinating purpose of this study is that they enclosed insanity 
as a primary and secondary outcome as a result of there have been some previous 
suggestions that aspirin will scale back vascular insanity or physical inactivity by 
decreasing cerebral events [60, 61].

The ARRIVE was a randomized sort of trial, conducted with 12,545 patients of 
55 years (men) or 60 years (women) and older people (mean age 63.9); who had a 
median cardiac risk to receive 100 mg aspirin or placebo for 60 months of follow-
up. They restricted the patients who were at high risk of bleeding and diabetes. The 
first terminus (MI, stroke, cardiovascular death, unstable angina or TIA) occurred 
in 4.29% of patients within the aspirin cluster versus 4.48% of patients within the 
placebo teams. One of the significant the protocols to note within the ARRIVE trial 
is that the genuine cardiovascular event rate was less than the anticipated cardiovas-
cular rate. This implies that the cluster concerned within the ARRIVE trials man-
aged the CVD risk issue higher than within the former trials [62].

Thirteen randomized controlled trials comprising 164,225 patients were 
observed. The danger of all-cause and cardiovascular mortality was similar for 
both aspirin and control teams. Aspirin reduced the relative risk (RRR) of major 
adverse cardiovascular events (MACE) by 9%, myocardial infraction by 14%, and 
cerebrovascular accident by 10 percent, however was related to a 46% relative 
risk increase of major bleeding events as compared with controls. Aspirin use did 
not transform into a net clinical profit adjusted for event connected with mortal-
ity risk. There was associate degree interaction for aspirin impact in 3 patient 
subgroups: (i) in patients with statin drug treatment, aspirin was related to a 12% 
RRR of MACE and this impact was lacking within the no-statin group; (ii) in 
nonsmokers, aspirin was related to a 10% RRR of MACE and this impact was not 
observed in smokers; and (iii) in males, aspirin resulted in a 11% RRR of MACE 
with a nonsignificant impact in females. Aspirin use does not scale back all-cause 
of cardio vascular mortality associated with insufficient profit risk quantitative 
relation for CVD prevention. Nonsmokers, patients treated with statins, and males 
had the best risk reduction of MACE across subgroups. Systematic review registra-
tion: PROSPERO CRD42019118474 [63].

A systematic search of PubMed and Embase was conducted with the assis-
tance of Antithrombotic Trialists’ (ATT). A set of thirteen trials randomizing 
164,225 participants with 1,050,511 participant-years of follow-up were enclosed. 
The median age of trial participants was 62 years, 19 had diabetes along with the 
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median baseline risk of the primary cardiovascular outcome was 9.2%. Aspirin 
use was related to important reductions within the composite cardiac outcome 
compared with no aspirin (57.1 per 10,000 participant-years with aspirin and 
61.4 per 10,000 participant-years with no aspirin). Aspirin use was related to 
elevated degree accrued risk of major bleeding events compared with no aspirin 
(23.1 per 10,000 participant-years with aspirin and 16.4 per 10,000 participant-
years with no aspirin). The administration of aspirin in without cardiovascular 
disease was related to a lower risk of cardiovascular events associated with an 
accrued risk of major bleeding. This data may be helpful to aware the patients 
concerning aspirin use for primary prevention of cardiovascular events and 
bleeding [64].

Another meta-analysis was performed in concurrence with the well-liked 
coverage things for Systematic Reviews and Meta-Analyses (PRISMA) tips. 
Electronic databases were explored for randomized trials that compared aspirin 
vs. placebo (or control) in subjects while not established atherosclerotic disease. 
The first efficaciousness outcome was all-cause mortality, whereas the first safety 
outcome was major bleeding. Outline estimates were reported employing a Der 
Simonian and Laird random effects model. A set of 11 trials with 157,248 vol-
unteers were enclosed. At a mean follow-up of 6.6 years, aspirin was not related 
to a lower incidence of all-cause mortality. However, aspirin was related to high 
degree accrued incidence of major bleeding and intracranial bleeding. The same 
impact on all-cause mortality and major hemorrhage was incontestable in diabetic 
and high cardiovascular risk patients (i.e. 10-year risk >7.5%). Aspirin was related 
to a lower incidence of cardiac muscle infarction; but, this outcome was charac-
terized by extensive heterogeneousness, and this impact was not evident upon 
limiting the analysis to the more modern trials. Trial ordered analysis confirmed 
the shortage of good thing about aspirin for all-cause mortality up to a relative 
risk reduction of 5%. Aspirin use among healthy people while known arterial 
sclerosis seems to be related to accrued damage and lack of mortality benefit. 
During this setting, aspirin is probably related to a considerable reduction in 
MI risk; but, this comes at a value of accrued major bleeding and together with 
intracranial hemorrhage. The routine use of aspirin for primary prevention has to 
be reconsidered [65].

8. Guideline for prevention of CVD

The most significant approach to forestall atherosclerotic vascular malady, 
cardiovascular breakdown, and atrial fibrillation is to advance healthy routine all 
through life. A group based consideration approach is a compelling technique for 
the avoidance of cardiovascular malady. Clinicians ought to assess the social deter-
minants of wellbeing that influence people to advise treatment choices. Grown-ups 
who are 40–75 years old and are being assessed for cardiovascular illness preven-
tion ought to experience 10-year atherosclerotic cardiovascular disease (ASCVD) 
hazard estimation and have a clinician–patient risk conversation before beginning 
on pharmacological treatment, for example, antihypertensive treatment, a statin, or 
aspirin [66].

To adjust the advantages and dangers, earlier US guidelines have suggested 
prophylactic aspirin medicine just in the setting of raised ASCVD risk (eg, as 
determined estimators like the PCE (Personal Care Evaluation) or dependent on the 
nearness of explicit ASCVD risk elements). Meta-relapse investigations of recorded 
trials show that watched ASCVD chance tracks sensibly well with standard assessed 
ASCVD hazard. Interestingly, noticed bleeding risk on aspirin medicine is less very 
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much related with baseline evaluated ASCVD risk. (A nonthorough rundown of 
situations related with expanded danger of bleeding incorporates: a history with 
past gastrointestinal bleeding or peptic ulcer malady or seeping from different 
parts of body, age > 70 years, thrombocytopenia, coagulopathy, and simultaneous 
utilization of different prescriptions that provoke bleeding danger, for example, 
nonsteroidal anti-inflammatory drugs, steroids, direct oral anticoagulants, and 
warfarin.) In this unique circumstance, post hoc investigation of more established 
trials recommends that the benefit–risk proportion for prophylactic; aspirin 
medicine commonly turns out to be progressively great at >10% evaluated 10-year 
ASCVD risk [67].

Notwithstanding, the overall advantages of aspirin, explicitly in preventing 
nonmorbid MI and maybe stroke (with a pattern to bring down mortality) have 
been less apparent in later trials. Thus, in these ongoing preliminaries, the assessed 
ASCVD chance has for the most part surpassed the real hazard saw during develop-
ment. This ongoing information are the justification for the lower COR for prophy-
lactic aspirin in the current protocol (Class IIb) and the evacuation of a particular 
PCE risk threshold as an incorporation basis for aspirin. These progressions mirror 
the need to rather consider the totality of accessible proof for ASCVD chance 
[inclusive, where proper, of hazard improving components, for example, solid 
family ancestry of untimely MI, failure to accomplish lipid or BP or glucose targets, 
or huge rise in coronary artery calcium score [68]].

Recent, US guideline has recommended the use of prophylactic aspirin 
only in the clinically assessed parameters of elevated ASCVD risk as shown in 
Figure 7.

Figure 7. 
Recommendations as per guideline [69].
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9. Future prospects

The totality of randomized proof since 2008, and 3 trials specifically revealed 
in 2018, no longer exhibits a decrease in cardiovascular mortality or all-cause death 
among primary prevention grown-ups with low-dose aspirin. The entirety of the 
examinations for aspirin medicine in primary avoidance, regardless of whether pre-
viously or after 2008, likewise exhibit overabundance draining risk. In this specific 
situation, it seems to be very conspicuous that daily dose of aspirin is not warranted 
for primary prevention of CVD [70].

This is with regards to current European guidelines recommendations but 
negates current US rules, where aspirin is still suggested if 10-year CVD chance 
is assessed to be >10%. Refreshed American Heart Association/American College 
of Cardiology guidelines for the primary avoidance of CVD, announced in March 
2019, have brought down the help for primary prevention with aspirin medicine 
from a Class 1 sign among those at raised CVD hazard to a class 2b proposal among 
high risk grown-ups matured 40–70 years (aspirin is no longer suggested for 
primary prevention among those >70 years). The rule additionally underscores the 
need to initially treat other CVD hazard variables to target and afterward just that 
aspirin may be considered with regards to bring down nondeadly MI risk [71].

On the other hand, the consequences of ASPREE, ASCEND, and ARRIVE all 
repudiate the proposal that weight-based dosing parameter may have utility in 
primary prevention, since none of these trials discovered advantage for low-dose 
aspirin among people at low weight. Regardless of whether high-dose aspirin may 
have a role in some primary prevention grown-ups (eg, overweight) stays theoreti-
cal and difficult to legitimize dependent on current proof. A progressing trial utiliz-
ing a novel plan is the aspirin dosing: A Patient-Centric Trial Assessing Benefits and 
Long-term (ADAPTABLE) trial, which will analyze high against low dose aspirin 
in 15,000 secondary prevention patients. In the event that ADAPTABLE finds no 
advantage for high-dose aspirin medicine in auxiliary prevention, at that point the 
weight-based dosing of aspirin for primary prevention (regardless of whether it is 
low-or high-dose) will turn out to be significantly tougher to legitimize [72].

10. Conclusion

The advantage of aspirin for auxiliary avoidance of CVD is entrenched, with 
meta-examination results preferring low-dose (75–150 mg/d) over high-dose 
(>150 mg/d) aspirin administered comparative viability yet lower bleeding danger. 
Conversely, the role of aspirin medicine in primary CVD counteraction is progres-
sively questionable; though chronicled clinical evaluation discovered aspirin as a 
best alternative for PCVD (Primary Cardio Vascular Disease) anticipation [73].

The need to alter aspirin dose as indicated by weight has physiological credibility. 
For instance, aspirin requires de-acetylation to get dynamic, and pharmacokinetic 
contemplates have discovered that pudginess is related with improper treatment 
regimen response to aspirin medicine, as surveyed by thromboxane hindrance.

A 2018 meta-examination by Rothwell et all, which incorporated 9 clinical 
examination of aspirin for primary prevention (counting 103,000 volunteers) 
and 4 trials of secondary prevention of stroke (17,000 volunteers), detailed that 
the viability of aspirin at a dose of ≤100 mg in lessening cardiovascular occasions 
diminished with expanding weight, with advantage found in patients weighing 
50–69 kg yet not in those weighing 70 kg or more. Reliable with this, low-dose 
of aspirin medicine possibly expanded danger of bleeding when bodyweight 
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much related with baseline evaluated ASCVD risk. (A nonthorough rundown of 
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utilization of different prescriptions that provoke bleeding danger, for example, 
nonsteroidal anti-inflammatory drugs, steroids, direct oral anticoagulants, and 
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medicine commonly turns out to be progressively great at >10% evaluated 10-year 
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Figure 7.

Figure 7. 
Recommendations as per guideline [69].

35

Risk-Benefit Events Associated with the Use of Aspirin for Primary Prevention…
DOI: http://dx.doi.org/10.5772/intechopen.93286

9. Future prospects

The totality of randomized proof since 2008, and 3 trials specifically revealed 
in 2018, no longer exhibits a decrease in cardiovascular mortality or all-cause death 
among primary prevention grown-ups with low-dose aspirin. The entirety of the 
examinations for aspirin medicine in primary avoidance, regardless of whether pre-
viously or after 2008, likewise exhibit overabundance draining risk. In this specific 
situation, it seems to be very conspicuous that daily dose of aspirin is not warranted 
for primary prevention of CVD [70].

This is with regards to current European guidelines recommendations but 
negates current US rules, where aspirin is still suggested if 10-year CVD chance 
is assessed to be >10%. Refreshed American Heart Association/American College 
of Cardiology guidelines for the primary avoidance of CVD, announced in March 
2019, have brought down the help for primary prevention with aspirin medicine 
from a Class 1 sign among those at raised CVD hazard to a class 2b proposal among 
high risk grown-ups matured 40–70 years (aspirin is no longer suggested for 
primary prevention among those >70 years). The rule additionally underscores the 
need to initially treat other CVD hazard variables to target and afterward just that 
aspirin may be considered with regards to bring down nondeadly MI risk [71].

On the other hand, the consequences of ASPREE, ASCEND, and ARRIVE all 
repudiate the proposal that weight-based dosing parameter may have utility in 
primary prevention, since none of these trials discovered advantage for low-dose 
aspirin among people at low weight. Regardless of whether high-dose aspirin may 
have a role in some primary prevention grown-ups (eg, overweight) stays theoreti-
cal and difficult to legitimize dependent on current proof. A progressing trial utiliz-
ing a novel plan is the aspirin dosing: A Patient-Centric Trial Assessing Benefits and 
Long-term (ADAPTABLE) trial, which will analyze high against low dose aspirin 
in 15,000 secondary prevention patients. In the event that ADAPTABLE finds no 
advantage for high-dose aspirin medicine in auxiliary prevention, at that point the 
weight-based dosing of aspirin for primary prevention (regardless of whether it is 
low-or high-dose) will turn out to be significantly tougher to legitimize [72].

10. Conclusion

The advantage of aspirin for auxiliary avoidance of CVD is entrenched, with 
meta-examination results preferring low-dose (75–150 mg/d) over high-dose 
(>150 mg/d) aspirin administered comparative viability yet lower bleeding danger. 
Conversely, the role of aspirin medicine in primary CVD counteraction is progres-
sively questionable; though chronicled clinical evaluation discovered aspirin as a 
best alternative for PCVD (Primary Cardio Vascular Disease) anticipation [73].

The need to alter aspirin dose as indicated by weight has physiological credibility. 
For instance, aspirin requires de-acetylation to get dynamic, and pharmacokinetic 
contemplates have discovered that pudginess is related with improper treatment 
regimen response to aspirin medicine, as surveyed by thromboxane hindrance.

A 2018 meta-examination by Rothwell et all, which incorporated 9 clinical 
examination of aspirin for primary prevention (counting 103,000 volunteers) 
and 4 trials of secondary prevention of stroke (17,000 volunteers), detailed that 
the viability of aspirin at a dose of ≤100 mg in lessening cardiovascular occasions 
diminished with expanding weight, with advantage found in patients weighing 
50–69 kg yet not in those weighing 70 kg or more. Reliable with this, low-dose 
of aspirin medicine possibly expanded danger of bleeding when bodyweight 



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

36

was <90 kg. On the other hand, aspirin (≥325 mg) had the contrary interaction 
with body weight, diminishing cardiovascular occasions exclusively among those 
>70 kg [62, 74].

In spite of the debate over the security and efficacity of aspirin, low-dose of the 
medicine has been broadly utilized for the primary prevention of CVD. As indicated 
by the investigation of National Health and Nutrition Examination study infor-
mation, 22.5% of patients without a mitigated CVD were delegated as high risk, 
and 40.9% of them were advised to take aspirin by their health care professional. 
Likewise, 26.0% of individuals at low risk were advised to take the medicine paying 
little mind to their risk category [75].

Recently, questions have been raised about the administration of aspirin medi-
cine for primary avoidance of CVD. Specifically, there are worries that GI bloodlet-
ting and hemorrhagic stroke, side-effects that can appear in adults utilizing aspirin, 
are expanded [76]. Whether the advantages of aspirin in the avoidance of CVD 
exceed the dangers related with side-effects is at the core of the discussion. One of 
the significant explanations behind the change in perspective about aspirin use is a 
decrease in the overall frequency of CVD.

As per European CVD measurements in 2017 distributed by the European 
Heart Network, CVD mortality and the age-standardized pervasiveness pace of 
CVD are currently falling in most European nations. Besides, from 1975 through 
to 2019, mortality rate from CVD have fallen in US men and women [77]. Globally, 
the age-standardized disability adjusted life-years (DALY) rates (per 100,000) in 
2005–2015 for CVD diminished from 6231.9 to 5179.7 [78].

The considerable decrease of CVD death and frequency is because of improved 
prevention treatments, which deal with the principle risk components of CVD, for 
example, smoking, physical idleness, dyslipidemia, and hypertension. Moreover, 
the adjustment of overall routine of life, for example, weight reduction or regular 
physical exercise, has become popular [79].

Moreover, current prescription use, for example, statins, new anticoagulation 
agents, and hypertensive medications, has added to lessening the CVD chance for 
the whole populace [80]. The extent of the risk decrease by aspirin in CVD primary 
prevention relies upon the level of profound risk in the people [81].

A few examinations have demonstrated that if a patient’s danger of CVD incre-
ments (above 1% every year), the advantage of administering aspirin medicine as 
primary prevention is additionally expanded. Hence, the overall CVD risk decrease 
brought about by another preventive methodology appears to lessen the primary 
prevention of aspirin for CVD contrasted with previously. The way that the cardio-
vascular occasion rates for all patients who took an interest in the recent published 
Aspirin to Reduce Risk of Initial Vascular Events (ARRIVE) clinical investigation 
was lower than anticipated additionally underpins this hypothesis [62]. Rather than 
the ongoing diminishing in the effectiveness of aspirin for the primary counterac-
tion of CVD, the bleeding danger related with aspirin medicine still exists [82].

In numerous investigations, it is notable that the application of low-dose aspirin 
was related with an essentially expanded risk of significant bleeding occasions. It 
is flawed whether the utilization of aspirin medicine for CVD primary prevention 
will have a critical impact when contrasted with the danger of aspirin in the current 
time. Ongoing patterns have seen that the utilization of aspirin for primary preven-
tion of CVD is reducing in the United States. In this way, it is important to consider 
whether it is suitable to proceed with aspirin for the primary avoidance of CVD in 
every patient [83].

Numerous hypotheses have been taken into account regarding why low-dose 
aspirin no longer seems effective in primary prevention. These encompass a reduc-
ing return for efficacy with regards to contemporary consideration (e.g., smoking 
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Abstract

The withdrawal of several blockbuster drugs due to severe adverse effects 
and the failure of several developed drugs in clinical trials raised questions about 
the efficacy of current approaches of drug discovery. Moreover, the limitation 
of resources and the long and costive process of drug discovery made a lot of 
pharmaceutical companies to employ drug repurposing strategies to get new 
insights about activities that were not considered during their initial discovery. 
The development of therapeutics for treatment of dermatological condition is not 
considered as priority although it affects the lifestyle of thousands of people around 
the world. Serendipity and observations have contributed significantly in this field 
but immerse efforts have been exerted to find systematic methods to identify new 
indications for drugs, especially with the unprecedented progress in molecular biol-
ogy and omics. So, in this chapter, we will emphasize on different approaches used 
for drug repositioning and how it was applied to find new therapeutics for different 
dermatoses.

Keywords: drug repositioning, alopecia, psoriasis, acne, hirsutism, 
hyperpigmentation

1. Introduction

In the early years of this century, it was expected that revolutionary develop-
ment in industry and technology will allow an unprecedented opportunities for 
drug discovery and development; however, the disappointing rate of drug approval 
in the last 20 years shed the light on the urgent need to reassess the efficiency of 
current strategies of drug discovery.

Despite the large amount of investment that has been put in drug develop-
ment, several drug candidates fail to pass due to pharmacokinetic issues or severe 
side effects that mainly are not demonstrated until clinical phases, which lead to 
extreme economic loss to pharmaceutical companies that might spend more than 
billion dollars in the process.

These facts were not overlooked by pharmaceutical industries or academia; so, 
they started to apply a new strategy that embraces new application of approved 
drugs rather than starting from scratch, which is known as drug repositioning. 
While the term was first coined in 2004, the approach has already led to the discov-
ery of several therapeutic agents in the last century; however, serendipity, trials, 
and errors were the main players in most of these cases.
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No. Studies for discovery of new indications for natural products Ref

Compounds Indication

1. Compounds from frankincense Anti-herpes [1]

2. Frankincense oil Immunomodulatory 
activity

[2]

3. Myrrh standardized extract Schistosomicidal [3]

4. Free-B-ring flavonoids Colon cancer [4]

5. Anti-neoplaston A-10 Immune-modulatory in 
breast cancer patients

[5]

6. Ricinine alkaloids analogs Oral squamous cell 
carcinoma

[6]

7. Stemmadenine alkaloid 
derivative

Antiproliferative activity 
against different cancers

[7]

8. Curcumin Iron accumulation in liver [8]

9. Cucurbitacin B Chemo-sensitization of 
cisplatin-resistant ovarian 
cancer

[9]

10. Bi-aryl methyl eugenol analogs Breast cancer invasion 
inhibitors

[10]

Studies for discovery of new target for natural products

Compounds/extract Targets `

1. Flavonoids containing an 
alpha-keto group

Tyrosinase inhibitors [11]

2. Cycloartane glycoside Lactate dehydrogenase 
inhibitor

[12]

3. Betulinic acid analogs Topoisomerase inhibitors [13]

4. Gingerol derivatives LTA4H inhibitory activity [14]

5. Curcumin derivative Alpha-amylase inhibitory [15]

6. Glycyrrhizin derivative Acetylcholinesterase 
inhibitory activity

[16]

Table 1. 
Studies of natural product repositioning in FAB-Lab.

This means that harnessing our highly advanced tools of molecular biology and 
computational techniques would guarantee the rediscovery of new indications for 
already approved drugs, which will not only increase our arsenal of therapeutic 
agents but also will drastically decrease the time and costs of the whole process.

Moreover, this approach could help for finding therapeutic solutions for orphan 
diseases or clinical conditions that affects low number of population which are usu-
ally neglected by pharmaceutical corps as in the case of dermatologic therapeutics due 
to the low prevalence of many dermatoses and the inappropriate estimation of the 
burden of psychological and physical impact of skin disorders on the quality of life.

Indeed, the field of dermatology covers wide range of disorders, but this means 
that drug repurposing strategy may be uniquely successful, hence the broad variety of 
pathophysiological process affecting the skin. In that aspect, the liver research labora-
tory (FAB-Lab, Faculty of Pharmacy, Mansoura University, Mansoura, Egypt) has 
utilized several approaches for not only optimization and enhancing the therapeutic 
effect of commonly available natural products but also recognizing novel applica-
tion for them so that one therapeutic agent could be used for treatment of several or 
complex conditions (Table 1). In this chapter, we will review different strategies for 
drug repositioning and their application in dermatological and cosmeceutical field.
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2. Drug repositioning strategies

Drug repositioning is achieved by understanding of molecular mechanisms of 
drug action and by identification of the interacting proteins of the drug. In many 
cases, molecular mechanism of drug action is poorly understood or completely 
unknown. The drug action can be observed by identification of drug targets and 
their specific interactions, drug-induced change in expression of a specific gene and 
the associated pathways, and change in disease phenotypes.

Current approaches for drug repositioning come from the so-called “drug 
action spectrum” concept as shown in Figure 1, which is based on three paradigms, 
namely, target-centric, drug-centric, and disease-centric repositioning. The first 
and second modules are closely related and usually applied interchangeably; the 
target-centric module focuses on finding new indication for the already established 
target; for example, the discovery of the role of androgenic receptor in hair loss 
allowed the repurposing of finasteride for treatment of androgenic alopecia.

Drug-centric module aims in finding a new target for therapeutic agent, experi-
mental or abandoned drugs; for example, the notorious thalidomide, which was 
firstly indicated for treatment of nausea and caused the phocomelia crisis, has been 
repurposed for treatment of myeloma and several dermatological conditions related 
to immune diseases.

These types of repositioning use computational ligand- and structure-based 
techniques [12, 13], chemical proteomics [16, 17], and off-target screening to 
identify potential therapeutic applications; so, we will explain the theory behind its 
approach and its application in drug repositioning.

In the third module, the repurposing depends on the similarity of pathophysi-
ological nature of diseases; for example, different types of cancers or different 
autoimmune diseases which allow the expansion of drug to a closely related 
indication so that extensive analysis of the associated molecular targets may not be 
required. Nevertheless, this type of repositioning strategy is the most observed type 

Figure 1. 
The concept of drug action spectrum in drug repositioning is based on three paradigms, namely, drug-centric, 
target-centric, and disease-centric repositioning. In the first and second approaches, computational approaches 
are used extensively to identify novel targets for compounds that were used for different applications. Omics, 
data mining, and meta-analysis of clinical trials could also be used to analyze the relationship between diseases 
and novel molecular targets that was previously investigated in different diseases.
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in drug repurposing field; it is worthy to note that retrospective analysis of several 
repurposing cases could be explained exclusively by drug-target interaction [18].

The main tools used for applying disease-centric repositioning are gene or 
protein expression profiling [14, 15], phenotypic screening [11], clinical observa-
tions [19], side effect analysis [20], and data mining and neural networks [21, 22]. 
In the following section, we will shed the light on the application of these tools in 
drug repositioning, especially in dermatology.

2.1 Application of drug-target interaction in drug repositioning

2.1.1 Ligand- and structure-based approaches

Ligand-based approaches are usually employed when no structural information 
about the target under investigation is available. They are not only used for virtual 
screening but also for lead optimization [17]. The key concept in ligand-based 
approaches is to determine common structural features or descriptors that could 
be found in compounds with the same pharmacological activity; therefore, phar-
macophoric function groups which are necessary to maintain the activity could be 
elucidated (Figure 2) [19].

In structure-based approach, the 3D structure of biological target is used to 
recognize how an active compound bind to its active site; hence, molecular dock-
ing could be used for identifying other drugs that can bind to the active site in 
similar fashion [20]. It is worthy to note that such approach could be used also for 
identifying the ability of drugs to bind to diverse types of targets, which is known as 
target fishing or inverse docking; this could be achieved by docking drug of interest 
against database of targets of clinical significance (Figure 3) [21].

Indeed, drug repositioning cases derived from this approach are still limited, but 
it has been extensively used to give insights on the mode of action of natural products 
and the rationale behind their use in traditional medicine. For example, ricinoleic 
acid (1), acteoside (2), amentoflavone (3), quercetin-3-O-rutinoside (4), and 
hinokiflavone (5) were expected to be prostaglandin D2 synthase inhibitors by inverse 
docking, which could explain their use in herbal preparation for hair loss treatment 
[22]; another study revealed that the anti-inflammatory effect of Bryophyllum pin-
natum is due to the ability of quercetin 3-O-α-L-arabinopyranosyl-(1 → 2)-O-α-L-
rhamnopyranoside (6) to inhibit PDE4B, a prominent target in the pathogenesis of 
psoriatic arthritis, and atopic dermatitis [23, 24]; also, the antiaging effect of allicin 
was linked to its ability to act as leukocyte elastase inhibitor [25].

Bagherzadeh et al. applied pharmacophore and structure-based virtual screen-
ing to identify tyrosinase inhibitor from zinc database; among them, five com-
pounds showed the potential to be used as potent inhibitor according to molecular 

Figure 2. 
Ligand-based approaches depend on the elucidation of structural features that could be found in set of active 
drugs (fingerprint) so that compounds possessing the same pharmacophores could be identified.
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dynamic simulation [26]. Interestingly, Choi et al. used structure-based virtual 
screening for repurposing thiopurine drugs such as mercaptopurine (7) as tyrosi-
nase inhibitors for treatment of hyperpigmentation [27]. The chemical structure of 
compounds (1–7) is shown in Figure 4.

2.1.2 Off-target-based repositioning

The ability of most of drugs to induce side effects is originated from their bind-
ing with other targets that might share certain homology with the original targets, 

Figure 3. 
Structure-based virtual screening employ two main approaches: (i) molecular docking where databases 
of thousands of compounds could be docked to the active site of target of interest to identify the top ranked 
compounds and (ii) inverse docking, as the name suggests, where compound of interest is docked against a panel 
of different targets to identify new potential targets.

Figure 4. 
Chemical structure of ricinoleic acid (1), acteoside (2), amentoflavone (3), quercetin-3-O-rutinoside 
(4), hinokiflavone (5), quercetin 3-O-α-L-arabinopyranosyl-(1 → 2)-O-α-L-rhamnopyranoside (6), and 
mercaptopurine (7).
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so it could be quite handful to use this drugs in treatment of diseases where these 
targets are dysregulated.

Spironolactone (8) is an antagonist to aldosterone; so, it is used for treatment of 
hypertension due to its diuretic effect; however, its steroidal nature allows it to act 
as a competitive antagonist at androgenic receptor; so, it was suggested to be used 
in treatment of androgenic alopecia; however, its effects on hair growth patterns 
in males might be not clinically preferable. On the other hand, it proved to be 
significantly effective in treatment of polycystic ovary syndrome and hirsutism in 
females, due to its ability to inhibit hair regrowth in androgen-dependent regions of 
the body, which was proven by several clinical trials.

Another intriguing example for off-targets drug repositioning is doxepin (9) 
which is a tricyclic antidepressant; it prevents reuptake of serotonin and norepineph-
rine, leading to an increase in the synaptic concentrations of those neurotransmitters. 
Nevertheless, there are several off-target effects that are associated with the use of 
this class of drugs, which are mainly mediated by muscarinic and histamine recep-
tors. This could be explained by its high affinity to H1 receptor which is much higher 
than hydroxyzine by 56 times and diphenhydramine 800 times; such observation 
opened the gate to the FDA approval for treatment of dermatological conditions such 
as pruritus, psychodermatosis, and chronic urticaria as topical and systemic agents.

Off-target effects are also influenced by the route of administration; sodium 
valproate (10), an anti-epileptic drug, inhibits the cellular sodium influx by block-
ing voltage-dependent sodium channels and induces chloride influx by gamma 
hydroxyl butyric acid (GABA)-mimetic effect. It also reduces the release of GABA, 
thereby attenuating neuronal excitation induced by glutamate receptors. It was 
reported by several clinical trials that oral administration of valproate could induce 
hair loss in dose-dependent manner by decreasing biotinidase activity leading to 
alopecia induced by biotin deficiency.

However, sodium valproate topical treatment induced hair growth in male C3H 
mice model, which could be explained by its ability to inhibit glycogen synthase 
kinase 3β and activation of Wnt/β-catenin pathway, which in turn, is associated with 
hair regeneration and anagen induction. This result was supported by randomized 
interventional study, where 7.2% spray of sodium valproate applied twice daily on 
scalp up to 24 weeks showed the efficacy of valproate spray on androgenic alopecia.

Dapsone (11), which is known to be one of the few agents used to fight leprosy, 
was developed as an antistreptococcal agent by targeting dihydropteroate syn-
thetase in bacteria; it was only matter of time until its anti-inflammatory effect 
was noticed due to its effect on numerous neutrophil-mediated and autoimmune 
processes; so, it is now used for recurring neutrophilic dermatosis, cicatricial 
pemphigoid, linear IgA dermatosis, IgA pemphigus, erythema elevatum diutinum, 
acropustulosis infantilis, and prurigo pigmentosa [28].

Finally, thalidomide (12) is a distinguishable case in drug repositioning; it was 
used for treatment of morning sickness in pregnant women after its withdrawal due 
its teratogenic effect; such side effect was studied thoroughly and explained by the 
ability of the drug to inhibit vascular endothelial growth factor (VEGF) which has a 
significant role in angiogenesis and embryo development; so, this drug was reposi-
tioned for treatment of multiple myeloma; also, it was found that thalidomide is a 
strong inhibitor for tumor necrosis factor alpha (TNF-α) and was approved by FDA 
for management of erythema nodosum leprosum [29, 30]. The chemical structure 
of compounds (8–13) is presented in Figure 5.

2.1.3 New target indication-based repositioning

In this approach, data analysis based on omics is used to identify new function 
instead of finding new targets for certain chemical entity; hence, it might be the 
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most challenging approach as it depends on the advances of molecular biology tools 
which can reveal the role of already known target in completely different diseases.

Finasteride (13) is a drug that was developed for treatment of benign prostatic 
hyperplasia, by acting as 5α-reductase enzyme inhibitor; this enzyme was found 
later to be contributing in the development of androgenic alopecia; hence, finaste-
ride at low doses was repositioned to treatment of baldness in men.

Another example is the repositioning of eflornithine (14), which was used 
for treatment of African trypanosomiasis by inhibiting ornithine decarboxylase; 
several years later, the homolog enzyme in humans was found to be responsible for 
hair growth and eflornithine was suggested as potential treatment of hirsutism in 
woman due to its ability to reduce hair growth. This observation was supported by 
several clinical trials and is currently marketed as topical preparation.

Zileuton (15) is a 5-lipoxygenase inhibitor which is used for treatment of 
asthma, by blocking the biosynthesis of leukotriene B4, which contributes 
significantly in tissue inflammation in acne; so, several studies on the experi-
mental and clinical levels have been performed to understand its mode of action, 
as well as safety of this compound in the management of acne vulgaris. Zileuton 
demonstrated a significant efficiency in patients with moderate acne, whereas 
a decrease in inflammatory lesions was noticed in comparison to the placebo 
group. Also, the tolerability and safety of zileuton were satisfactory in all con-
ducted clinical studies [31]. The chemical structure of compounds (13–15) is 
shown in Figure 6.

Figure 5. 
Chemical structure of spironolactone (8), doxepin (9), sodium valproate (10), dapsone (11), and  
thalidomide (12).

Figure 6. 
Chemical structure of finasteride (13), eflornithine (14), and zileuton (15).
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so it could be quite handful to use this drugs in treatment of diseases where these 
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2.1.3 New target indication-based repositioning

In this approach, data analysis based on omics is used to identify new function 
instead of finding new targets for certain chemical entity; hence, it might be the 
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most challenging approach as it depends on the advances of molecular biology tools 
which can reveal the role of already known target in completely different diseases.
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Another example is the repositioning of eflornithine (14), which was used 
for treatment of African trypanosomiasis by inhibiting ornithine decarboxylase; 
several years later, the homolog enzyme in humans was found to be responsible for 
hair growth and eflornithine was suggested as potential treatment of hirsutism in 
woman due to its ability to reduce hair growth. This observation was supported by 
several clinical trials and is currently marketed as topical preparation.

Zileuton (15) is a 5-lipoxygenase inhibitor which is used for treatment of 
asthma, by blocking the biosynthesis of leukotriene B4, which contributes 
significantly in tissue inflammation in acne; so, several studies on the experi-
mental and clinical levels have been performed to understand its mode of action, 
as well as safety of this compound in the management of acne vulgaris. Zileuton 
demonstrated a significant efficiency in patients with moderate acne, whereas 
a decrease in inflammatory lesions was noticed in comparison to the placebo 
group. Also, the tolerability and safety of zileuton were satisfactory in all con-
ducted clinical studies [31]. The chemical structure of compounds (13–15) is 
shown in Figure 6.
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Figure 7. 
Chemical structure of resveratrol (16), tiabendazole (17), monobenzone (18), parthenolide (18), doxycycline 
(19), methotrexate (20) prednisone (21), triamcinolone (22), budesonide (23), hydroxychloroquine (24), and 
leflunomide (25).

2.2 Disease-centered drug repositioning

2.2.1 Application of data mining and omics in drug repositioning

In disease-centered paradigm, the observation and analysis of data from phe-
notypic assays, clinical trials, and literature could be an important resource for 
drug repositioning, as previously mentioned, this type of repositioning is oriented 
toward the clinical outcomes rather than the exact molecular mechanism behind the  
drug switch; from other angle, the researcher aims to find certain fingerprint on 
the genetic or proteomic level to support the repositioning hypothesis; for example, 
the transcriptomic analysis of different types of autoimmune diseases could reveal 
similar pattern of gene expression, which means that the same drug could be used 
for different types of immunity-related condition.

Qu et al. applied integrative clinical transcriptomic analyses for finding new drugs 
for treatment of psoriasis. First, gene expression analysis of samples collected from 
psoriasis patient and normal volunteers were used to identify molecular targets asso-
ciated with the disease, and then, connectivity map analysis revealed potential drugs 
for the identified targets, which were resveratrol (16), tiabendazole (17), monoben-
zone (18), parthenolide (18), doxycycline (19), and methotrexate (20) [32].

Also, Patrick et al. gathered drug-related information from more than 20 million 
articles using machine learning based on word embedding to build a model that 
highlights drug-disease relationship in order to repurpose drugs for treatment of 
immune-mediated dermatological conditions, where prednisone (21), triamcino-
lone (22), budesonide (23), hydroxychloroquine (24), and leflunomide (25) were 
among the top five predicted drugs for treatment of psoriasis [33]. The chemical 
structure of compounds (15–25) is demonstrated in Figure 7.
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2.2.2 Clinical observation-based drug repurposing

Bimatoprost (26), a prostaglandin analog, was used for treatment of glaucoma 
patient, but several clinical observations reported the occurrence of eyelash hyper-
trichosis; so, it was used for induction of eyelash regrowth in alopecia areata and for 
cosmeceutical purposes [34, 35].

Phenytoin (27) is one of the first discovered antiepileptic drugs; after its 
introduction to the market, gingival hyperplasia was reported as a side effect for the 
treatment, which triggered dermatologist to evaluate its ability to heal wounds; so, 
phenytoin has been evaluated by several clinical studies, where it proved to be use-
ful in treatment of wounds in topical and oral forms; however, the exact mechanism 
of action is still ambiguous [36].

Bevacizumab, a monoclonal antibody that is used for treatment of several types of 
cancer, was observed to achieve complete remission of psoriasis in metastatic colon 
cancer without any other treatment for psoriasis [37]; a case which was reported 
again in another study that described the same effect in metastatic renal cell cancer, 
psoriasis, and psoriatic arthritis patient, which means the bevacizumab could be 
repurposed for treatment of these dermatoses; also, it sheds the light on the impor-
tance of (VEGF) as a target for treatment of inflammatory skin conditions [38].

The Janus kinase (JAK) inhibitor, tofacitinib (28), was developed originally for 
management of rheumatoid arthritis, ulcerative colitis and other autoimmune dis-
eases, but it was repurposed for psoriasis and atopic dermatitis since JAK was found 
to be contributing in the pathogenesis of these diseases, and currently, several 
clinical trials were performed to assess its clinical significance and concluded that 
response rates in tofacitinib-treated group were significantly higher compared to 
that in placebo [39–41].

Metformin (29), a type-2 diabetes medication, reduces insulin resistance; however, 
its mechanism is not completely understood; so, it was suggested as a treatment of 
several dermatological conditions associated with insulin resistance such as acanthosis 
nigricans and acne; this was supported by several clinical trials where the patients 
showed complete resolution. It also was employed in treatment of hyperpigmentation 
due to its inhibitory effect on tyrosinases, the key enzymes in melanin biosynthesis. 
The anti-melanogenic effect of metformin was demonstrated experimentally on 
human skin biopsies and reconstituted human epidermis; also, clinical trials showed 
that metformin efficacy is comparable to TCC in treating melasma [42–44].

Finally, minoxidil (30), which is a well-known case in drug repositioning, 
was initially used for treatment of hypertension since its strong vasodilator effect 
but during clinical trials, hair regrowth was noticed in patients with androgenic 
alopecia such effect is contributed by stimulating the vascular bed nearby the hair 
follicles which lead to better environment for hair growth. It was suggested that the 
ability of minoxidil to activate cytoprotective prostaglandin synthase-1 and stimu-
late adipose-derived stem cells (ASCs) [45, 46].

2.2.3 Phenotypic screening for drug repositioning

Niclosamide (NCL) (31) is an anti-helminthic drug that has been utilized 
for long time with considerable safety profile; several studies reported its anti-
inflammatory and anticancer activities, highlighting the potential of repurposing 
for different indications; Thatikonda et al. used imiquimod (IMQ )-induced BALB/c 
mouse model to evaluate the efficacy of NCL for treatment of psoriasis, where it 
alleviated epidermal hyperplasia and inflammation induced by IMQ via down-
regulating p65, STAT3, NFATc-1, and NF-κB transcription factors along with Ki-67, 
ICAM-1, and Akt protein expression [47].
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Figure 7. 
Chemical structure of resveratrol (16), tiabendazole (17), monobenzone (18), parthenolide (18), doxycycline 
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the genetic or proteomic level to support the repositioning hypothesis; for example, 
the transcriptomic analysis of different types of autoimmune diseases could reveal 
similar pattern of gene expression, which means that the same drug could be used 
for different types of immunity-related condition.

Qu et al. applied integrative clinical transcriptomic analyses for finding new drugs 
for treatment of psoriasis. First, gene expression analysis of samples collected from 
psoriasis patient and normal volunteers were used to identify molecular targets asso-
ciated with the disease, and then, connectivity map analysis revealed potential drugs 
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patient, but several clinical observations reported the occurrence of eyelash hyper-
trichosis; so, it was used for induction of eyelash regrowth in alopecia areata and for 
cosmeceutical purposes [34, 35].

Phenytoin (27) is one of the first discovered antiepileptic drugs; after its 
introduction to the market, gingival hyperplasia was reported as a side effect for the 
treatment, which triggered dermatologist to evaluate its ability to heal wounds; so, 
phenytoin has been evaluated by several clinical studies, where it proved to be use-
ful in treatment of wounds in topical and oral forms; however, the exact mechanism 
of action is still ambiguous [36].

Bevacizumab, a monoclonal antibody that is used for treatment of several types of 
cancer, was observed to achieve complete remission of psoriasis in metastatic colon 
cancer without any other treatment for psoriasis [37]; a case which was reported 
again in another study that described the same effect in metastatic renal cell cancer, 
psoriasis, and psoriatic arthritis patient, which means the bevacizumab could be 
repurposed for treatment of these dermatoses; also, it sheds the light on the impor-
tance of (VEGF) as a target for treatment of inflammatory skin conditions [38].

The Janus kinase (JAK) inhibitor, tofacitinib (28), was developed originally for 
management of rheumatoid arthritis, ulcerative colitis and other autoimmune dis-
eases, but it was repurposed for psoriasis and atopic dermatitis since JAK was found 
to be contributing in the pathogenesis of these diseases, and currently, several 
clinical trials were performed to assess its clinical significance and concluded that 
response rates in tofacitinib-treated group were significantly higher compared to 
that in placebo [39–41].

Metformin (29), a type-2 diabetes medication, reduces insulin resistance; however, 
its mechanism is not completely understood; so, it was suggested as a treatment of 
several dermatological conditions associated with insulin resistance such as acanthosis 
nigricans and acne; this was supported by several clinical trials where the patients 
showed complete resolution. It also was employed in treatment of hyperpigmentation 
due to its inhibitory effect on tyrosinases, the key enzymes in melanin biosynthesis. 
The anti-melanogenic effect of metformin was demonstrated experimentally on 
human skin biopsies and reconstituted human epidermis; also, clinical trials showed 
that metformin efficacy is comparable to TCC in treating melasma [42–44].

Finally, minoxidil (30), which is a well-known case in drug repositioning, 
was initially used for treatment of hypertension since its strong vasodilator effect 
but during clinical trials, hair regrowth was noticed in patients with androgenic 
alopecia such effect is contributed by stimulating the vascular bed nearby the hair 
follicles which lead to better environment for hair growth. It was suggested that the 
ability of minoxidil to activate cytoprotective prostaglandin synthase-1 and stimu-
late adipose-derived stem cells (ASCs) [45, 46].

2.2.3 Phenotypic screening for drug repositioning

Niclosamide (NCL) (31) is an anti-helminthic drug that has been utilized 
for long time with considerable safety profile; several studies reported its anti-
inflammatory and anticancer activities, highlighting the potential of repurposing 
for different indications; Thatikonda et al. used imiquimod (IMQ )-induced BALB/c 
mouse model to evaluate the efficacy of NCL for treatment of psoriasis, where it 
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Figure 8. 
Chemical structure of bimatoprost (26), phenytoin (27), tofacitinib (28), metformin (29), minoxidil (30), 
niclosamide (31), carvedilol (32), and cannabidiol (CBD) (33).

Hall et al. used zebrafish neutrophil migration assay, for evaluation of the 
suppressive effect of 1280 approved drugs on recruitment of neutrophils; where 
drugs showing prominent anti-inflammatory activity were further tested in atopic 
dermatitis animal model, among them 11 drugs which was not reported previously 
as anti-inflammatory agent [48].

Chang et al. used in vivo model of chemically induced murine skin tumorigen-
esis to confirm the hypothesis of repositioning of beta blocker for treatment of skin 
cancer, since several studies showed that stress-related catecholamine hormone 
expression can affect tumor progression [49].

Carvedilol (32), when administrated orally and topically, prevented DMBA-
induced epidermal hyperplasia, suggesting that it may serve as a new agent for 
protecting against skin cancer [50], which was supported by another study that dem-
onstrated the preventive effect of carvedilol applied topically after UV exposure; so, it 
can be repositioned as prophylactic agent against skin inflammation and cancer [51].

Cannabidiol (CBD) (33) is a nonpsychoactive phytocannabinoid found in 
Cannabis sativa. It is approved recently for the treatment of seizures associated 
with two uncommon and serious forms of epilepsy, Dravet syndrome, and Lennox-
Gastaut syndrome. Oláh et al. reported that CBD-treated human sebocytes and 
human skin organ in vitro showed strong antiproliferative, lipostatic, and anti-
inflammatory effects mediated by a plethora of receptors, ion channels, and other 
components of the endocannabinoid system [52]. These findings were confirmed 
later by clinical trial showing that CBD administrated as an ointment is an effec-
tive and noninvasive option for enhancing the quality of life in patients with some 
skin disorders, especially those with inflammatory background [53]. The chemical 
structure of compounds (26–33) is depicted in Figure 8.

3. Concluding remarks and future perspective

Drug repositioning is an important strategy to maximize the benefits from 
already approved drugs; it will not only contribute to reduction of time and cost 
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Drug Repurposing and Orphan 
Disease Therapeutics
Neha Dhir, Ashish Jain, Dhruv Mahendru, Ajay Prakash  
and Bikash Medhi

Abstract

Drug repurposing (or drug repositioning) is an innovative way to find out the 
new indications of a drug that already exists in the market with known therapeutic 
indications. It offers an effective way to drug developers or the pharmaceutical 
companies to identify new targets for FDA-approved drugs. Less time consump-
tion, low cost and low risk of failure are some of the advantages being offered with 
drug repurposing. Sildenafil (Viagra), a landmark example of a repurposed drug, 
was introduced into the market as an antianginal drug. But at present, its use is 
repurposed as drug for erectile dysfunction. In a similar way, numerous drugs are 
there that have been successfully repurposed in managing the clinical conditions. 
The chapter would be highlighting the various drug repurposing strategies, drugs 
repurposed in the past and the current status of repurposed drugs in the orphan 
disease therapeutics along with regulatory guidelines for drug repurposing.

Keywords: drug repurposing, drug repositioning, orphan drug, orphan disease,  
a rare disease, regulatory guidelines

1. Introduction

Despite rapid advancement in science and technology, translating these benefits 
for care and management of human diseases remains a far slower process than 
expected. Pharmaceutical industries, research and development (R&D) sectors are 
facing multifold challenges for taking out any new drug in the market including 
higher attrition rates, long time span and regulatory restrictions [1]. It takes $2 to 
$3 billion money and about 13–15 years for developing any new drug in the market 
with a low success rate of approximately 2% only [2, 3]. Drug development process 
involves six stages: (i) compound screening and identification of lead compound; 
(ii) preclinical study; (iii) investigational new drug (IND) application for taking 
approval to conduct trial in humans, only if preclinical data of the drug is found to 
be shows effective and safe in animals; (iv) clinical study (phase 1, 2 and 3 clinical 
trials); (v) new drug application (NDA) if the drug is found to be safe and effective 
in phase 3 clinical trials; and (vi) post marketing surveillance (PMS) for safety moni-
toring. However, drug repurposing consists of four stages only: (i) selection of target 
compound; (ii) clinical trial (phase 2 and 3); (iii) NDA application and (iv) PMS 
(Figure 1). Thereby’ drug repurposing is a trending way to reduce the effort, cost 
and time at every step involved in drug development and thus provides an option to 
bring the new drugs into the market at relatively low investments (Figure 1) [3].
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in phase 3 clinical trials; and (vi) post marketing surveillance (PMS) for safety moni-
toring. However, drug repurposing consists of four stages only: (i) selection of target 
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Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

64

1.1 Drug repurposing

‘Drug repurposing’ (or ‘drug repositioning’) is an effective way to find new 
targets or new indications of any drug that is already FDA approved and existing in 
the market. It is an excellent alternative over the de novo drug development process 
which is relatively time consuming and money involved procedure [4]. Since the data 
including drug efficacy, safety, bioavailability, route and formulation of administra-
tion, pharmacokinetic and pharmacodynamic (PK-PD) profile, toxicological data 
and associated adverse effects, are well known with already approved drugs. Thus, 
the evaluation process for drug candidates gets facilitated with drug repurposing and 
drug enters the clinical market for new therapeutic indications. Also, drug repurpos-
ing reduces the risk of development failure into the market, thus reducing the cost 
of the overall drug development process. At present, in the U.S approximately 30% 
of newly FDA approved drugs are repurposed only [5]. History witnessed numerous 
drug candidates that have been repurposed either opportunistic or serendipitous. 
Sildenafil is one of the blockbusters in the history of drug repurposing. Sildenafil, 
a phosphodiesterase type 5 (PDE5) inhibitor, was introduced in the market in the 
1980s by Pfizer for the treatment of coronary artery disease (CAD), hypertension 
and angina pectoris. During phase-1 trials of sildenafil, it was observed that the 
patients suffered from marked penile erection. In 1988, the drug was repurposed and 
approved by FDA for erectile dysfunction in the US market after the drug failed to 
prove its efficacy in phase-2 trials in angina patients [6]. Another big hit example is 
thalidomide. In 1957, the drug was developed by German pharmaceutical company 
named Grünentha for treatment of motion sickness in pregnant women. Soon the 
drug was withdrawn from the market as its use lead to serious birth defects (mal-
formations of the limbs) and death in approximately 10,000 children in around 46 
countries. Subsequently in 2006, the drug was re-approved by FDA for the treatment 
of multiple myeloma [4]. In the 1960s, amantadine was developed as an antiviral 
drug to treat influenza infections. After a few years, a patient who was suffering from 
Parkinson’s disease (PD) had taken amantadine for her flu infection. It was seen that 
the patient was having improvement in her PD symptoms after taking amantadine. 
From there, it has been concluded that the drug can be used in treating neurological 
disorders. Years later, amantadine received FDA approval for treatment of PD [7].

Figure 1. 
Phases in drug development.
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1.2 Off-label use of drugs

“Off-label drug use (OLDU)” defines to prescribe the drug beyond the con-
ditions for which the drug is holding the license for its market authorization. 
More specifically, off-label means using a drug for indications, dosage form, 
dose strength, route of administration or in that patient age group which are not 
approved by FDA [8]. FDA approves a drug to market only if it shows to be effec-
tive and safe in preclinical as well as clinical studies, refers to as “on-label drug use”. 
However, OLDU is being extensively practiced by physicians in situations: first, 
when two therapeutic conditions possessing same pathophysiology; second, to treat 
any life-threatening condition where no treatment is available and thereby provide 
off-label use may be proven helpful to patient; and third, drug has not been stud-
ies in specific group or patient age (pediatrics, pregnancy or geriatric). There are 
many examples of drugs which have been prescribed commonly as “off-label” drugs 
(Table 1) [9].

1.3 Orphan diseases and drugs

There is no defined definition for orphan diseases (ODs). In the US it is 
defined as if the disease prevalence affects less than 1 in <200,000, in Japan 
<50,000 and in Australia <2000. WHO defines the prevalence of less than 
6.5–10 in 10,000 [10]. The drug which is used in the treatment of orphan disease 
is referred to as an orphan drug. For example; haem arginate, is being used to 
treat porphyria (acute intermittent, variegate and hereditary), ibuprofen to treat 
patent ductus arteriosus in neonates [11] and N-acetylcysteine for paracetamol 
poisoning. In orphan diseases (ODs) and their management, the count for orphan 
diseases exists approximately 6000 but the efforts that are putting off by phar-
maceutical and R&D sectors for developing new drugs in their management are 
negligible cause the huge amount involved in de novo drug development [12]. Only 
5% of pharmaceutical industries are taking interest in developing new drugs in 
orphan disease management [12]. At present, approximately 325 drugs are avail-
able in the market, which are being used to treat only 5% of orphan diseases. Drug 

Drug Class of drug Approved use Off-label use

Desmopressin Antidiuretic hormone Central diabetes insipidus Nocturnal enuresis

Atenolol, 
propranolol, 
metoprolol

Beta blockers Hypertension Migraine prophylaxis

Imipramine, 
amoxapine

Tricyclic antidepressant Depression Insomnia, Bulimia, 
neuropathic pain 
symptoms

Aspirin NSAIDs Analgesic Antithrombosis in 
atrial fibrillation

Indomethacin NSAIDs Analgesic Closure of patent 
ductus arteriosus

Erythromycin Macrolide antibiotic Haemophilus and Legionella 
infection, whooping cough, 
atypical pneumonia

Gastroparesis

Table 1. 
Examples of off-label drug use (OLDU).
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repurposing provides one of the best faster and economical ways to find new 
treatment options in ODs (Figure 2). To facilitate drug development and treat-
ment options in orphan disease management FDA Orphan Drug Act (ODA) 1983, 
has provided many of the benefits or incentives to pharmaceutical and research 
companies including (i) tax credits (ii) clinical research aids, (iii) fast-track 
 marketing authorization procedures (FDA approval), and (iv) marketing  
exclusivity [13].

2. Approaches for drug repurposing

In drug repurposing, three major steps are involved which consist of (i) 
identification of target candidate for new indication (generation of new hypoth-
esis for new indication or new target), (ii) exploration of mechanism or signaling 
pathway involved in drug or disease and (iii) finally proving the efficacy of drug 
in phase 2 and 3 clinical trials. Among all steps, identification of lead candidate 
is one of the most critical steps. This is the step where the most sophisticated and 
systematic approaches are needed to be implicated for generation of new hypothe-
sis in drug repurposing. Drugs can be repurposed via multiple ways which may be 
either experimentally, clinical based or computationally (Figure 3). Computational 
approach is ‘in silico’ based drug repurposing which is further subclassified as 
either drug-centric or disease-centric. In drug-centric, we find new indications 
for existing drugs while in disease-centric approach, we try new drugs for an 
existing disease.

Figure 2. 
Resource database for orphan diseases (ODs) and drugs.
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2.1 Experimental strategies in drug repurposing

2.1.1 Binding assays to identify target candidate

Techniques like chromatography and mass spectrometry are being used to find 
all possible binding targets of drug candidates. Brehmer et al. conducted a study 
using HeLa cell extract to identify possible protein targets of gefitinib. The results 
of mass spectrometry revealed that the drug can interact with 20 different protein 
kinases which may be treated as possible targets of gefitinib [14].

2.1.2 Phenotyping screening

In the world of drug discovery and development, the term phenotyping screen-
ing is used to describe the ways adopted to identify the biological effects of a drug 
which is either directly or indirectly linked to a disease. With the development of 
robotic and sensitive screening tools, the approach is used to screen thousands 
of chemical drug libraries in a single go. It involves the screening of target drug 
candidates either using cell-based screens (high throughput screening (HTS)) or 
even whole organism [15]. Cell based assays involve cell lines derived from human 
or animals, immortalized cell lines or induced pluripotent cells lines (iPSCs), etc. 
For example, Iljin et al. [16] performed HTS of approximately 5000 small mol-
ecules using prostate cancer epithelial cell lines. In this experiment, disulfiram was 
found to possess selective antineoplastic property which was validated later using 
genome wide gene expression studies [16]. Important cell-based assays that are 
being performed in drug discovery and repurposing include: cell viability assay, 
signaling pathways assay and disease related mechanistic assay. Other cell assays 

Figure 3. 
Approaches for drug repurposing. (a) Experimental based, (b) clinical based and (c) computational based 
drug repurposing.
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that are being performed routinely in drug development include cell apoptosis, 
infection, cell motility, cell cycle arrest and many more [17]. Cousin et al. [18] 
have used zebrafish model to evaluate the efficacy of compounds against tobacco 
dependence. In this study the authors have found that the agents like apomorphine 
may be useful in modifying nicotine or ethanol induced dependence behavior 
[18]. Over the decades in drug discovery, these approaches are getting shifted 
more toward molecular targets based on phenotypic methods, which rely mainly 
on molecular targets of drugs and diseases and related mechanisms for hypothesis 
generation.

2.2 Clinical perspective

2.2.1 Clinical analysis (human experiments)

Clinical trials providing positive outcomes are quite rare as most of the drugs 
fail during Phase II/III trials. But many drugs which already have been marketed 
during post-marketing surveillance provides different outcome. Some may display 
different adverse events and some may treat specific kinds of disease with no 
labeled indication. Many drugs have been repurposed with the help of these trials. 
Some such examples are apomorphine was indicated for Parkinson’s disease and 
it was repurposed for erectile dysfunction, drospirenone—oral contraceptive and 
repurposed for hypertension, dapoxetine—analgesia and depression and repur-
posed for hypertension [3]. These are very few examples of clinically repurposed 
drugs, there are many such drugs which have been repurposed with many new 
indications [1].

2.3 Computational perspective

2.3.1 Knowledge-based repurposing

This approach is based on already available data such as ligands and recep-
tors. Specific models can be developed in order to locate the targets that have not 
been discovered/explored yet. These models are developed to discover the novel 
bio-markers, pathophysiology and receptors for various diseases. This kind of 
approach could also be beneficial in predicting different adverse reaction related to 
drugs, their structure activity relationships (SAR), ligands targeting the different 
pathways, etc., So, this could be mechanism based, pathway-based, receptor-based 
repositioning of drugs [1].

2.3.2 Target/molecular docking-based drug repurposing

In-silico screening of various compounds by generating drug library could 
find a lead molecule resulting targeted therapies. Drug compounds of specific 
interest from drug libraries can be selected by molecular docking or ligand-based 
screening which incorporates high-throughput screening (HTS) as large number of 
compounds are screened in this method [19]. The other methods include standard 
precision (SP), extra precision (XP).

During this screening there is no incorporation of information related to any 
biological or pharmacological as the screening is blinded. Target-based approach 
links the targets such as any receptor with the pathophysiology behind the disease 
and therefore the process of drug-discovery revamps. Withstanding to this target-
based approach cannot predict the novel/unknown mechanism with the currently 
available targets of the disease [1].
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2.3.3 Pathway mapping/pathway-based drug repurposing

Information such as protein-protein interaction, cell signaling and metabolic 
pathways can be useful for predicting the intersection between disease and drugs. 
The best possible example could be data available from the central database of 
patients can define the pathways involved in the specific disease are possibly recon-
structed for drugs repositioning [19].

2.3.4 Target mechanism-based drug repurposing

Predicting the novel mechanism of action by this approach and resulting in 
drug repurposing for existing drugs. This is possible by gathering information 
from signaling pathway information, interaction networks of various proteins 
and also by data obtained from omics. Additionally, this will contribute to preci-
sion medicine. As, increasingly the individuals with their respective diseases have 
different pathophysiology among them. Precision medicine is upcoming solution 
for all these unique disease specific pathophysiological individuals. Advantages 
for drug repurposing by these approaches can discover not only different patho-
physiological mechanisms but also providing treatment to them with respective 
drugs [19].

2.3.5 Machine learning

Machine learning (ML) techniques such as deep learning (DL), gradient boosted 
machine with trees (GBM), random forest (RF), support vector machine (SVM), 
logistic regression with elastic net regularization (EN), deep neural networks 
(DNN) have been usually applied for repositioning of various drugs [20, 21].

2.3.6 Network models

The various interaction patterns such as protein-protein, drug-disease, disease-
gene, drug-target, drug-drug, disease-disease and transcriptomes and cell signaling 
networks are usually procured from different databases, which are interpreted com-
putationally. The network models represent each and everything like drug, disease, 
gene and related products and their interaction patterns, for example, nodes (drug, 
disease and genes) and edges (interaction patterns of nodes). Network models 
are divided in to two types, these includes: network-based cluster approaches and 
network-based propagation approaches [19].

2.3.6.1 Network-based cluster approaches

These kinds of approaches have been proposed in order to determine the mecha-
nism/relationships between the drug and the disease or the drug and the target/
receptor. The biological interaction pattern in our human body has a characteristic 
network. The entities such as disease, drug and the protein share similar kind 
of interaction pattern in the network-based cluster approaches. This approach 
has been incorporated to develop various kinds of modules using the network 
topology-based cluster algorithms such as cliques/clusters/groups, subnetworks. 
They portray relationships or pattern of interaction between drug-drug, disease, 
target/receptors. The overlapping clusters cannot be detected by CLIQUE, OPTICS, 
DBSCAN and STING [20]. These modules are most commonly used network-based 
cluster approaches. Examples of repurposed drugs using network approach are 
atomoxetine indicated for Parkinson’s disease and repurposed for attention deficit 



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

68

that are being performed routinely in drug development include cell apoptosis, 
infection, cell motility, cell cycle arrest and many more [17]. Cousin et al. [18] 
have used zebrafish model to evaluate the efficacy of compounds against tobacco 
dependence. In this study the authors have found that the agents like apomorphine 
may be useful in modifying nicotine or ethanol induced dependence behavior 
[18]. Over the decades in drug discovery, these approaches are getting shifted 
more toward molecular targets based on phenotypic methods, which rely mainly 
on molecular targets of drugs and diseases and related mechanisms for hypothesis 
generation.

2.2 Clinical perspective

2.2.1 Clinical analysis (human experiments)

Clinical trials providing positive outcomes are quite rare as most of the drugs 
fail during Phase II/III trials. But many drugs which already have been marketed 
during post-marketing surveillance provides different outcome. Some may display 
different adverse events and some may treat specific kinds of disease with no 
labeled indication. Many drugs have been repurposed with the help of these trials. 
Some such examples are apomorphine was indicated for Parkinson’s disease and 
it was repurposed for erectile dysfunction, drospirenone—oral contraceptive and 
repurposed for hypertension, dapoxetine—analgesia and depression and repur-
posed for hypertension [3]. These are very few examples of clinically repurposed 
drugs, there are many such drugs which have been repurposed with many new 
indications [1].

2.3 Computational perspective

2.3.1 Knowledge-based repurposing

This approach is based on already available data such as ligands and recep-
tors. Specific models can be developed in order to locate the targets that have not 
been discovered/explored yet. These models are developed to discover the novel 
bio-markers, pathophysiology and receptors for various diseases. This kind of 
approach could also be beneficial in predicting different adverse reaction related to 
drugs, their structure activity relationships (SAR), ligands targeting the different 
pathways, etc., So, this could be mechanism based, pathway-based, receptor-based 
repositioning of drugs [1].

2.3.2 Target/molecular docking-based drug repurposing

In-silico screening of various compounds by generating drug library could 
find a lead molecule resulting targeted therapies. Drug compounds of specific 
interest from drug libraries can be selected by molecular docking or ligand-based 
screening which incorporates high-throughput screening (HTS) as large number of 
compounds are screened in this method [19]. The other methods include standard 
precision (SP), extra precision (XP).

During this screening there is no incorporation of information related to any 
biological or pharmacological as the screening is blinded. Target-based approach 
links the targets such as any receptor with the pathophysiology behind the disease 
and therefore the process of drug-discovery revamps. Withstanding to this target-
based approach cannot predict the novel/unknown mechanism with the currently 
available targets of the disease [1].

69

Drug Repurposing and Orphan Disease Therapeutics
DOI: http://dx.doi.org/10.5772/intechopen.91941

2.3.3 Pathway mapping/pathway-based drug repurposing

Information such as protein-protein interaction, cell signaling and metabolic 
pathways can be useful for predicting the intersection between disease and drugs. 
The best possible example could be data available from the central database of 
patients can define the pathways involved in the specific disease are possibly recon-
structed for drugs repositioning [19].

2.3.4 Target mechanism-based drug repurposing

Predicting the novel mechanism of action by this approach and resulting in 
drug repurposing for existing drugs. This is possible by gathering information 
from signaling pathway information, interaction networks of various proteins 
and also by data obtained from omics. Additionally, this will contribute to preci-
sion medicine. As, increasingly the individuals with their respective diseases have 
different pathophysiology among them. Precision medicine is upcoming solution 
for all these unique disease specific pathophysiological individuals. Advantages 
for drug repurposing by these approaches can discover not only different patho-
physiological mechanisms but also providing treatment to them with respective 
drugs [19].

2.3.5 Machine learning

Machine learning (ML) techniques such as deep learning (DL), gradient boosted 
machine with trees (GBM), random forest (RF), support vector machine (SVM), 
logistic regression with elastic net regularization (EN), deep neural networks 
(DNN) have been usually applied for repositioning of various drugs [20, 21].

2.3.6 Network models

The various interaction patterns such as protein-protein, drug-disease, disease-
gene, drug-target, drug-drug, disease-disease and transcriptomes and cell signaling 
networks are usually procured from different databases, which are interpreted com-
putationally. The network models represent each and everything like drug, disease, 
gene and related products and their interaction patterns, for example, nodes (drug, 
disease and genes) and edges (interaction patterns of nodes). Network models 
are divided in to two types, these includes: network-based cluster approaches and 
network-based propagation approaches [19].

2.3.6.1 Network-based cluster approaches

These kinds of approaches have been proposed in order to determine the mecha-
nism/relationships between the drug and the disease or the drug and the target/
receptor. The biological interaction pattern in our human body has a characteristic 
network. The entities such as disease, drug and the protein share similar kind 
of interaction pattern in the network-based cluster approaches. This approach 
has been incorporated to develop various kinds of modules using the network 
topology-based cluster algorithms such as cliques/clusters/groups, subnetworks. 
They portray relationships or pattern of interaction between drug-drug, disease, 
target/receptors. The overlapping clusters cannot be detected by CLIQUE, OPTICS, 
DBSCAN and STING [20]. These modules are most commonly used network-based 
cluster approaches. Examples of repurposed drugs using network approach are 
atomoxetine indicated for Parkinson’s disease and repurposed for attention deficit 



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

70

hyperactivity disorder (ADHD), etanercept indicated for rheumatoid arthritis and 
repurposed for asthma [3].

2.3.6.2 Network-based propagation approaches

These approaches have been categorized as another important approach 
under network strategies. They can be classified in two types: local and global 
approach. The information under this approach circulates from node (source) 
to all the nodes which are networked to each other and followed by subnetwork 
nodes [19].

Many studies have stated that these techniques are really being helpful and pro-
viding some useful results in obtaining interaction patterns/relationships between 
the drug—target/receptor, gene, disease. Local propagation procures small/fewer 
amount of data from the database and displays improper results. In opposing to this 
global approach gathers all of the data from database/network and make correct 
predictions. Currently, researchers are working on global approach for drug repur-
posing/repositioning [1, 19].

2.3.7 Genetic association

Genome-wide association studies (GWAS) has been widely used to determine 
the genetic alterations in whole genome which contribute to specific diseases and 
provides the pathophysiology of various diseases. The data obtained from the 
GWAS helps to identify novel targets which contributes to the specific diseases 
can provide repositioning of several drugs. Human Genome Project has already 
been completed and vast amount of data is available for specific diseases. So, there 
is a huge opportunity for various drugs that could be repositioned and provide 
beneficial outcome. However, the data available from GWAS does not provide exact 
pathophysiological mechanism and the available data is not appropriate due to 
the gene variant. As, there many still thousands of genes hidden which is yet to be 
discovered and these hidden genes may be contributing largely behind pathophysi-
ology of various diseases [1].

2.3.8 Signature-based repurposing

Signature inversion method is defined as the approaches which screens the 
inverse relationships/interaction pattern of drug and the disease by correlating the 
gene expression information between the drug-disease. As defined this method 
utilizes the expression of genes to discover off-target mechanisms as well as novel 
pathophysiological mechanisms related to diseases. One of the prime advantages of 
these approaches is that they identify unique/novel mechanisms of action for drugs. 
Additionally, unlike knowledge-based methods that use the databases to predict the 
mechanism or action of drugs, more molecular- and/or genetic-level mechanisms 
are involved in signature-based repurposing methods [1].

2.3.9 Text mining (data mining) and semantic approach

The data available in the literature contains large and varied amount of infor-
mation/data for all the drugs in the database as well as for the diseases (including 
orphan/rare diseases) which are commonly occurred in individuals. Through these 
data one can potentially predict the new indications of existing drugs via text min-
ing approach. Gene ontology/biological ontology allows us to correlate the available 
information and analyze all the biological data from different databases. One such 
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example of repurposed drug is Everolimus indicated for immunosuppressant and 
repurposed for pancreatic neuroendocrine tumors [3].

Semantic inference incorporates techniques like topic modeling which utilizes 
different databases for the discovery of repurposing of existing drugs. Example of 
repurposed drug was amphetamine which was indicated for CNS stimulant and 
repurposed for hyperkinesis in children (ADHD) [3].

3. Drug repurposing/repositioning for orphan diseases/disorders

Approximately 7000 rare diseases are currently present in the world and more 
than 95% among these lack therapeutic agents approved by US-FDA [1]. The con-
cept behind orphan disease might be many yet they have a single key point which 
is common that is the disease affects a minor part of the population. The definition 
of orphan diseases differs in different countries. In US, orphan disease is the one 
affecting fewer than 2 lakh people, in Japan the disease should affect fewer than 
50,000 people to be called as orphan disease and in Europe the prevalence should 
be 5 in 10,000 [1, 22].

It is very challenging to develop new drugs for the treatment of rare diseases 
because the number of patients suffering from these diseases are very limited 
and are distributed over a vast geographical area. Another issue is of high vari-
ability among these diseases, influenced mostly by genetic factors. Financially, 
the development and subsequent production of these drugs is not viable for the 
pharmaceutical companies therefore drug repurposing for orphan diseases is a 
good option [22]. The patients requiring immediate treatment also do not have the 
luxury of more time at their disposal therefore a new strategy is needed so that the 
drugs are made available faster and cheaper to these patients. The pathology and 
various biochemical pathways of many orphan diseases are not very well known. 
Computational techniques will be a helpful option in the case where the underlying 
mechanism of the disease is not well understood. The advancement of the huge 
scale genomic sequencing project may lead to the understanding of the genetic 
variations that may be the cause of these diseases and it may lead to possibility of 
repurposing the drugs which are targeting the concerned protein [1]. There are few 
examples of repurposed drugs described in Table 2.

The approved drugs have already undergone intense testing like the safety stud-
ies, bioavailability studies and PK/PD studies and therefore drug repurposing leads 
to significant cost cutting and faster development [22]. Hence, this is an attractive 
prospect for the pharmaceutical industry as well. A total of 51 new medications 
reaching the market in 2009, the drugs which came to the market via the strategy of 
drug repurposing were 30% [23].

There are particular regulations designed to promote the research into orphan 
diseases and these rules could give market exclusiveness in circumstances repur-
posed agents cannot be protected by the patent. The Orphan Drug Act (ODA; 1983) 
was introduced for the first time which reflected the issues regarding the econom-
ics of drug development for orphan disease and how it was unfavorable. FDA has 
licensed about 360 agents for rare diseases since 1983 as compared to less than 50 
agents before 1983 [24]. US legislation provides for faster FDA approval, tax incen-
tives and funding support for research in orphan diseases. Market protection is also 
one of the incentives in which a generic form is not allowed to come to the market for 
7 years. Tax concession, waiving of the regulatory fees are also the incentives which 
are provided. Similar legislation has been implemented in Singapore, Japan, Europe 
and Australia after the success of ODA, with each jurisdiction having a little bit of 
difference in the definition of the indication and the incentives to be provided [1].
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Another area of concern is the broad group of infectious diseases known 
to affect more than 1 billion population in tropical and subtropical areas [22]. 
Populations that are severely impacted are the people living below poverty line, 
not having appropriate sanitary conditions and in direct contact with contagious 
vectors or domestic animals [25]. The therapies currently present have many draw-
backs like pricing and increase probability of drug resistance. Moreover, there are 
not much financial gains for investing money in developing drugs for these diseases 
as the patient population is unable to afford them [26]. Subsequently, given that the 
profit-making companies produce almost all the drugs, these firms will hardly be 
having any interest in investing in drug research and development which will not 
produce high financial returns. For this reason, development of therapies for these 
diseases becomes increasingly necessary. As discussed earlier that drug repurposing 
is an effective method due to various reasons, it can also be effectively used in this 
area where resources are limited and there is a huge need for productive therapies. 
Miltefosine, used for visceral leishmaniasis originally was antineoplastic agent 
whereas Amphotericin B used to treat fungal infections was repurposed for treating 
visceral leishmaniasis [22]. Other examples include Tamoxifen (agent for breast 
cancer) has shown to have anti-leishmanial activity, eflornithine (topical agent for 
hirsutism) has shown to be effective for sleeping sickness and auranofin (drug for 
rheumatoid arthritis) has shown to be effective against lymphatic filariasis and 
Onchocerca volvulus induced river blindness [27].

These days, multiple researches have demonstrated encouraging results in terms 
of repositioning supported by computational methods like chemical genomics 
screening for developing agents for such kind of diseases like schistosomiasis [28]. 
Some other examples where drug repurposing has shown promise for these diseases 
are vandetanib, trametinib and atorvastatin [29, 30].

Drug Original indication New indication

Thalidomide Morning sickness Erythema nodosum leprosum and multiple 
myeloma

Sildenafil Angina Erectile dysfunction

Minoxidil Hypertension Hair loss

Zidovudine Cancer HIV/AIDS

Celecoxib Pain and inflammation Familial adenomatous polyps

Atomoxetine Parkinson disease ADHD

Aspirin Analgesia Colorectal cancer

Ketoconazole Fungal infections Cushing syndrome

Topiramate Epilepsy Obesity

Dapoxetine Analgesia and depression Premature ejaculation

Raloxifene Osteoporosis Breast cancer

Rituximab Cancers Rheumatoid arthritis

Duloxetine Depression Stress urinary incontinence.

Fingolimod Transplant rejection Multiple sclerosis

Bupropion Depression Smoking cessation

Lidocaine Local anesthetic Arrhythmia

Table 2. 
A few examples of repurposed drugs with their new indication.
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Drug repurposing strategies have also been used in the cases of viral diseases like 
Zika virus where FDA approved drug for hepatitis C which is Sofosbuvir has shown 
promising results [22]. The target of this drug is RNA polymerase which is present 
in Hepatitis C and Zika virus and has shown to reduce viral load in experimental 
studies [31, 32]. The same is the case with prochlorperazine by targeting the binding 
and the entry of the virus to host cells has shown to have a strong antiviral activity 
against dengue virus [22].

Drug repurposing is cheaper and faster than the conventional methods and thus 
gives hope to the patients where the population suffering from the disease is much 
smaller and making the traditional model of drug discovery nonviable. A collective 
effort is required among all the stakeholders if already available drugs have to be 
repurposed. This approach helps in reducing the potential risks and the expense 
of developing a new agent, therefore having the ability of revolutionizing the drug 
market of orphan diseases.

4. Regulatory considerations for drug repurposing

In the US, to get permission for drug repurposing, research and pharma compa-
nies need to file applications under suitable sections including 505(b)(1), or 505(b)
(2) or 505(j), depending upon the regulatory paths. Further, the company needs to 
fill NDA type 6 and sNDA (supplemental new drug application) for new indication 
of drug, NDA type 3 for new dosage form and NDA type 4 for drug new combina-
tion in drug repurposing [1, 33].

5.  Future perspectives of drug repurposing in orphan disease 
therapeutics

As orphan disease affects a small percentage of the population, research and 
pharma companies face great challenge and burden in developing drugs for its man-
agement because of small market potential. Patients fail to get proper care, diagno-
sis and treatment. Even if the treatment is available, it is relatively expensive. Thus, 
drug repurposing can be of great help in orphan disease therapeutics. It saves both’ 
the time and money involved in the drug development process. In October 2010, 
“Dr Ruxandra Draghia-Akli, the Directorate-General for Research and Innovation 
(DG RTD) of the European Commission (EC) and Dr Francis Collins, US National 
Institutes of Health (NIH)” at Reykjavík (Iceland), launched the International 
Rare Diseases Research Consortium (IRDiRC) to look after the drug and research 
development in orphan/rare diseases [34]. This consortium unites both government 
and private research funding societies to advance the drug development for orphan 
diseases at global level including task forces and drug repurposing in orphan disease 
therapeutics.

The research in rare diseases has already changed the global approach because 
earlier researchers were not much interested in repurposing the existing drug but 
some global breakthrough has really changed the minds of pharma companies 
and examples are alglucerase that was obtained from human placental tissue 
and was widely used for Type I Gaucher disease as a “first enzyme replacement 
therapy” and, it was also approved by FDA in 1991. However, it was withdrawn 
from the market due to adverse effect and already available drugs in the market 
which are prepared from recombinant DNA technology which are safe to use [35]. 
Fomivirsen which is an antisense oligonucleotide and was approved by FDA for 
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Cytomegalovirus in 1998 but it has been withdrawn from the market due to the 
development of highly active antiretroviral therapy (HAART) but this was the “first 
antisense oligonucleotide therapy” [35]. Imatinib was approved by FDA in 2001 for 
Philadelphia chromosome-positive chronic myelogenous leukemia (CML) as “first 
targeted cancer therapy” [35]. Alipogene tiparvovec was the “first targeted gene 
therapy” to be approved in Europe in 2012 for reversing lipoprotein lipase defi-
ciency (LPLD) in patients with pancreatitis [35]. Strimvelis was the “First ex-vivo 
gene therapy” approved for patients with Severe Combined Immunodeficiency 
due to Adenosine Deaminase deficiency (ADA-SCID) [35]. USFDA has approved 
Holoclar as orphan drug for the treatment of limbal stem cell deficiency (LSCD). 
Currently, this drug is in Phase IV trial and completing in mid of the year 2020 [36].

To overcome R&D-associated financial challenges and clinical trials-related 
failures of novel drugs, at present scenario, pharmaceutical companies are much 
more interested in switching to “drug repurposing” or “drug repositioning” drug 
development by adopting various computational approaches rather than going for 
de novo drug discovery, which is relatively expensive, risky and time consuming 
[37]. According to Southall et al. [35], the global market for drug repositioning will 
possibly be hiked to over $31 billion by 2020, up from about $24 billion in 2015, thus 
representing large commercial possibility [35].

6. Conclusion

De novo drug development is being time consuming, costly and risk-prone ven-
ture ‘drug repurposing’ has drawn attention of all pharma companies and R and D 
sectors which offers faster and cheaper ways for bringing new drugs into the market 
especially for targeting ODs. Based upon the benefits provided by drug repurpos-
ing, the development of more sophisticated and systematic approach is required to 
find more drug candidates that can be fitted into the picture of promising targets 
for repurposing.
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Chapter 5

Drug Repurposing in Neurological 
Diseases: Opportunities and 
Challenges
Xiao-Yuan Mao

Abstract

Drug repurposing or repositioning refers to “studying of clinically approved 
drugs in one disease to see if they have therapeutic value and do not trigger side 
effects in other diseases.” Nowadays, it is a vital drug discovery approach to explore 
new therapeutic benefits of existing drugs or drug candidates in various human 
diseases including neurological disorders. This approach overcomes the shortage 
faced during traditional drug development in grounds of financial support and 
timeline. It is especially hopeful in some refractory diseases including neurological 
diseases. The feature that structure complexity of the nervous system and influence 
of blood–brain barrier permeability often becomes more difficult to develop new 
drugs in neuropathological conditions than diseases in other organs; therefore, 
drug repurposing is particularly of utmost importance. In this chapter, we discuss 
the role of drug repurposing in neurological diseases and make a summarization 
of repurposing candidates currently in clinical trials for neurological diseases 
and potential mechanisms as well as preliminary results. Subsequently we also 
outline drug repurposing approaches and limitations and challenges in the future 
investigations.

Keywords: drug repurposing, brain injury, neurological diseases, therapeutics

1. Introduction

Neurological disorders are devastating diseases which usually occur in the brain, 
spinal cord, cranial nerves, peripheral nerves, and so on. It has reported that there 
are more than 600 kinds of neuropathological conditions including epilepsy, brain 
tumor, Parkinson’s disease, Alzheimer’s disease, and stroke. Nowadays, it is esti-
mated that more than 1 billion people suffer from neurological disorders, seriously 
affecting people’s life quality [1]. These kinds of diseases are especially prevalent in 
developing countries at any stage of age [2, 3]. There are several factors contribut-
ing to etiology of neurological disorders such as aggravating tendency of aging 
population, irregular diet, and insufficient exercise [4].

Drug therapy is an important way for curing neurological diseases in the clinic. 
Nevertheless, serious neurological disorders such as Alzheimer’s disease (AD) and 
Parkinson’s disease (PD) are usually incurable in late stages of diseases with current 
therapeutic intervention [5, 6]. In the meantime, drug treatment often becomes 
less effective and causes serious side effects due to individual differences. Taking 
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epilepsy as example, nearly 30% of epileptic patients are unable to obtain seizure 
control following treatment with marketed drugs [7, 8]. In addition, they have no 
significant effect on the improvement of cognitive dysfunction in patients with 
severe epilepsy [9]. Thus, it is essential for investigation of more effective and/or 
less toxic CNS targeted drugs.

Drug repurposing, also known as drug reprofiling or drug repositioning, 
includes the development of new uses and dosage forms for existing drugs or 
drug candidates. It is regarded as an economic and practical strategy [10]. Drug 
repurposing avoids the defects of new drug development. Compared to the drug 
repurposing, development of new drugs consumes much more time and huge 
investments. It is roughly reported that the cost from basic research for a new 
drug to clinical trials is 2.6 billion US dollars [11] and it often takes an average of 
13–15 years [12]. Although more and more drug candidates are developed, many 
cases have failed in recent years [13]. Most of new drugs are withdrawn from the 
market due to unsatisfactory efficacy or intolerable side effects [14, 15]. Therefore, 
reusing existing drugs, namely, drug repurposing, has attracted great attention, 
as this approach has the capacity of saving cost and expediting drug development 
process.

The purpose of this chapter is to discuss the role of drug repurposing in human 
diseases especially neurological diseases and summarize repurposing candidates 
currently in clinical trials for neurological diseases and potential mechanisms as 
well as preliminary results. Subsequently we also list drug repurposing approaches 
and limitations and challenges in the future investigations.

2. Repurposed drugs in neurological diseases

Prior to development of repurposed drugs for neurological diseases therapeu-
tics, it is emphasized how the drug reposition process is carried out. Generally, 
there are three stages in drug repurposing. First, diverse approaches including ser-
endipitous clinical observation, cellular drug activity assays, in silico drug screens, 
and data mining of clinical drug interaction are employed to obtain drug candidates 
[16]. The detailed illustrations in grounds of methodologies are summarized as 
mentioned above [17]. Second, preclinical investigations including in vivo rodent 
models and in vitro cell lines for these drugs are conducted in neurological diseases 
[18]. Finally, large-scale and multicenter clinical trials are implemented for evaluat-
ing efficacy and safety of repurposed drugs [19]. Up to date, there are plenty of 
drugs which are repurposed in neurological diseases through the above approaches. 
Then, in the following section, we also cite several repurposed drugs to elaborate 
how they function in neurological diseases. Table 1 summarizes various repurposed 
drugs in the treatment of neurological disorders.

2.1 Verapamil

Verapamil, a classical calcium channel blocker, is mainly used in the treatment 
of hypertension, angina pectoris, arrhythmia, and other diseases, especially for par-
oxysmal supraventricular tachycardia [20]. It has been found that administration of 
verapamil greatly improves seizure control in drug-resistant epileptic patients via 
inhibiting P-glycoprotein (Pgp). Pgp is responsible for the transport of antiepileptic 
drug (AED) into the blood vessels through the blood–brain barrier (BBB). And 
there is evidence supporting that overexpression of Pgp in the brain represents a 
major mechanism underlying drug resistance in epileptic patients [21]. Verapamil 
is found to suppress Pgp expression and subsequently facilitates the entry of this 
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epilepsy as example, nearly 30% of epileptic patients are unable to obtain seizure 
control following treatment with marketed drugs [7, 8]. In addition, they have no 
significant effect on the improvement of cognitive dysfunction in patients with 
severe epilepsy [9]. Thus, it is essential for investigation of more effective and/or 
less toxic CNS targeted drugs.

Drug repurposing, also known as drug reprofiling or drug repositioning, 
includes the development of new uses and dosage forms for existing drugs or 
drug candidates. It is regarded as an economic and practical strategy [10]. Drug 
repurposing avoids the defects of new drug development. Compared to the drug 
repurposing, development of new drugs consumes much more time and huge 
investments. It is roughly reported that the cost from basic research for a new 
drug to clinical trials is 2.6 billion US dollars [11] and it often takes an average of 
13–15 years [12]. Although more and more drug candidates are developed, many 
cases have failed in recent years [13]. Most of new drugs are withdrawn from the 
market due to unsatisfactory efficacy or intolerable side effects [14, 15]. Therefore, 
reusing existing drugs, namely, drug repurposing, has attracted great attention, 
as this approach has the capacity of saving cost and expediting drug development 
process.

The purpose of this chapter is to discuss the role of drug repurposing in human 
diseases especially neurological diseases and summarize repurposing candidates 
currently in clinical trials for neurological diseases and potential mechanisms as 
well as preliminary results. Subsequently we also list drug repurposing approaches 
and limitations and challenges in the future investigations.

2. Repurposed drugs in neurological diseases

Prior to development of repurposed drugs for neurological diseases therapeu-
tics, it is emphasized how the drug reposition process is carried out. Generally, 
there are three stages in drug repurposing. First, diverse approaches including ser-
endipitous clinical observation, cellular drug activity assays, in silico drug screens, 
and data mining of clinical drug interaction are employed to obtain drug candidates 
[16]. The detailed illustrations in grounds of methodologies are summarized as 
mentioned above [17]. Second, preclinical investigations including in vivo rodent 
models and in vitro cell lines for these drugs are conducted in neurological diseases 
[18]. Finally, large-scale and multicenter clinical trials are implemented for evaluat-
ing efficacy and safety of repurposed drugs [19]. Up to date, there are plenty of 
drugs which are repurposed in neurological diseases through the above approaches. 
Then, in the following section, we also cite several repurposed drugs to elaborate 
how they function in neurological diseases. Table 1 summarizes various repurposed 
drugs in the treatment of neurological disorders.

2.1 Verapamil

Verapamil, a classical calcium channel blocker, is mainly used in the treatment 
of hypertension, angina pectoris, arrhythmia, and other diseases, especially for par-
oxysmal supraventricular tachycardia [20]. It has been found that administration of 
verapamil greatly improves seizure control in drug-resistant epileptic patients via 
inhibiting P-glycoprotein (Pgp). Pgp is responsible for the transport of antiepileptic 
drug (AED) into the blood vessels through the blood–brain barrier (BBB). And 
there is evidence supporting that overexpression of Pgp in the brain represents a 
major mechanism underlying drug resistance in epileptic patients [21]. Verapamil 
is found to suppress Pgp expression and subsequently facilitates the entry of this 
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drug into epileptogenic zones. As a marketed drug, verapamil treatment in patients 
with intractable epilepsy can doubtfully alleviate brain injury caused by repetitive 
seizures [22]. Actually, in clinical trials, verapamil has previously shown to exhibit 
great efficacy in intractable depression or mania via inhibiting the function of Pgp 
[23, 24]. Moreover, it is documented that verapamil has been approved to treat 
cerebral vasospasm secondary to subarachnoid hemorrhage due to its vasodilatory 
effects [25]. Intra-arterial (IA) treatment with verapamil, which was physiologically 
feasible, safe, and neuroprotective as a therapeutic adjunct in stroke, significantly 
reduces infarct volume and improved functional outcome [26], although there are 
still some mysteries about the mechanism.

2.2 Bumetanide

As a potent diuretic agent, bumetanide, which is mainly employed to cure liver 
disease, heart failure, and various kinds of stubborn edema in clinic [27], is a spe-
cific inhibitor of Na+-K+-2Cl− cotransporter isoform 1 (NKCC1) [28]. Mechanically, 
NKCC1 significantly modulates the content of intracellular Cl−. Upregulation of 
NKCC1 leads to elevation of intracellular concentration of Cl−, which is associated 
with pathogenesis of neurological diseases. It has been unequivocally proven that 
many of the available drugs have anti-seizure potential via activating GABAA-
mediated hyperpolarization due to accumulation of neuronal Cl− [29]. Indeed, 
current investigations have confirmed that bumetanide exerts antiepileptic effect 
via switching the GABA-mediated inhibitory postsynaptic potential in neurons 
from depolarization to hyperpolarization, resulting in decreased neuronal dis-
charge [30, 31]. In addition, previous work reinforces that bumetanide can enhance 
the anticonvulsant effect of phenobarbital in hypoxic rats [32]. It suggests that 
the combination of phenobarbital and bumetanide may provide a promising 
therapeutic strategy for ceasing seizures in neonatal epilepsy and may increase the 
neuroprotective effect of hypothermia on asphyxiated newborns [33]. Persuasively, 
a current clinically pilot study further demonstrated that bumetanide, as a specific 
NKCC1 antagonist, considerably reduced seizure frequency in adult patients 
with temporal lobe epilepsy [34]. Additionally, as a consequence of a randomized 
controlled trial, bumetanide may also be effective for treatment of autism [35]. 
It should be considered that there are two obstacles for bumetanide treatment in 
neurological disorders [31, 36]. It has been shown that the highly potent diuretic 
effect of bumetanide can lead to hypokalemic alkalosis and the poor penetration 
into brain exists. This indicates that reuse of bumetanide in neurological diseases 
brings about opportunities and challenges in the future.

2.3 Minocycline

Minocycline is the second generation of semisynthetic broad-spectrum antibac-
terial tetracycline analogues. It has immunomodulatory, anti-inflammatory, and 
anti-apoptosis effects. Minocycline has neuroprotective effects in rodent models of 
ischemia, spinal cord injury, and infection [37]. It can efficiently penetrate the BBB 
and has a good effect on activated microglia, which indicates a possible role in the 
treatment of epilepsy. Minocycline may have synergistic effects with other com-
pounds in manipulating epilepsy. Minocycline has been found to remarkably obviate 
epileptic conditions and reduce seizure-induced brain impairment at early stage 
[38]. In addition, minocycline also inhibits pro-inflammatory cytokines through 
caspase-dependent and caspase-independent pathways, thus inhibiting cell death 
in kainic acid-induced status epilepticus [39]. An obvious improvement of seizure 
phenotype is also observed in a rat model of amygdala kindling [40]. Additionally, 
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drug into epileptogenic zones. As a marketed drug, verapamil treatment in patients 
with intractable epilepsy can doubtfully alleviate brain injury caused by repetitive 
seizures [22]. Actually, in clinical trials, verapamil has previously shown to exhibit 
great efficacy in intractable depression or mania via inhibiting the function of Pgp 
[23, 24]. Moreover, it is documented that verapamil has been approved to treat 
cerebral vasospasm secondary to subarachnoid hemorrhage due to its vasodilatory 
effects [25]. Intra-arterial (IA) treatment with verapamil, which was physiologically 
feasible, safe, and neuroprotective as a therapeutic adjunct in stroke, significantly 
reduces infarct volume and improved functional outcome [26], although there are 
still some mysteries about the mechanism.

2.2 Bumetanide

As a potent diuretic agent, bumetanide, which is mainly employed to cure liver 
disease, heart failure, and various kinds of stubborn edema in clinic [27], is a spe-
cific inhibitor of Na+-K+-2Cl− cotransporter isoform 1 (NKCC1) [28]. Mechanically, 
NKCC1 significantly modulates the content of intracellular Cl−. Upregulation of 
NKCC1 leads to elevation of intracellular concentration of Cl−, which is associated 
with pathogenesis of neurological diseases. It has been unequivocally proven that 
many of the available drugs have anti-seizure potential via activating GABAA-
mediated hyperpolarization due to accumulation of neuronal Cl− [29]. Indeed, 
current investigations have confirmed that bumetanide exerts antiepileptic effect 
via switching the GABA-mediated inhibitory postsynaptic potential in neurons 
from depolarization to hyperpolarization, resulting in decreased neuronal dis-
charge [30, 31]. In addition, previous work reinforces that bumetanide can enhance 
the anticonvulsant effect of phenobarbital in hypoxic rats [32]. It suggests that 
the combination of phenobarbital and bumetanide may provide a promising 
therapeutic strategy for ceasing seizures in neonatal epilepsy and may increase the 
neuroprotective effect of hypothermia on asphyxiated newborns [33]. Persuasively, 
a current clinically pilot study further demonstrated that bumetanide, as a specific 
NKCC1 antagonist, considerably reduced seizure frequency in adult patients 
with temporal lobe epilepsy [34]. Additionally, as a consequence of a randomized 
controlled trial, bumetanide may also be effective for treatment of autism [35]. 
It should be considered that there are two obstacles for bumetanide treatment in 
neurological disorders [31, 36]. It has been shown that the highly potent diuretic 
effect of bumetanide can lead to hypokalemic alkalosis and the poor penetration 
into brain exists. This indicates that reuse of bumetanide in neurological diseases 
brings about opportunities and challenges in the future.

2.3 Minocycline

Minocycline is the second generation of semisynthetic broad-spectrum antibac-
terial tetracycline analogues. It has immunomodulatory, anti-inflammatory, and 
anti-apoptosis effects. Minocycline has neuroprotective effects in rodent models of 
ischemia, spinal cord injury, and infection [37]. It can efficiently penetrate the BBB 
and has a good effect on activated microglia, which indicates a possible role in the 
treatment of epilepsy. Minocycline may have synergistic effects with other com-
pounds in manipulating epilepsy. Minocycline has been found to remarkably obviate 
epileptic conditions and reduce seizure-induced brain impairment at early stage 
[38]. In addition, minocycline also inhibits pro-inflammatory cytokines through 
caspase-dependent and caspase-independent pathways, thus inhibiting cell death 
in kainic acid-induced status epilepticus [39]. An obvious improvement of seizure 
phenotype is also observed in a rat model of amygdala kindling [40]. Additionally, 
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increasing studies have reported the neuroprotective effects of minocycline in 
neurologic diseases, such as ischemic stroke, multiple sclerosis (MS), and trau-
matic brain injury (TBI) [41–43]. In in vivo animal model, minocycline promotes 
M2 microglia polarization via activation of tyrosine kinase receptor B (TrkB)/
brain-derived neurotrophic factors (BDNF) pathway and facilitates neurogenesis 
after intracerebral hemorrhage (ICH) [44]. In the process of acute cerebral infarct, 
minocycline also effectively inhibits oxidative stress via elevating the activity of 
superoxide dismutase (SOD) and activating the liver kinase B1 (LKB1)/adenosine 
5′-monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway [45]. 
However, repurposing of minocycline in treating neurological diseases requires to be 
re-evaluated as there is a clinical study showing serious neurodegeneration TBI [46].

2.4 Fenfluramine

Fenfluramine, which has been successfully applied in obesity, diabetes, and 
hypertension [47], is a potent 5-hydroxytryptamine (5-HT) releaser activating 
multiple 5-HT receptor subtypes. Of note, elevation of extracellular 5-HT levels 
inhibits focal and generalized seizures, while depletion of 5-HT lowers the threshold 
of epileptic seizures [48]. Therefore, 5-HT agonist fenfluramine is assessed for treat-
ment of epilepsy. In a small-scale retrospective study, it has reported that adjuvant 
treatment with fenfluramine has evidently obtained seizure control in patients with 
Dravet syndrome. As the side effects is not serious, it does not lead to the termina-
tion of treatment [49]. This drug may have anticonvulsant effects on other severe 
epilepsy syndromes, especially those characterized by photosensitive or induced 
convulsions [50, 51]. Encouragingly, a recent investigation has unveiled that fenflu-
ramine significantly reduces convulsive seizure frequency compared with placebo 
and exhibits good tolerance [52]. It indicates that fenfluramine could be functioned 
as a potent novel therapeutic regime for patients with Dravet syndrome. It is note-
worthy that fenfluramine also alleviates L-DOPA-induced dyskinesia via stimulation 
of 5-HT1A receptor in PD [53].

2.5 Propranolol

Propranolol as a β-adrenoceptor antagonist (b-blocker) has been commonly 
used in hypertension, supraventricular tachycardia, prolonged Q-T interval, and 
thyrotoxicosis in clinic [54]. Since 1996, in patients who were being treated for 
angina pectoris, Rabkin et al. has disclosed the therapeutic effect of propranolol on 
migraine headache [55]. Meanwhile, further clinical studies have noted that admin-
istration of propranolol within 24 h of admission after TBI triggers lower mortality 
[56]. The evidence also arises from a recent study that propranolol blocks the upreg-
ulation of IL-6 and prevents neuronal cell necrosis in CA1 and CA3 hippocampus 
in a pig model of TBI [57]. Given that propranolol has neuroprotective potential in 
neuropathological conditions, it is likely to serve as a neuroprotective drug in epi-
lepsy. Additionally, both clinical and experimental studies have demonstrated the 
potential of propranolol to resist dyskinesia in PD, as modulation of β-adrenergic 
receptors (βAR), which is abundantly, expressed in striatum, is involved L-DOPA-
induced dyskinesia (LID) [58, 59].

2.6 Sunitinib

Sunitinib, which is an oral, small molecule receptor tyrosine kinase inhibitor 
approved by the US Food and Drug Administration, has been currently imple-
mented in the treatment of various cancers such as gastrointestinal stromal tumor 
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(GIST), non-small-cell lung cancer, and renal cell carcinoma [60]. Clinical evidence 
has revealed that oral administration of sunitinib penetrates the BBB and subse-
quently facilitates the entry into central nervous system [61]. Furthermore, on the 
basis of its potent antiangiogenic and antitumoral characteristics, it has discovered 
that sunitinib can alleviate glioma-induced neurodegeneration and glioma progres-
sion in vivo models [60]. Meanwhile, sunitinib has been found to exert therapeutic 
effects on learning and memory deficits in a mouse model of AD through inhibition 
of acetylcholinesterase (AChE) [62]. Additionally, sunitinib has also demonstrated 
to prevent neuronal death induced by neurotoxins via inhibiting NO overproduc-
tion in cerebellar granule neurons (CGNs) and SH-SY5Y cells following exposure 
with low potassium or 1-methyl-4-phenylpyridinium ion (MPP+)-induced neuronal 
apoptosis [63]. It indicates that sunitinib may improve brain dysfunction via inhibi-
tion of oxidative stress.

2.7 Angiotensin receptor blockers

In in vitro studies, angiotensin receptor blockers (ARBs) are generally known 
to treat essential hypertension by influencing the level of angiotensin II (Ang II) 
via two distinct pathways, namely, through interrupting the AT1 receptor and 
augmentation of Ang II processing which plays a critical role in cognition regula-
tion [64]. For example, valsartan, which has previously been found to penetrate 
BBB and elicit antihypertensive responses in the brain, has been demonstrated to 
reduce Aβ accumulation and aggregation in vivo and in vitro [65]. Actually, similar 
situation exists in losartan and telmisartan, which are also classical ARBs [66, 67]. 
Overall, it indicates ARBs are potential candidates for treating AD. Significantly, 
several clinically epidemiological studies and RCTs certify the efficacy of ARBs in 
AD. A large-scale retrospective cohort study has revealed an obvious reduction of 
dementia in patients treated with ARBs compared with other cardiovascular agents 
[68]. Likewise, the further UK-based study also reports a similar trend, with a 
50% reduction in AD after ARBs treatment [69]. In brief, ARBs, the conventional 
cardiovascular medicine, have been confirmed to exert a vital effect in AD, and it is 
further deserved to identify the most suitable dosage in clinic.

2.8 Amantadine

Amantadine is a classic antiviral compound which has been found to moder-
ately ameliorate impaired motor behavior in Parkinson’s disease [70]. Intriguingly, 
in 1969, it was coincident that Schwab et al. found an improvement of motor 
symptoms in a female PD patient, who took 200 mg amantadine daily for antiviral 
prophylaxis [71]. Subsequently, three potential mechanisms have been proposed 
to explain the efficacy of amantadine in PD. Several preclinical data demonstrate 
an activation of the dopamine system’s both presynaptic and postsynaptic actions 
[72], and amantadine also inhibits the N-methyl-D-aspartate (NMDA) subtype of 
glutamate receptors [72, 73]. The mild anticholinergic effect is also involved [74]. 
Surprisingly, PD is well known to be frequently associated with depression, and 
antagonism of NMDA receptors is also a promising target for new antidepressants, 
although there is no definite evidence to certify its efficacy in depressive disorder.

3. Approaches to drug repurposing

There are three important stages in the field of drug repurposing: generation of 
candidate compounds, preclinical investigation, and clinical trial. Determination 
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glutamate receptors [72, 73]. The mild anticholinergic effect is also involved [74]. 
Surprisingly, PD is well known to be frequently associated with depression, and 
antagonism of NMDA receptors is also a promising target for new antidepressants, 
although there is no definite evidence to certify its efficacy in depressive disorder.

3. Approaches to drug repurposing

There are three important stages in the field of drug repurposing: generation of 
candidate compounds, preclinical investigation, and clinical trial. Determination 
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of appropriate drugs for potential indications is crucial for production of candidate 
compounds. At present, two approaches are widely used for drug repurposing 
including experimental screening approaches and molecular docking by computer. 
In the following items, we make a detailed description of these two methods in drug 
repurposing process.

3.1 Experimental approaches

Experimental screening approaches are usually regarded as the first stage in 
the process of drug discovery and drug repurposing. Proteomic techniques such 
as affinity chromatography and mass spectrometry have been widely employed to 
identify drug candidates [75]. Nowadays, drug target analysis and drug repurposing 
are inseparable. Drug repurposing is distinct from drug discovery in terms of altera-
tion of drug target. Cellular thermo stability assay technique can predict the affinity 
of drug ligands by mapping the contact patterns of intracellular targets [76]. The 
molecular on and off targets have been disclosed for many clinically approved drugs 
via this method. Especially in the field of kinases, new targets of well-known drugs 
are obtained through affinity matrices [77, 78]. For example, imatinib, a tyrosine 
kinase inhibitor, has been successfully reused in the treatment of gastrointestinal 
stromal tumors [79].

In addition, chemical compounds with disease-related effects can be defined 
in the model through phenotype screening [80]. Phenotype screening has always 
been more successful than target screening in the facet of drug development 
[81, 82]. In the case of drug repurposing, if the compounds selected through 
phenotypical assays are approved clinical drugs or ongoing clinical trials, they 
are probable to reuse. Several drugs approved for tobacco dependence have been 
evaluated, and it has been found that topiramate changes nicotine- or ethanol-
induced behavior in zebrafish models [83]. However, there are some challenges 
that the efficacy of drug candidates in in vitro experiments require to be validated 
in human diseases [84].

3.2 Computational approaches

Molecular docking by a computer is also an important method for evaluating 
drug target binding kinetics and drug residence times of existing drugs or drug 
candidates [85]. Large amounts of computational drug repositioning methods 
choose transcriptomic data to identify potential new indications for drugs. 
Furthermore, these methods have applied techniques such as comparison of gene 
expression profiles between a disease model and drug-treated condition [86], 
network integration [87], prediction of drug-protein interactions [88], and utiliza-
tion of genotype–phenotype associations. Recently, a proteotranscriptomic-based 
computational drug repositioning method named Drug Repositioning Perturbation 
Score/Class (DRPS/C) for Alzheimer’s disease occurs on the basis of inverse 
associations between disease-induced or drug-induced gene and protein perturba-
tion patterns [89]. Briefly, these approaches can be applicable to discovery of drug 
targets or biomarkers.

It should be considered that for many neurological disorders, drugs require 
good penetration into BBB. Then, the therapeutic approaches of targeting brain 
have been classified as invasive and noninvasive categories [90, 91]. The invasive 
approaches contain the temporary increase of BBB permeability, and noninvasive 
approaches involve modification of drug molecule via physiological, chemical, 
or colloidal carrier system approach. Meanwhile, these methods are also related 
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to computational approaches. Influx clearance into the brain (Kin), which is the 
unidirectional influx constant from the blood to brain, can be used to calculate 
the transport of drugs in the brain. Similar computational approaches conclude 
the permeability surface area (PS), brain/plasma ratio (Kp), brain uptake index 
(BUI), and apparent permeability (Papp) [92–95]. Consequently, drug repurpos-
ing in neurological diseases covers various manners to participate in integrating 
the role of transporters and pathophysiological complexity of BBB to establish a 
suitable model for high-throughput screening.

4. Concluding remarks and perspectives

Drug repurposing is a vital strategy for developing new therapeutic values of 
existing drugs or drug candidates due to its ability to save time and reduce cost [96]. 
This type of innovative concept will undoubtedly expedite the drug development 
process. Meanwhile, some limitations need to be considered during drug repurpos-
ing process in neurological diseases. Owing to complex molecular and cellular 
signaling mechanisms in neuropathological states, drug repurposing may be dif-
ficult. Additionally, drugs not only respond to a single target but also affect multiple 
targets [97], causing a variety of adverse reactions. A comprehensive assessment of 
the advantages and disadvantages of these side effects can help us understand drug 
repositioning from a more all-round perspective [98, 99].

In order to overcome limitations faced during drug repurposing, we make 
proposals in the following descriptions. Firstly, it is foremost to establish a com-
prehensive data analysis platform to maximize data sharing. Information science 
services and artificial intelligence can help unlock and reanalyze the large amount 
of data accumulated by approved drugs or drug candidates to clinical trials. These 
data may be stored in a diversified way. Storage locations, formats, and types 
may vary, including different storage locations, formats, and types. The data 
obtained from clinical trials and biological databases are too large and complex 
that the traditional data processing methods cannot deal with it, which leads to 
the bottleneck in the research process [99]. Big data can significantly improve our 
understanding of the disease and make more accurate disease-related strategies. 
However, there is a big gap between generating biomedical data and data analysis 
[99, 100]. To ensure the efficiency of research, it takes time, energy, and exper-
tise to find technical solutions to integrate them. Secondly, it is encouraged to 
provide more financial support for clinical trials of drug repurposing, including 
technical support. The preclinical research of drug repurposing requires financial 
support to obtain the data in clinical trials. In this case, drugs that can be devel-
oped to treat rare diseases are more likely to apply in clinical neurological diseases 
therapeutics [101]. Finally, in order to facilitate drug repurposing process, we 
advocate it is indispensable to solve patent restrictions and take reasonable 
supervision. All applications of drug repurposing should be accompanied by a 
risk management plan. Drug’s safety can be supported by clinical trial data or 
post marketing data.

In conclusion, drug repurposing is a novel approach for expediting drug 
development process in neurological diseases. Repurposed drugs may provide an 
efficient avenue for improving a plethora of pathological conditions including 
neurological disorders. In the future, it is essential to exploit molecular mechanisms 
during drug repurposing processes due to the possibility that targets of repurposed 
drugs in neurological diseases are distinct from original targets in treating other 
diseases, in order to make these drugs more effective and safe.
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of appropriate drugs for potential indications is crucial for production of candidate 
compounds. At present, two approaches are widely used for drug repurposing 
including experimental screening approaches and molecular docking by computer. 
In the following items, we make a detailed description of these two methods in drug 
repurposing process.

3.1 Experimental approaches

Experimental screening approaches are usually regarded as the first stage in 
the process of drug discovery and drug repurposing. Proteomic techniques such 
as affinity chromatography and mass spectrometry have been widely employed to 
identify drug candidates [75]. Nowadays, drug target analysis and drug repurposing 
are inseparable. Drug repurposing is distinct from drug discovery in terms of altera-
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to computational approaches. Influx clearance into the brain (Kin), which is the 
unidirectional influx constant from the blood to brain, can be used to calculate 
the transport of drugs in the brain. Similar computational approaches conclude 
the permeability surface area (PS), brain/plasma ratio (Kp), brain uptake index 
(BUI), and apparent permeability (Papp) [92–95]. Consequently, drug repurpos-
ing in neurological diseases covers various manners to participate in integrating 
the role of transporters and pathophysiological complexity of BBB to establish a 
suitable model for high-throughput screening.

4. Concluding remarks and perspectives

Drug repurposing is a vital strategy for developing new therapeutic values of 
existing drugs or drug candidates due to its ability to save time and reduce cost [96]. 
This type of innovative concept will undoubtedly expedite the drug development 
process. Meanwhile, some limitations need to be considered during drug repurpos-
ing process in neurological diseases. Owing to complex molecular and cellular 
signaling mechanisms in neuropathological states, drug repurposing may be dif-
ficult. Additionally, drugs not only respond to a single target but also affect multiple 
targets [97], causing a variety of adverse reactions. A comprehensive assessment of 
the advantages and disadvantages of these side effects can help us understand drug 
repositioning from a more all-round perspective [98, 99].

In order to overcome limitations faced during drug repurposing, we make 
proposals in the following descriptions. Firstly, it is foremost to establish a com-
prehensive data analysis platform to maximize data sharing. Information science 
services and artificial intelligence can help unlock and reanalyze the large amount 
of data accumulated by approved drugs or drug candidates to clinical trials. These 
data may be stored in a diversified way. Storage locations, formats, and types 
may vary, including different storage locations, formats, and types. The data 
obtained from clinical trials and biological databases are too large and complex 
that the traditional data processing methods cannot deal with it, which leads to 
the bottleneck in the research process [99]. Big data can significantly improve our 
understanding of the disease and make more accurate disease-related strategies. 
However, there is a big gap between generating biomedical data and data analysis 
[99, 100]. To ensure the efficiency of research, it takes time, energy, and exper-
tise to find technical solutions to integrate them. Secondly, it is encouraged to 
provide more financial support for clinical trials of drug repurposing, including 
technical support. The preclinical research of drug repurposing requires financial 
support to obtain the data in clinical trials. In this case, drugs that can be devel-
oped to treat rare diseases are more likely to apply in clinical neurological diseases 
therapeutics [101]. Finally, in order to facilitate drug repurposing process, we 
advocate it is indispensable to solve patent restrictions and take reasonable 
supervision. All applications of drug repurposing should be accompanied by a 
risk management plan. Drug’s safety can be supported by clinical trial data or 
post marketing data.

In conclusion, drug repurposing is a novel approach for expediting drug 
development process in neurological diseases. Repurposed drugs may provide an 
efficient avenue for improving a plethora of pathological conditions including 
neurological disorders. In the future, it is essential to exploit molecular mechanisms 
during drug repurposing processes due to the possibility that targets of repurposed 
drugs in neurological diseases are distinct from original targets in treating other 
diseases, in order to make these drugs more effective and safe.
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Abstract

Different institutions recognized that antimicrobial resistance is a global health 
threat that has compounded by the reduction in the discovery and development 
of new antimicrobial agents. Therefore, the development of new antimicrobial 
therapeutic strategies requires immediate attention to avoid the 10 million deaths 
predicted to occur by 2050 as a result of multidrug-resistant (MDR) bacteria. 
Despite the great interest in the development of repurposing drugs, only few 
repurposing drugs are under clinical development against Gram-negative critical-
priority pathogens. In this chapter, we aim: (i) to discuss the therapeutic potential 
of the repurposing drugs for treating MDR bacterial infections, (ii) to summarize 
their mechanism of action, and (iii) to provide an overview for their preclinical and 
clinical development against these critical-priority pathogens.

Keywords: repurposing drug, infection, bacteria, nosocomial, clinical

1. Introduction

Antimicrobial resistance poses a well-recognized global health threat due to 
the global dissemination of bacteria resistants to multiple antibiotic classes. This 
situation is deemed a global priority by the World Health Organization and the 
European Centre for Disease Prevention and Control [1, 2]. Currently, global 
deaths due to antimicrobial resistance are more than 70,000 in USA and in Europe 
together [3, 4]. Therefore, the development of new antimicrobial therapeutic strat-
egies requires immediate attention to avoid the high number of deaths predicted 
to occur in the future as a result of multidrug-resistant (MDR) bacteria [5]. It is 
clear that effective solutions such as the establishment of antimicrobial stewardship 
programs to optimize the use of existing antibiotics, the promotion of novel rapid 
diagnostics to curtail the unnecessary use of antimicrobial agents; the promotion, 
development, and use of vaccines and novel antibiotic classes are urgently needed 
[5]. However, the increased prevalence of infections by MDR bacteria and the 
scarcity of novel antibiotic families that are under clinical development could war-
rant the development of new antimicrobial therapeutic strategies for use alone or 
together with one of the scarce but clinically relevant antibiotics.

Repurposing drugs have been gained renewed interest in the last decade as 
reflected by several recent studies [6–9]. Since then, 4% of the 407 preclinical 
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situation is deemed a global priority by the World Health Organization and the 
European Centre for Disease Prevention and Control [1, 2]. Currently, global 
deaths due to antimicrobial resistance are more than 70,000 in USA and in Europe 
together [3, 4]. Therefore, the development of new antimicrobial therapeutic strat-
egies requires immediate attention to avoid the high number of deaths predicted 
to occur in the future as a result of multidrug-resistant (MDR) bacteria [5]. It is 
clear that effective solutions such as the establishment of antimicrobial stewardship 
programs to optimize the use of existing antibiotics, the promotion of novel rapid 
diagnostics to curtail the unnecessary use of antimicrobial agents; the promotion, 
development, and use of vaccines and novel antibiotic classes are urgently needed 
[5]. However, the increased prevalence of infections by MDR bacteria and the 
scarcity of novel antibiotic families that are under clinical development could war-
rant the development of new antimicrobial therapeutic strategies for use alone or 
together with one of the scarce but clinically relevant antibiotics.

Repurposing drugs have been gained renewed interest in the last decade as 
reflected by several recent studies [6–9]. Since then, 4% of the 407 preclinical 
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antibiotic projects from 314 institutions are related with repurposing drugs evalu-
ated against bacterial infections [10]. Further evidence of the increased interest 
in these drugs class is that the development process for repurposed drugs benefits 
from a large body of available knowledge and reduces the time and cost of develop-
ment [9]. The majority of repurposed drugs developed to treat bacterial infections 
are approved or in advanced clinical stages as anticancer drugs, anti-inflammatory/
immunomodulatory drugs, antipsychotic and antidepressant drugs, statins and 
iron-storage drugs [9]. The large difference between the numerous drugs approved 
or in development for oncologic indications and the small number of new anti-
biotics is surprising given that over the past decades antimicrobial resistance has 
emerged as an important public health with high associated mortality, and in 
2050 antimicrobial resistance would result in 10 million more deaths than those 
caused by cancers [5]. Although multiple factors contribute to the scarcity of new 
antibiotics for bacterial infections, the success of repurposing drugs-based antibi-
otic therapy as an alternative approach can be reached. Repurposing drugs-based 
approaches could provide a viable alternative for the treatment of certain MDR 
bacterial infections. This could be especially important for certain infections caused 
by MDR Gram-negative infections such as Acinetobacter baumannii, Pseudomonas 
aeruginosa and Enterobacterales carbapenems-resistants, for which current antimi-
crobial treatments are not active. The WHO has classified as critical priority these 
pathogens for research and development of new antibiotics [1].

In this chapter, we focus on the current state of knowledge regarding the potential 
benefits and disadvantages of repurposing drugs treatments for MDR Gram-negative 
infections. We outline the advances to-date in their preclinical and clinical develop-
ment as antimicrobial agents. To this end, we introduce in Pubmed database different 
key words such as repurposing drug, repositioning, antimicrobial and/or antibacte-
rial in order to find published literature about the repurposing drugs for treatment of 
bacterial infections.

2. Therapeutic potential of repurposing drugs

There is a widely acknowledged that repurposing drugs could address the 
global increase in antimicrobial resistance and especially the treatment of MDR 
Gram-negative bacteria. This could be due by the fact that repurposing drugs might 
exhibit some advantageous characteristics. Repurposing drugs target some genes 
and surface proteins that are not targets of currently used antimicrobials [9]. Of 
note, it is unlikely that their antibacterial activities can be disturbed by existing 
antimicrobial resistance mechanisms. The most of repurposing drugs increased the 
permeability and damaged the bacterial membrane without killing the bacteria. 
They enhanced the activity of the current antibiotics [9]. Furthermore, repurposing 
drugs are drugs approved by the Federal Drug Administration (FDA), information 
about their pharmacological characteristics (both safety and pharmacokinetic) in 
preclinical and clinical trials is widely available. Therefore, the time and economic 
costs associated with the repurposing of these drugs for other therapeutic applica-
tions such as the treatment of bacterial infections will be minimized [11]. Finally, 
to our knowledge, it was not reported that repurposing drugs produce selective 
pressure on the human microbiome.

Substantial progress has been made in the development of repurposed drugs 
against bacterial infections. Although some current compounds in the pipeline have 
exhibited promising results, existing pharmacokinetic characteristics limits the 
activity of many of them. It should be taken into account in the preclinical devel-
opment of repurposing drugs the possible need for new formulations to increase 
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their bioavailability and absorption. This aspect is relevant for the development of 
anthelmintics. Extensive binding to plasma proteins has been reported for oxyclo-
zanide and other salicylanilides, which currently limits their systemic and intrave-
nous applications [12]. Of note, positive results have been seen with niclosamide 
derivative O-alkylamino-tethered, which has a potent antibacterial effect against 
carbapenemase producing and colistin resistant Enterobacterales isolates [13]. 
Inhalable nanosuspension and salt form of niclosamide, niclosamide ethanolamine, 
have presented better solubility profile and inhibited the P. aeruginosa quorum 
sensing (QS) [14, 15]. An additional relevant issue should be taken into account is 
that their administration route can be changed. ADMET tests should be performed 
before the development of these repurposing drugs in clinical trials. The choice of 
the route is a relevant aspect in serious infections in hospitalized patients such as 
ventilated-associated pneumonia who patients are intubated and other circum-
stances in which the oral route is not available.

3.  Mechanisms of action of repurposing drugs against Gram-negative 
bacilli

Different agents are promising both in vitro and in vivo candidates to be repo-
sitioned as antimicrobial agents to treat infections caused by MDR Gram-negative 
bacilli. A variety of drugs with different mechanisms of action and targets have 
been selected including: DNA, RNA and proteins inhibitors [16–20], QS regulators 
[15, 17, 21–25], biofilm formation inhibitors and disruptors [26, 27], drugs that 
interact with cell membrane [28–30], drugs that interact with iron metabolism 
[31–35], and host immune system modulators [36–39]. These drugs and their 
mechanisms of action against critical-priority pathogens (A. baumannii, P. aerugi-
nosa and Enterobacterales) are summarized in Figure 1 and Table 1.

3.1 DNA, RNA and proteins inhibitors

Anticancer and anti-inflammatory drugs that interact with DNA, RNA and 
proteins have been reported. Mitomycin C, used in several types of carcinomas such 

Figure 1. 
Mechanisms of action of repurposed drugs against Gram-negative critical-priority pathogens.
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as the superficial vesical carcinoma [40], has shown activity against A. baumannii, 
P. aeruginosa and E. coli in vitro and in vivo [16–18]. Mitomycin C binds to DNA 
during DNA synthesis and causes inhibition of its synthesis and function in P. aeru-
ginosa and E. coli [18]. Cisplatin, approved for treatment of a number of cancers, 
was found to inhibit microbial cells growth [17, 20]. The mechanism of action of 
this drug has been attributed to the upregulation of the recA gene in P. aeruginosa, 
which is important for DNA repair, implicating that cisplatin could interfere with 
DNA replication [20]. Moreover, celecoxib, a non-steroidal anti-inflammatory drug 
(NSAID), has been tested in a Caenorhabditis elegans and in whole-animal  
A. baumannii and P. aeruginosa infection models. It was suggested that inhibit dose-
dependently the DNA, RNA and protein synthesis as in Staphylococcus aureus [19].

3.2 Quorum sensing regulators

QS inhibition and regulation have been reported as antibacterial properties of 
anticancer, anthelminthic, anti-inflammatory and hypoglycemic drugs such as 
5-fluorouracil, raloxifene, niclosamide, meloxicam and metformin. 5-fluorouracil 
is a potent drug indicated for the treatment of different types of solid tumors, that 
has shown antibacterial activity in vitro [17, 22, 23]. The antibacterial mechanism of 
this drug has been proposed as QS inhibitor [23, 41]. Also, 5-fluorouracil has dual 
inhibition mechanisms including functioning as an alternative substrate resulting 
in miscoding DNA and RNA, and inhibiting thymidylate synthase [22]. Moreover, 
the selective estrogen receptor modulator (SERM) raloxifene, used in the preven-
tion of osteoporosis and invasive breast cancer in post-menopausal women, has 
presented activity against Gram-negative bacilli (GNB). Raloxifene binds to PhzB2 
which is involved in the production of pyocyanin, a pigment related with both the 
virulence factor and the QS signaling molecule in P. aeruginosa [24]. Regarding the 
anthelmintic drugs, niclosamide, used for the treatment of helminthiasis, has been 
reported to inhibit QS in P. aeruginosa in Galleria mellonella model by hindering the 
cell’s response and production of the QS signaling molecules as N-3-oxododecanoyl-
homeserine lactone and N-butanoyl-homoserine lactone [15, 25]. Finally, meloxi-
cam, a NSAID used to manage moderate-to-severe pain, and metformin, one of 
the most commonly prescribed oral hypoglycemic for treatment of type 2 diabetes, 
have been reported to interact with active sites and to inhibit the QS of P. aeruginosa, 
respectively [21, 26, 27]. Molecular docking study has shown that metformin could 
bind to LasR by hydrogen bonding and electrostatic interaction and to rhlR by 
hydrogen bonding only [21].

3.3 Biofilm formation inhibitors and disruptors

Compared with QS, much less drugs have been act on the biofilm formation. 
5-fluorouracil has been revealed to regulate different genes involved in the biofilm 
formation by P. aeruginosa [41]. More specifically, meloxicam has been reported to 
inhibit biofilm formation of P. aeruginosa by decreasing the extracellular Psl, Pel 
and alginate production, three vital biofilm exopolysaccharides in this pathogen 
[26, 27]. Moreover, glatiramer acetate, a drug used in the treatment of multiple 
sclerosis, has also been shown to disrupt biofilm formation by GNB [42]. Finally, 
azathioprine, an immunosuppressive drug used for the treatment of Crohn’s 
disease and other autoimmune diseases, has exhibited anti-biofilm activity against 
P. aeruginosa and E. coli through the inhibition of WspR [43]. WspR is a diguanyl-
ate cyclase involved in the regulation of a signal molecule called cyclic-di-GMP 
(c-di-GMP) known as a regulator of the bacterial biofilm formation [43]. The 
same mechanism of action has been used by ebselen to exhibit anti-biofilm activity 
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against P. aeruginosa [44, 45]. Ebselen, despite the fact that it is not an FDA-
approved drug, it is being investigated in clinical trials for the treatment of bipolar 
disorder, hearing loss and tinnitus and ischemic stroke.

3.4 Interaction with cell membrane

Various anthelmintic, anticancer and antiprotozoal drugs such as niclosamide, 
oxyclozanide, rafoxanide, ivermectin, mitotane, pentamidine and robenidine have 
been reported to interact with the bacterial cell membrane. Three anthelmintic drugs 
in combination with colistin have shown activity against GNB by the regulation of 
electric charges. Niclosamide and rafoxanide were discovered to increase the negative 
surface charge of bacterial membrane in A. baumannii and K. pneumoniae clinical 
strains in vitro [30, 47]. In turn, oxyclozanide has enhanced the activity of additional 
tobramycin against P. aeruginosa by reducing the membrane potential and increasing 
tobramycin accumulation [28]. This increase in the negative surface charges allow to 
restore the activity of colistin in colistin-resistant (Col-R) A. baumannii and K. pneu-
moniae, and the activity tobramycin in tobramycin-resistant P. aeruginosa [30, 47]. 
Not only the regulation of electric charges has been reported as mechanism of action 
of anthelmintic drugs, but the increase of bacterial membrane permeabilization 
has also been reported. Oxyclozanide, rafoxanide and ivermectin have been shown 
to increase the membrane permeability of A. baumannii, P. aeruginosa and K. pneu-
moniae, especially in Col-R strains [46–48]. Moreover, Tran et al. have demonstrated 
that mitotane, a FDA-approved antineoplastic drug, in combination of polymyxin B 
lead mitotane to enter inside A. baumannii, P. aeruginosa and K. pneumoniae through 
the permeabilization of the outer membrane by polymyxin B [49]. Additionally, 
antiprotozoal drugs, pentamidine and robenidine, possess a mechanism of action 
that disturbs the outer membrane of GNB, due to the interaction with membrane 
lipopolysaccharides (LPS) [29, 50]. Finally, ebselen has also presented antibacterial 
effect against A. baumannii and E. coli by inhibiting the TonB-mediated physiology, 
which is involved in iron acquisition from host sources [51].

3.5 Interaction with iron metabolism

Antunes et al. have demonstrated that virulent bacteria are able to acquire iron 
in the blood and tissues [33]. Given the essential role of iron in bacterial physiology 
and pathogenicity, iron uptake and metabolism have become attractive targets for 
the development of new antibacterial agents [52, 53]. The ion gallium [Ga(III)], a 
ferric iron [Fe(III)] mimetic, has been shown to inhibit the growth of many bacterial 
species by interfering with iron-dependent metabolic pathways. Therefore, gallium 
drugs have gained special interest in the fight of MDR-GNB infections [31]. Gallium 
nitrate is an anticancer drug that was approved by the FDA for the treatment of 
cancer-associated hypercalcemia. Antibacterial properties of gallium nitrate have 
been previously reported against GNB infections, both in vitro and in vivo [31–35].  
In addition, Ebselen as mentioned before has the characteristic to inhibit TonB in  
A. baumannii and E. coli [51].

3.6 Host immune system modulators

Also, some drugs that modulate host immune system have reported antibacterial 
activity against GNB. Tamoxifen, a SERM used for breast cancer treatment, can 
reduced the migration of immune cells from bone marrow to blood through the 
reduction of monocytes chemoattractant protein 1 (MCP-1) and IL-18 in a murine 
model of sepsis by A. baumannii, P. aeruginosa and E. coli [36]. Moreover, tamoxifen 
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has been shown to enhance the killing activity of macrophages and neutrophils 
against A. baumannii and E. coli in vitro [36]. Calcitriol, a bioactive form of vitamin 
D3 used to treat hypocalcemic conditions and renal osteodystrophy, has a similar 
mechanism of action which it has been described to enhance the killing activity 
of monocytes and macrophages towards P. aeruginosa [37]. Moreover, GTS-21, an 
anti-inflammatory drug, has presented therapeutic efficacy against P. aeruginosa in 
vivo by enhancing macrophage function via inhibiting the release of nuclear protein 
high mobility group box-1 (HMGB1) [39]. When GTS-21 is combined with M1 
muscarinic acetylcholine receptor agonist and α7n-acetylcholine receptor agonist 
against E. coli in vivo, the blood concentrations of pro-inflammatory cytokines 
TNF-α, IL-1β, and IL-6 were reduced significantly [38].

4. Repurposing drugs against MDR Gram-negative bacilli

There are currently multiple repurposing drugs in preclinical development for 
the treatment of infections by Gram-negative critical-priority pathogens. Few of 
them have been evaluated in early and late stage clinical trials. A summary of recent 
developments in repurposing drugs in vitro, in animal models and in clinical trials 
is presented below. The different clinical trials with repurposing drugs against these 
pathogens are listed in Table 2.

4.1 Acinetobacter baumannii

MDR A. baumannii is a well-recognized current global health threat that needs 
urgent effective solutions [1, 2]. Last-resort treatments such as colistin are no longer 
effective in an increasing number of cases, leading to a mortality rate of around 
35–60% in hospitalized patients with ventilator-associated pneumonia [54, 55]. 
The number of antibiotics approved by the FDA cannot keep up with the pace at 
which resistance is acquired by A. baumannii. The therapeutic potential of different 
repurposing drugs against A. baumannii has been tested in preclinical models, most 
of them in combination with polymyxins (colistin and polymyxin B) or its prodrug 
colistimethate sodium (CMS).

Repurposing 
drug

Clinical 
indication

Target 
bacteria

New clinical 
indication

Clinical trial 
phase

Clinical trial 
identifier

GTS-21 Inflammation E. coli Endotoxemia Interventional 
(Clinical trial)

NCT00783068

Sodium nitrite Acute cyanide 
poisoning

P. aeruginosa Cystic fibrosis 
(antimicrobial 

agent)

Phase I/II NCT02694393

Sodium nitrite Acute cyanide 
poisoning

P. aeruginosa Cystic fibrosis 
(biofilm 

disruptor)

Phase II NCT02295566

Gallium 
nitrate

Cancer-
associated 

hypercalcemia

P. aeruginosa Cystic fibrosis Phase II NCT02354859

Amitriptyline Depression P. aeruginosa Cystic fibrosis Phase II NCT00515229

Atorvastatin Hyper 
cholestremia

P. aeruginosa bronchiectasis 
and infection

Phase IV NCT01299194

Table 2. 
List of repurposing drugs under clinical trial development against Gram-negative critical-priority pathogens.
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4.1.1 Anticancer drugs

The antibacterial activity of anticancer drugs has been reported in vitro and 
in vivo non-vertebrate and vertebrate models by A. baumannii. Gallium nitrate 
has demonstrated an inhibitory effect on bacterial growth in a collection of 58 
MDR clinical isolates of A. baumannii in vitro [33]. This antibacterial activity is 
maintained in G. mellonella model. The administration of this drug alone and in 
combination with colistin, at concentrations mimicking the human therapeutic 
dose of gallium nitrate used for cancer patients (28 μM), significantly increased 
the survival of larvae after infection by A. baumannii [33]. When a vertebrate 
model was used such as murine models of acute and chronic lung infections 
by A. baumannii, gallium nitrate has reduced lung injury and bacterial loads in 
tissues [32]. Moreover, the combination of mitomycin C with tobramycin and 
ciprofloxacin together has increased in vitro the activity of this anticancer drug 
against MDR clinical isolates of A. baumannii [17]. Whereas, mitotane combined 
with polymyxin B against polymyxin B-resistant A. baumannii has presented 
synergy with polymyxin B, increasing the activity of polymyxin B in vitro and in 
murine model of burn wound infection by reducing the bacterial load in wounds 
[49]. Another group of anticancer drugs developed to combat breast cancer is the 
SERMs. Tamoxifen has been reported to exhibit activity in the immunocompetent 
and neutropenic murine model of peritoneal sepsis by ATCC 17978 strain by 
decreasing the bacterial loads in spleen, lungs and blood and increasing the mice 
survival [36]. Tamoxifen metabolites (N-desmethyltamoxifen, 4-hydroxytamoxifen 
and endoxifen), produced after tamoxifen metabolizing by cytochrome P450 [56], 
have presented antibacterial activity in vitro with MIC50 and MIC90 of 8 and 
16 mg/L, respectively, against a collection 100 MDR and pan-drug resistant (PDR) 
clinical isolates of A. baumannii [36].

4.1.2 Anthelmintic drugs

The potential activity of the anthelmintic drug has been also tested in vitro and 
in animal models by A. baumannii. Niclosamide, oxyclozanide, rafoxanide and iver-
mectin have been shown to potentiate the activity of colistin against clinical isolates 
of Col-R A. baumannii in vitro [30, 46–48, 57]. In the murine model of peritoneal 
sepsis by Col-R A. baumannii clinical isolate, rafoxanide plus CMS, a prodrug of 
colistin, compared with CMS alone increased mice survival to 53.8% and reduced 
bacterial loads in tissues and blood between 3 and 4 log10 cfu/g or mL, respectively 
[47]. Only, rafoxanide has exhibited antibacterial activity in monotherapy in this 
model of infection, but not in vitro [47].

4.1.3 Anti-inflammatory drugs

As is the case with anthelmintic drugs, anti-inflammatory drugs have demon-
strated antibacterial activity against A. baumannii in monotherapy and in combi-
nation with polmyxins in vitro. Glatiramer acetate has presented activity against 
reference strains and clinical bacteremic isolates of A. baumannii by disrupting 
the biofilm formation [42]. In addition, ebselen has presented antibacterial effect 
against A. baumannii by reducing their bacterial growth at MICs of 32 μM due 
to the inhibition of the siderephore TonB [51]. In combination with polymyxins, 
auranofin, a drug used for the treatment of rheumatoid arthritis, and celecoxib 
have exhibited synergy with polymyxin B and colistin against reference strains of 
A. baumannii respectively [19, 58].
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4.1.4 Other drugs

Other drugs with different modes of action and clinical indications have been 
evaluated as antibacterial agents against A. baumannii in monotherapy and in com-
bination with antibiotics. Simvastatin, used in the treatment of atherosclerotic car-
diovascular disease and hypercholesterolemia, has exhibited antibacterial activity 
in combination with sub-inhibitory concentrations of colistin against a collection of 
clinical isolates of A. baumannii, reducing the MIC of simvastatin from >256 mg/L 
to a range between 8 and 32 mg/L [59]. Two antiprotozoal drugs have been also 
evaluated in monotherapy and in combination with antibiotics. Robenidine has pre-
sented bactericidal activity alone and in combination with polymyxin B nanopep-
tide against reference strains of A. baumannii in vitro [60]. Pentamidine, in turn, has 
present synergy with novobiocin, a drug used for Gram-positive cocci infections, in 
vitro and in murine sepsis model by a reference strain of A. baumannii [29].

4.2 Pseudomonas aeruginosa

Pseudomonas aeruginosa is one of the most relevant pathogens causing human 
opportunistic infections in immunocompromised patients and severe nosocomial 
infections [61–63]. Indeed, P. aeruginosa is the top pathogen causing ventilator-
associated pneumonia and burn wound infections and is a major cause of nosoco-
mial bacteremia [62–64]. An MDR pattern is commonly observed in P. aeruginosa 
clinical isolates, raising the threat of difficult-to-treat infections [65–67]. These 
MDR isolates are generally susceptible to polymyxins and resistant to imipenem 
and ceftazidime [68]. New beta-lactamases inhibitors, combined with existing 
antibiotic families, such as ceftazidime/avibactam, ceftolozane/tazobactam, and 
imipenem/relebactam, against specific carbapenemases, have recently been devel-
oped [69]. Compared with A. baumannii, much more work has been done regarding 
the development of repurposing drugs for P. aeruginosa in preclinical and clinical 
stages.

4.2.1 Anticancer drugs

Different studies have been performed on P. aeruginosa to evaluate the antibac-
terial effect of anticancer drugs. Regarding SERM drugs, raloxifene attenuated 
in vitro and in C. elegans model the virulence of P. aeruginosa by binding to PhzB2 
which is involved in the production of pyocyanin [24]. Whereas, tamoxifen exhibit 
therapeutic efficacy in murine model of peritoneal sepsis by PAO1 strain by 
decreasing the bacterial loads in spleen, lungs and blood and increasing the mice 
survival [36]. In addition, cisplatin was found to inhibit microbial cells growth 
[17, 20] by the upregulation of the recA gene in P. aeruginosa [20]. 5-fluorouracil, 
in turn, has been used against a collection of 5850 mutants of the PA14 strain, 
revealing positive activity via the regulation of a large number of genes involved 
in QS and biofilm formation [41, 70]. In combination with antibiotics, two anti-
cancer drugs have been tested. Mitomycin C and mitotante in combination with 
tobramycin-ciprofloxacin [17] and polymyxin B [49], respectively, have shown 
synergy against MDR clinical and polymyxin-resistant isolates of P. aeruginosa, 
respectively. Finally, gallium nitrate is one the most studied and advanced cancer 
drug in clinical development against P. aeruginosa infection with promising data. 
Gallium nitrate has demonstrated an inhibitory effect on bacterial growth in P. 
aeruginosa at concentrations >3.13 μM in vitro [71, 72]; although the presence of 
pyoverdine and proteases in human serum reduce the efficacy of gallium nitrate 
against P. aeruginosa [73]. At non-bactericidal concentrations, gallium nitrate can 
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affect the production of virulence factors of P. aeruginosa [71, 74]. In murine mod-
els of acute and chronic lung infections by P. aeruginosa gallium nitrate has reduced 
the lung injury and bacterial loads in tissues of animals [71]. At clinical stage, a 
phase II clinical trial has been started in 2016 evaluating the capacity of gallium 
nitrate to improve the pulmonary function in 60 patients with cystic fibrosis by 
P. aeruginosa. The results of this trial showed that treatment with gallium nitrate 
increase the forced expiratory volume in these patients [75].

4.2.2 Anthelmintic drugs

The anthelmintic drugs niclosamide, oxyclozanide, rafoxanide and ivermectin 
have been shown to restore the activity of colistin against a collection of Col-R P. 
aeruginosa in vitro [46–48, 57]. Not only in combination with colistin, oxyclozanide 
has presented synergy with tobramycin to destruct the biofilm formation, permea-
bilizing the cells membrane and depolarizing the membrane potential of P. aerugi-
nosa strains resistant to tobramycin in vitro [28]. In the murine model of peritoneal 
sepsis by Col-R P. aeruginosa clinical isolate, rafoxanide plus CMS compared with 
CMS alone, increased mice survival to 73.3%, and reduced bacterial loads in tissues 
and blood between 3 and 5 log10 cfu/g or mL, respectively [47]. In monotherapy, 
niclosamide and rafoxanide have exhibited antibacterial activity against P. aerugi-
nosa. One in vitro study has indicated that niclosamide presented an anti-virulent 
effect against P. aeruginosa via the inhibition of QS and virulence genes, reducing 
elastase and pyocyanin levels [15]. Two additional in vivo studies have reported that 
niclosamide and rafoxanide showed therapeutic efficacy in G. mellonella larvae and 
in murine peritoneal sepsis models by a reference strain and Col-R clinical isolate of 
P. aeruginosa, respectively [15, 47]. Nevertheless, the absorption of niclosamide is 
lower. To increase this absorption, formulation of niclosamide under nanosuspen-
sion has been performed and showed lower toxicity in a rat lung infection model 
involving P. aeruginosa [14].

4.2.3 Anti-inflammatory and immunosuppressive drugs

Similar with A. baumannii, anti-inflammatory and immunosuppressive drugs 
have presented antibacterial activities in monotherapy and in combination with 
antibiotics against P. aeruginosa. The activity of glatiramer acetate against refer-
ence and clinical isolates of P. aeruginosa from chronic respiratory infections in 
cystic fibrosis patients has been observed by disruption of the biofilm formation 
[42]. With the same mechanism of action, ebselen and azathioprine has exhibited 
activity against P. aeruginosa [43, 45]. In turns, celecoxib and betamethasone have 
presented synergy with colistin, and with ceftazidime, erythromycin and ofloxacin 
against P. aeruginosa in vitro, respectively [19, 76]. Similarly, meloxicam has been 
reported to be in vitro active alone and in combination with the sub-MIC of tetracy-
cline, gentamicin, tobramycin, ciprofloxacin, ceftriaxone, ofloxacin, norfloxacin, 
ceftazidime against PAO1 strain, by inhibiting the biofilm formation [27]. Finally, 
GTS-21 has improved P. aeruginosa clearance in a murine model of ventilator-
associated pneumonia and reduced acute lung injury by enhancing macrophage 
function [39].

4.2.4 Antidepressive drugs

Regarding the antidepressive drugs, amitriptyline has reduced the inflammation 
in the lung of cystic fibrosis mice and prevented infection by P. aeruginosa [77]. At 
clinical stage, a phase II clinical trial evaluating the effect of amitriptyline on the 
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improvement of lung function in 18 patients with cystic fibrosis patients showed 
that amitriptyline improves the lung function by increasing the forced expiratory 
volume and weight of these patients [78, 79].

4.2.5 Other drugs

Other drugs with different modes of action and clinical indications have been 
evaluated as antibacterial agents against P. aeruginosa. Metformin has been reported 
to inhibit QS, biofilm formation, and swimming and twitching motilities of PAO1 
strain [21]. Calcitriol has enhanced the bactericidal activity against P. aeruginosa, 
modulating the activity of monocytes and macrophages to increase their bacterial 
killing [37]. Compared with A. baumannii, robenidine has been recently showed 
to present only synergy with polymyxin B nanpeptide against reference strains 
of P. aeruginosa in vitro [60]. Polymyxin B and colistin have been also combined 
with auronafin and simvastatin, respectively. Both drugs exhibited synergy with 
sub-inhibitory concentrations of polymyxin B and colistin against a collection of 
reference strains of P. aeruginosa, reducing the MIC of auronafin from >256 mg/L to 
0.125–0.5 mg/L and the MIC of simvastatin from >256 mg/L to 16–32 mg/L [58, 59]. 
At clinical stage, a phase IV trial determining the role of atorvastatin, another statin, 
in patients with bronchiectasis and infection with P. aeruginosa showed that atorvas-
tatin reduced systemic inflammation and improved quality of life of these patients 
[80, 81]. In addition, sodium nitrite, used for treatment of acute cyanide poisoning, 
has been shown in vitro to kill mucoid P. aeruginosa strains isolated from patients 
with cystic fibrosis, under anaerobic planktonic and biofilm conditions [82, 83]. Two 
early stage (I/II and II) clinical trials have been conducted to evaluate sodium nitrite 
as antimicrobial agent and as disrupter of biofilm formation in patients with cystic 
fibrosis by P. aeruginosa [84, 85]. The results from both studies have not yet published.

4.3 Enterobacterales

Escherichia coli and Klebsiella pneumoniae are of the most important pathogens 
in humans involved in different community and nosocomial infections, including 
bloodstream infections, urinary tract infections, intraabdominal infections and 
pneumonia [86–89]. The success of E. coli and K. pneumoniae as a community and 
nosocomial pathogens is attributed to their resistance to several antibiotic catego-
ries [86, 90]. Similar to P. aeruginosa the repurposing drugs developed today for E. 
coli and K. pneumoniae are in the preclinical and clinical stages of development.

4.3.1 Anticancer drugs

Anticancer drugs were developed against E. coli and K. pneumoniae in vitro and 
in animal models. Tamoxifen has been reported to exhibit activity in the immuno-
competent and neutropenic murine model of peritoneal sepsis by E. coli ATCC 25922 
strain by decreasing the bacterial loads in spleen, lungs and blood and increasing the 
mice survival [36]. Tamoxifen metabolites N-desmethyltamoxifen, 4-hydroxytamox-
ifen and endoxifen have presented antibacterial activity in vitro with MIC50 and 
MIC90 of 16 mg/L, against a 47 MDR clinical isolates of E. coli [36]. The activity of 
mitomycin C in monotherapy and in combination with tobramycin and ciprofloxacin 
together was increased against MDR clinical isolates of E. coli and K. pneumoniae in 
vitro [17, 18]. While, mitotane in combination with polymyxin B against polymyxin-
resistant K. pneumoniae increased the activity of polymyxin B in vitro [49].
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4.3.2 Anthelmintic drugs

Four anthelmintic drugs, niclosamide, oxyclozanide, rafoxanide and iver-
mectin were shown to present synergy with colistin against Col-R K. pneumoniae 
[30, 46–48, 57]. Compared to Col-R isolates of A. baumannii and P. aeruginosa 
much lesser effect has been observed regarding the effect of these drugs in com-
bination with colistin against Col-R isolates of K. pneumoniae. Additionally, in the 
murine model of peritoneal sepsis model by Col-R clinical isolate of K. pneumoniae, 
rafoxanide in monotherapy and in combination with CMS compared with control 
animals and with CMS alone, increased mouse survival to 50 and 67%, and reduced 
bacterial loads in tissues and blood between 2.5 and 3 log10 cfu/g or mL, and 2 and 3 
log10 cfu/g or mL, respectively [47].

4.3.3 Anti-inflammatory drugs

In the case of anti-inflammatory drugs, two drugs have presented syner-
gistic effect with antibiotics against E. coli and K. pneumoniae. The first one is 
celecoxib which has potentiated the activity of colistin against E. coli and K. 
pneumoniae [19]. In turn, betamethasone has presented synergy with ceftazi-
dime and ofloxacin against some isolates of E. coli [76]. Similar to A. baumannii 
and P. aeruginosa, glatiramer acetate has presented antibacterial effect against 
reference strains of E. coli by disrupting the biofilm formation [42]. Moreover, 
ebselen has been shown to present antibacterial effect against E. coli by reducing 
their bacterial growth at MICs <128 μM due to the inhibition of TonB [51], and 
azathioprine has exhibited anti-biofilm activity against E. coli through the inhi-
bition of WspR in vitro [43]. Finally, GTS-21 in combination with M1 muscarinic 
acetylcholine receptor agonist have been shown to reduce the mortality of mice 
in sepsis model by E. coli in 4 and 24 h [38]. At clinical stage, an interventional 
clinical trial on anti-inflammatory effects of oral administration of GTS-21 
on the inflammatory response in 7 patients with endotoxemia by LPS of E. coli 
showed that GTS-21 reduced the levels of proinflammatory cytokines in the 
plasma of these patients [91, 92].

4.3.4 Other drugs

Other drugs with different modes of action and clinical indications have 
been evaluated as antibacterial agents in monotherapy and in combined therapy 
with a large list of antibiotics against E. coli and K. pneumoniae in vitro and in 
animal models. Amoxapine has been reported to present therapeutic efficacy in 
an experimental murine model of respiratory infection by K. pneumoniae [93]. 
In addition, pentamidine in combination with different antibiotics ([novobio-
cin, erythromycin and rifampin] and [amikacin, tobramycin, tigecycline and 
rifampin]) has presented synergistic activity in vitro against different clinical 
isolates of E. coli harboring mcr-1 and K. pneumoniae producing carbapenemases, 
respectively [94]. In turn, robenidine has been recently showed to present only 
synergy with polymyxin B nanopeptide against reference strains of K. pneu-
moniae in vitro [60]. Finally, auronafin and simvastatin exhibited synergy with 
sub-inhibitory concentrations of polymyxin B and colistin against a collection 
of reference strains of E. coli and K. pneumoniae in vitro, reducing the MIC of 
auronafin from >256 mg/L to 0.25–1 mg/L and the MIC of simvastatin from 
>256 mg/L to 8–32 mg/L, respectively [58, 59].
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5. Conclusions

The retreat of the pharmaceutical sector from new antibiotic development has 
exacerbated the challenge of widespread resistance and signals a critical need for 
innovation. Repurposing drugs are an increasingly common practice in the phar-
maceutical industry where an already existing drug is applied in a new, previously 
unknown, way. This is advantageous mainly because these drugs are already cleared 
for human use and thus may skip straight to phase II clinical trials which presents 
considerably less risk and costs compared to developing new drugs. They could 
represent a promising approach to enrich the therapeutic arsenal against Gram-
negative critical-priority pathogens.

Some drugs indicated for human and veterinary use have been developed in 
combination with antibiotics; almost of them with polymyxins. They have yielded 
promising data in preclinical studies, specifically those with activity against biofilm 
formation and quorum sensing. However, additional relevant issues are required 
such as new formulations to increase their bioavailability and ADMET tests if the 
administration route is changed. Other drugs indicated for human use who have 
showed good activity against these pathogens in preclinical studies can be tested in 
advanced clinical trials. Early and late stages clinical trials with four repurposing 
drugs to treat cystic fibrosis and bronchiectasis by P. aeruginosa, and endotexemia 
by E. coli have provided promising results. Nevertheless, further clinical studies 
with extended clinical indications are needed to address the urgent demand for 
new treatments targeting infections caused by Gram-negative critical-priority 
pathogens.
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Chapter 7

Drug Repurposing in 
Oncotherapeutics
Alkeshkumar Patel

Abstract

Repurposing or repositioning means validating and application of previously 
approved drugs in the treatment of another disease that might be relevant or irrelevant 
to existing use in disease based on the principle of polypharmacology. Repurposed 
drugs are already well documented for pharmacokinetic, pharmacodynamic, drug 
interaction, and toxicity parameters. In 1962, thalidomide treatment in pregnant 
women led to phocomelia in their newborn but while repurposed based on anti-angio-
genesis property, it showed efficacy in hematologic malignancies like multiple myeloma. 
The repurposing is becoming an essential tool in the anti-cancer drug development 
due to existing drugs are not effective, high cost of treatment, therapy may degrade 
the quality of life, improvement of survival after treatment is not guaranteed, relapse 
may occur, and drug resistance may develop due to tumor heterogeneity. Repurposing 
can be addressed well with the help of literature-based discovery, high throughput 
technology, bioinformatics multi-omics approaches, side effects, and phenotypes. Many 
regulatory bodies like EML, NIH, and FDA promote repurposing programs that support 
the identification of alternative uses of existing medicines. Cancer becomes the major 
health issue, and the need to discover promising anti-cancer drugs through repurposing 
remains very high due to decline in FDA approval since 1990, huge expenses incurred in 
the drug development and prediction of dangerous future burden.

Keywords: repurposing, cancer, bioinformatics, multi-omics, thalidomide tragedy, 
metformin

1. Introduction

1.1 What are the problems?

Cancer is the second deadliest disease after cardiovascular diseases, causing loss 
of billions of lives across the world. Although human kind has developed so many 
anti-cancer medicines, none of them are able to cure the disease. After spending 
of around $650 million for the development in research and development of New 
Chemical Entity (NCE) during time periods of 12–17 years, successful outcome 
compared to standard drugs is less [1]. The success ratio for this NCE in clinical trial 
is less than 10%. Many times, the effects on outcomes like disease free survival, 
quality of life treatment related side effects and complications are discouraging. 
According to ESMO 2019 press release, there was no link between drug cost and 
clinical benefit measured by ESMO-MCBS and the American Society of Clinical 
Oncology Value Framework (ASCO-VF) for various drugs approved for adult solid 
tumor in four European countries and the USA from 2009 to 2017. So, it would 
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add extra treatment cost to patient therapy. According to Prof. Kerstin Vokinger, 
University of Zurich, Switzerland, and affiliated with the Program on Regulation, 
Therapeutics, and Law (Harvard Medical School, USA), drug pricing should be 
aligned with clinical value [2]. There was drastic decline in average number of FDA 
approved drug since the 1990, but the number of cancer cases rising every year for 
each cancer. So, this imbalance of demand and supply of effective anti-cancer drugs 
can be balanced by implication of drug repurposing [3]. In the oncology medicine, 
the US FDA approved 4 new drugs in 2016 while it was 14 drugs in 2015 and 9 drugs 
in 2014 and 2013 that indicate decrease in anti-cancer drug discovery [4].

1.2 How repurposing can help?

To overcome the problems linked to high expenditures, lengthy and tedious 
research for every NCE with low success in clinical trial, repurposing can help where 
scientists are trying to investigate new therapeutic indication for existing approved 
drugs. Drug repurposing has many advantages in terms of efficient utilization of time 
and money for drug discovery and development processes. The proposed medicines 
for repurposing already have approved pharmaceutical data related to its formulation, 
Pharmacokinetic (absorption, distribution, metabolism and excretion) and pharma-
codynamic profile that collected during preclinical and clinical trial. The proposed 
medicine also passed through much toxicity, side effects testing and passed the phase 
4 of post marketing surveillance so the safety is already established and that reduce the 
chances of drug failure at the end screening process of drug discovery [5]. The repur-
posing can drastically reduce drug discovery time line from 12–17 years to 3–12 years 
due to availability of drug’s pharmacology and pharmaceuticals data [6]. The concept 
of Drug Repurposing is based on validating and application of previously approved 
drug by FDA in the treatment of another disease that might be relevant or irrelevant to 
existing use in disease. The principle of polypharmacology and pleiotropy was work-
ing behind drug repurposing. The anti-cancer drugs receive FDA approval are very 
costliest in recent years that significantly affect pharmacoeconomics of patients. For 
consideration, the cost for a combination-targeted therapy of monoclonal antibodies 
ipilimumab and nivolumab in treatment of metastatic melanoma has been estimated 
to per responder is around $400,000 US [7, 8]. So, all these problems can be targeted 
by drug repurposing where it improves the chances of success, shortens the testing 
time, and reduces the huge investment in cancer drug design and development.

Figure 1. 
Drug discovery and development with potential windows for drug repurposing.
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1.3  Opportunities for drug repositioning comes from path of drug discovery  
and development

The process of new drug designing and development involve many steps as 
mentioned in Figure 1. It may happen that Drug is serendipitously screened and 
found positive result for another disease. Gills et al. tested few anti-HIV drugs 
against many cancer cell lines using cytotoxicity assays. He found that nelfinavir has 
potent broad-spectrum antitumor activity [9]. Repurposing can also possible if new 
role discovered for an existing target. In case of metformin, the similar pathway of 
is found to be important in two different diseases like diabetes and cancer. It has 
been observed that unexpected side effects found during and after clinical trials 
show lead for drug repurposing like thalidomide for certain cancer.

2. Drug repositioning strategy

During preliminary screening on Drug, many possibilities of drug repurposing 
may arise by chance and later based on proper justification few of them have been 
tested for alternate application in another disease that called as shifting from bench 
to bedside. Oppositely, it may happen that unpredicted results of clinical trials sug-
gest ideas for drug repurposing and later same things justified by scientific experi-
ments that called as bedside to bench. According to FDA approved drug database, 
around 80–90% of drug gets failed in clinical trials due to various reasons and one 
of the majors is that the lack of efficacy during phase- III of clinical trial. That fail-
ure rate figures out around 30–50% and all these drugs might be good candidate for 
repurposing. The Figure 2 indicate different approaches that begin with construct-
ing hypothesis based on existing fund of knowledge to expanding its in silico frame 
work for preliminary testing and later on validating facts based on more vigorous 
and stringent analysis like preclinical and clinical studies [10].

3.  Necessity for drug repurposing in cancer treatment and availability  
of attractive candidates

Comparing cancer with other disease that takes much time to develop and working 
insidiously. Every cancer begins with few mutations that suppress tumor suppression 
gene and promoting oncogene that leads to abnormal cell proliferation, escape of 
apoptosis, immune evasion, inflammation, defects in DNA damage repair mechanism, 

Figure 2. 
Various approaches of drug repurposing.
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Warburg effects, angiogenesis and lack of differentiation of cell with most of the cells 
remain immature. As there is progress happen the picture of tumor microenvironment 
become more and more complicated. At this time tumor is no more homogenous but 
packed with heterogeneous cells and changing itself to more resistance form. The 
cancer might be supported by systemic condition of the body or in the other words 
internal anti-cancer mechanism become compromised to eradicate the tumor. The 
tumor microenvironment begins to secret many immunosuppressive cytokines and 
inflammatory mediators that sustain the tumor growth and save this corrupted cellular 
structure against honest immune system that work in the form of vigilance. After 
dominate at local region, tumor intrude to the other favorable region. Later on, metas-
tasis start based on seed and soil theory of Stephan Paget, where cancer cells work as 
“seeds” and the specific organ microenvironments work as “soil.” The success interac-
tion between these two entities determines the development of a secondary tumor [11].

After get metastasis, the most of the patients give response to first line treat-
ment not more than 50% for various cancers. At advance stages of cancer, majority 
of patients will develop anti-cancer resistance due to drastic abnormal genetic, 
epigenetic changes and surviving of cancer stem cells that not killed even after the 
death of tumor cells [12, 13]. So, it becomes important to repurpose drugs that able 
to act at multiple targets in tumors in patient that display genetic heterogeneity.

The following table (Table 1) consists of brief reviews of available good drug 
candidates for drug repurposing and some of that already approved.

Drug First approved target Approved in 
disease

Repurposed in cancer 
(preclinical/clinical)

Thalidomide [14] Might affect the 
medullary control centers 
(the vomiting center 
and the chemoreceptive 
trigger zone) or affect the 
peripheral receptors

Nausea, 
vomiting 
of pregnant 
woman (banned 
now)

Multiple myeloma by targeting 
TNF-α

Metformin [15] Activate the adenosine 
monophosphate activated 
protein kinase (AMPK) 
signaling pathway

Type-II diabetes 
mellitus

Mitochondrial respiration, 
reducing insulin and insulin-like 
growth factor levels, inhibits mTOR 
and activate p53, AMPK pathway

Everolimus [16] mTOR Immuno-
suppressant

In Pancreatic neuroendocrine by 
targeting mTOR signaling pathway

Trastuzumab [17] HER2 HER2-positive 
breast cancer

For HER2-positive metastatic 
gastric cancer

Aspirin (low dose;  
50–100 mg daily)

COX-1 Prevent Platelets 
aggregation in 
cardiovascular 
disease

Prostaglandin E2 (PGE2) decreased 
in colon cancer [18], inhibition of 
platelets to suppress NK cell-
mediated lysis of cancer cells [19]

Propranolol [20] β-receptor blocker Cardiovascular 
diseases

Reduced 57% risk of metastasis in 
Breast cancer by blocking cyclic 
AMP (cAMP), focal adhesion 
kinase (FAK)

Digoxin [21, 22] Na + -K + -ATPase Heart failure, to 
reduce heart rate

Rise in intracellular Na + and Ca2+ 
in human prostate adenocarcinoma 
cells, lead to activation of 
calcineurin and transcriptional 
upregulation of Fas ligand cause 
apoptosis. Also, suppression 
nuclear factor-kappa B and 
inhibition of DNA topoisomerase 
II are well documented.
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3.1 Various anti-cancer targets that can be used for repurposing of drug

Based on global statistics, more than 20 million individuals will be detected 
with cancer in 2025. Certain cancer like breast cancer, colorectal, prostate is mostly 
remaining incurable in advanced stages with existing treatment and that leads to 
increase in number of cases. Thus, addressing these present and future challenges 
requires more effective cancer drugs [29]. Traditional anti-cancer therapy like 
Chemotherapy and radiation have dangerous side effects that range from bone 
marrow suppression, oral mucositis, arising of secondary cancer to vomiting, diar-
rhea and organ specific toxicity that drastically decrease the quality life and overall 
survival of cancer patients [30]. From this point of view, drug repositioning option 
is promising strategy to identify non-cancer drugs like aspirin and chlorpromazine 
which have anti-tumor activity with less side effects comparable to traditional 
anti-cancer drugs. Traditionally limited targets were identified for anti-cancer 
drugs that involve cell cycle inhibitors, anti-metabolites, anti-angiogenesis, growth 
factor inhibitors, pro-apoptotic. But today many new targets identified that work 
in more specific way and reduce dangerous side effects of anti-cancers. Some novel 
drug target mentioned in following diagram that might be work well for future drug 
repurposing in oncotherapeutics (Figure 3).

Figure 3. 
Hall marks of cancer.

Drug First approved target Approved in 
disease

Repurposed in cancer 
(preclinical/clinical)

Chlorpromazine 
[19]

Dopamine receptor 
antagonist

In psychosis, 
bipolar disorder, 
schizophrenia

Increase in p21 [23], p51 expression 
[24]

Artemisinins Induce formation of 
reactive oxygen species 
(ROS) within the infected 
red blood cells (RBC)

Anti-malarial 
[25]

Anti-proliferative, pro-apoptotic 
effects [26]

Doxycycline Protein synthesis in 
bacteria

Antibiotics Down regulation of MMP-2 and 
MMP-9 expression in leukemia [27] 
and colorectal cancer cells [28]

Table 1. 
Repurposed drug for the cancer treatment.



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

124

Warburg effects, angiogenesis and lack of differentiation of cell with most of the cells 
remain immature. As there is progress happen the picture of tumor microenvironment 
become more and more complicated. At this time tumor is no more homogenous but 
packed with heterogeneous cells and changing itself to more resistance form. The 
cancer might be supported by systemic condition of the body or in the other words 
internal anti-cancer mechanism become compromised to eradicate the tumor. The 
tumor microenvironment begins to secret many immunosuppressive cytokines and 
inflammatory mediators that sustain the tumor growth and save this corrupted cellular 
structure against honest immune system that work in the form of vigilance. After 
dominate at local region, tumor intrude to the other favorable region. Later on, metas-
tasis start based on seed and soil theory of Stephan Paget, where cancer cells work as 
“seeds” and the specific organ microenvironments work as “soil.” The success interac-
tion between these two entities determines the development of a secondary tumor [11].

After get metastasis, the most of the patients give response to first line treat-
ment not more than 50% for various cancers. At advance stages of cancer, majority 
of patients will develop anti-cancer resistance due to drastic abnormal genetic, 
epigenetic changes and surviving of cancer stem cells that not killed even after the 
death of tumor cells [12, 13]. So, it becomes important to repurpose drugs that able 
to act at multiple targets in tumors in patient that display genetic heterogeneity.

The following table (Table 1) consists of brief reviews of available good drug 
candidates for drug repurposing and some of that already approved.

Drug First approved target Approved in 
disease

Repurposed in cancer 
(preclinical/clinical)

Thalidomide [14] Might affect the 
medullary control centers 
(the vomiting center 
and the chemoreceptive 
trigger zone) or affect the 
peripheral receptors

Nausea, 
vomiting 
of pregnant 
woman (banned 
now)

Multiple myeloma by targeting 
TNF-α

Metformin [15] Activate the adenosine 
monophosphate activated 
protein kinase (AMPK) 
signaling pathway

Type-II diabetes 
mellitus

Mitochondrial respiration, 
reducing insulin and insulin-like 
growth factor levels, inhibits mTOR 
and activate p53, AMPK pathway

Everolimus [16] mTOR Immuno-
suppressant

In Pancreatic neuroendocrine by 
targeting mTOR signaling pathway

Trastuzumab [17] HER2 HER2-positive 
breast cancer

For HER2-positive metastatic 
gastric cancer

Aspirin (low dose;  
50–100 mg daily)

COX-1 Prevent Platelets 
aggregation in 
cardiovascular 
disease

Prostaglandin E2 (PGE2) decreased 
in colon cancer [18], inhibition of 
platelets to suppress NK cell-
mediated lysis of cancer cells [19]

Propranolol [20] β-receptor blocker Cardiovascular 
diseases

Reduced 57% risk of metastasis in 
Breast cancer by blocking cyclic 
AMP (cAMP), focal adhesion 
kinase (FAK)

Digoxin [21, 22] Na + -K + -ATPase Heart failure, to 
reduce heart rate

Rise in intracellular Na + and Ca2+ 
in human prostate adenocarcinoma 
cells, lead to activation of 
calcineurin and transcriptional 
upregulation of Fas ligand cause 
apoptosis. Also, suppression 
nuclear factor-kappa B and 
inhibition of DNA topoisomerase 
II are well documented.

125

Drug Repurposing in Oncotherapeutics
DOI: http://dx.doi.org/10.5772/intechopen.92302

3.1 Various anti-cancer targets that can be used for repurposing of drug

Based on global statistics, more than 20 million individuals will be detected 
with cancer in 2025. Certain cancer like breast cancer, colorectal, prostate is mostly 
remaining incurable in advanced stages with existing treatment and that leads to 
increase in number of cases. Thus, addressing these present and future challenges 
requires more effective cancer drugs [29]. Traditional anti-cancer therapy like 
Chemotherapy and radiation have dangerous side effects that range from bone 
marrow suppression, oral mucositis, arising of secondary cancer to vomiting, diar-
rhea and organ specific toxicity that drastically decrease the quality life and overall 
survival of cancer patients [30]. From this point of view, drug repositioning option 
is promising strategy to identify non-cancer drugs like aspirin and chlorpromazine 
which have anti-tumor activity with less side effects comparable to traditional 
anti-cancer drugs. Traditionally limited targets were identified for anti-cancer 
drugs that involve cell cycle inhibitors, anti-metabolites, anti-angiogenesis, growth 
factor inhibitors, pro-apoptotic. But today many new targets identified that work 
in more specific way and reduce dangerous side effects of anti-cancers. Some novel 
drug target mentioned in following diagram that might be work well for future drug 
repurposing in oncotherapeutics (Figure 3).

Figure 3. 
Hall marks of cancer.

Drug First approved target Approved in 
disease

Repurposed in cancer 
(preclinical/clinical)

Chlorpromazine 
[19]

Dopamine receptor 
antagonist

In psychosis, 
bipolar disorder, 
schizophrenia

Increase in p21 [23], p51 expression 
[24]

Artemisinins Induce formation of 
reactive oxygen species 
(ROS) within the infected 
red blood cells (RBC)

Anti-malarial 
[25]

Anti-proliferative, pro-apoptotic 
effects [26]

Doxycycline Protein synthesis in 
bacteria

Antibiotics Down regulation of MMP-2 and 
MMP-9 expression in leukemia [27] 
and colorectal cancer cells [28]

Table 1. 
Repurposed drug for the cancer treatment.



Drug Repurposing - Hypothesis, Molecular Aspects and Therapeutic Applications

126

4. Methods for drug repurposing

It might be apparent that identifying specific drugs with pleiotropic effects is 
easy task but the execution is a complex. Following methods work well to reposi-
tioning of drug with the help of existing data, reducing the time of investigation, 
helping to reduce unnecessary animal experiments and regulatory obligations.

4.1 Computational methods

Although high through put screening (HTS) and many assay techniques available, 
it is difficult to predict drug and target interaction and its subsequence consequences 
[31]. Every drug bind with variety of targets but most of them attach with proteins 
that present in the form of receptors, ion channels, enzymes, antigen and transcrip-
tional factors [32]. To screen the drugs interaction with every of this target is not pos-
sible and also it consumes lots of time and money. Certain computational approaches 
are available that able to screen thousands of test drug molecule with many targets 
within short time period. The selection of drug and its possible targets are based on 
similarities based on structure, its protein binding and typical side effects that drugs 
produce [33–35]. Many molecular docking software are available that predict binding 
of drug molecule within active site of the target and able to predict the three-dimen-
sional interaction at atomic level. In this approach it is necessary to discover protein 
structures of both normal and disease condition to target it in proper way else bind-
ing of drug with normal protein structure may lead to side effects. Computational 
approach needs lots of information that can be derived from various databases and 
webservers like DrugBank [36], E medstore [37], KEGG: Kyoto Encyclopedia of 
Genes and Genomes [38], SuperTarget and Manually Annotated Targets and Drugs 
Online Resource (MATADOR) [39], Potential Drug Target Database (PDTD) [40], 
ZINC [41], CancerDR [42] and many others. Computational models broadly catego-
rized in to network based model that working based on the principles of multiple 
target optimal intervention (MTOI) [43], Drug side-effect similarity-based method 
[35] and machine learning-based model that further categorized into supervised 
learning method and semi-supervised learning method [32].

4.2 Biological experimental approaches

In this method the interaction in between drug and its target is determined. 
To accomplish this, we may fix the drugs on certain bead and allowing reaction of 
washing cell lysate extracts with drugs [44]. It is also possible to carry out high-
throughput screening based direct-binding assays to test drugs against certain 
kinases [45]. Cell based screening examine the evidence of autophagy, apoptosis 
or inhibition of proliferation in proper cell culture environment of different cancer 
cells [46–48]. Also, genetic expression study of drugs based on cell line can help in 
drug repurposing.

5. Drug repurposing database

Physical collection of approved drugs to carry out experimental repositioning 
screens is challenging task. Smaller digital libraries containing information of 
approved drugs or drugs with expired patents are available to serve drug repurpos-
ing like Enzi Life Sciences, Prestwick, Spectrum and many other like National 
Institute of Health’s Chemical Genomics Center (NCGC) [49]. It may happen that 
drug get failed in clinical trials because of lack of effectiveness (efficacy) but not 
due to toxicity represent good candidate for drug repositioning. There is some web 
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portal available that store large drug screening database based on clinical trials and 
can be used for repurposing.

• http://drugrepurposingportal.com

• CLUE: The Drug Repurposing Hub

Current status of drug repurposing based on drug and disease search option is 
available at repoDB site. This drug repositioning database contains information of 
about 2051 diseases, all mapped to UMLS terms for easier integration [50].

• http://apps.chiragjpgroup.org/repoDB/

6. Conclusion

The process of drug repurposing or repositioning help the Pharmaceutical 
companies in terms saving capital expenditure and decrease efforts of scientific 
community from long drug discovery and development process that pass through 
much experimental and regulatory task. Drug repositioning works well for those 
drug molecules for which disease targets are not get altered over a period of time. 
All the drug repositioning hypothesis will not transferred to successful outcome. 
It was happened with bevacizumab (Avastin), a kinase inhibitor drug that failed 
to prove its efficacy during phase- III of clinical trial in gastric cancer therapy 
although it has good efficacy against colon, rectal, brain, lung and kidney cancer 
by targeting vascular endothelial growth factor (VEGF) and decreasing the blood 
supply to the tumor that required for tumor growth and metastasis [51, 52]. Similar 
thing happened for sunitinib, a kinase inhibitor where it has proven its efficacy in 
certain cancers while unable to show same in other cancers [53]. It is significant to 
consider the unique drug indication during repositioning with proper justification 
for risk and benefits ratio. Any cytotoxic anti-cancer drug may not be an ideal drug 
for cardiovascular disorder in same dose, as it may kill many normal cells with high 
proliferation index. But it can be utilized at low doses for drug repurposing with 
less side effects as in the case of methotrexate at 10–20 mg per week for rheuma-
toid arthritis due to its anti-inflammatory property. Although, there are many 
obstacles present on the path of drug repurposing now, but future will bring more 
advancement in the technologies with the help of combinatorial chemistry, virtual 
screening, data mining and artificial intelligence that raise the success rates. At the 
last, we hope that all these scientific advancements translated into clinical setting 
to improve oncotherapy and reduce the burden of cancer related mortality in the 
world.

7. Future perspective

Tumor is heterogeneous mutated cell mass with genomic instability that 
acquired new forms over period of time. As time goes on, tumor heterogeneity 
environment become less vulnerable to chemotherapeutic and radiation agent with 
development of tumor resistance in multiple ways. So, every tumor shows different 
pathological picture in every cancer patient and even different pattern of intratu-
moural mutation in same patient at different time interval. Based of therapeutic 
modality, specific subpopulation of drug tolerant cancer cells come out as resistant 
cells within tumor. So, it seems personalized medicine will be future of Cancer 
medicines. In these regards, single cell analysis, multiple omics, research autopsy, 
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and sampling from multiple regions can help. Based on tumor heterogeneity and 
evolution of drug resistance point of view, the drug repurposing might be not 
evolved as unjustifiable tool with time consuming approach, if not utilized for early 
stages of Cancer patients.

Drug repurposing involves many challenges like proper utilization of database, 
demand of expected repurposing drug, issues associated with intellectual property 
rights and patents. Although to accomplish efficient drug repurposing, there is a 
need to work from multiple paradigms. Many drugs get failed in third phase of 
clinical trials and Drug repurposing trials due to lack of efficacy, so it should be 
realized in well advance by combining multiple techniques. Literature belongs to 
applied sciences and medical fields containing important information for comple-
mentary relationship in between repositioning of drugs and its proposed targets. 
The vital information can be extracted with “text mining” tools like Biovista, 
BioWisdom, TextFlow, DrugQuest, Polysearch, etc. Based on semantic integration 
network approach, diverse information can be interrelated. Later, many algo-
rithms in machine learning techniques can be developed to promote the efficacy 
and speed of drug repurposing. At present, multiple-omics discipline emerge out 
like genomics, proteomics, transcriptomics, bioinformatics, metabolomics and 
interactomics that consist of vast data related to biological sciences. Analyzing 
these multiple-omics disciplines with computational methods by integrative 
approach can be utilized to identify the best drug molecule that work at more than 
single target in different diseases. This approach may suit well with personalized 
medicine concept that will become inadvertent reality and demand in the case of 
oncotherapeutics. With these diverse but harmonizing computational with multi-
omics incorporation, scientist and researcher achieve meaningful understanding 
of cellular physiology, Drug -receptor interaction, pathogenesis and prognosis 
of diseases, stages and types of same disease with acquired changes at molecular 
level, possible drug reactions, on-target and off-target interactions, diagnostic and 
prognostic biomarkers.

According to WHO, Cancer is a leading cause of death worldwide, accounting 
for an estimated 9.6 million deaths in 2018. The most common causes of cancer 
death are cancers of lung (1.76 million deaths), colorectal (862,000 deaths), 
stomach (783,000 deaths), liver (782,000 deaths), and breast (627,000 deaths). 
Definitely at present scenario priority should be given for these cancers. There are 
many diseases are coming under the category of orphan disease. According to U. S. 
FDA, an orphan disease defined as a condition that affects fewer than 200,000 
people nationwide. There is good opportunity for repurposing to orphan drugs. 
According to Genetic and rare diseases (GARD) information center, many cancers 
comes under orphan diseases category like CDK4 linked melanoma (orphan drug 
Aldesleukin), carcinoid tumor (orphan drug Everolimus, Lutetium Lu 177 dot-
atate), chronic myeloid leukemia (orphan drug Bosutinib, Omacetaxine mepesuc-
cinate), clear cell renal cell carcinoma (orphan drug Sorafenib, Temsirolimus). 
These all orphan drugs that utilized for rare cancers are good candidates for Drug 
repurposing in other common types of cancer. Also, the drugs like thalidomide 
which was once withdraw from the market due to its dangerous teratogenic effects 
in one class of human population but later approved by FDA for myeloma and 
other disease treatment. The negative and positive sides of this drug are contrib-
uted by anti-angiogenesis property. But this one off-target property was proved 
to defame its efficacy in one situation while with Drug repurposing in other 
condition it has proved its anti-cancer effects. Future will become where more 
robust and sound techniques will be utilized to create successful Drug repurpos-
ing candidate and making drug discovery and development process beneficial to 
Human kind.
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Drug Repositioning for the
Treatment of Glioma: Current
State and Future Perspective
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Abstract

Gliomas are the most common primary brain tumors. Among them,
glioblastoma (GBM) possesses the most malignant phenotype. Despite the current
standard therapy using an alkylating anticancer agent, temozolomide, most patients
with GBM die within 2 years. Novel chemotherapeutic agents are urgently needed
to improve the prognosis of GBM. One of the solutions, drug repositioning, which
broadens the indications of existing drugs, has gained attention. Herein, we catego-
rize candidate agents, which are newly identified as therapeutic drugs for malignant
glioma into 10 classifications based on these original identifications. Some drugs are
in clinical trials with hope. Additionally, the obstacles, which should be overcome in
order to accomplish drug repositioning as an application for GBM and the future
perspectives, have been discussed.

Keywords: glioma, glioblastoma, drug repositioning, chemotherapy,
temozolomide, existing drugs, pre-drugs

1. Introduction

Many diseases require the development of new drugs for effective treatment.
The relevance of drug repurposing in medical science has progressively grown
recently. The increasing interest in drug repurposing is realized based on the
increase of related academic publications.

Annually, approximately 23 per 100,000 people suffer from tumors of the
central nervous system (CNS). Gliomas, which account for 25% of all CNS tumors,
are the most common primary brain tumors, and most are malignant [1]. Glioblas-
toma (GBM) is a malignant glioma with the worst prognosis, as it accounts for 60%
of all gliomas and is classified as grade IV by the World Health Organization
(WHO) [1, 2]. Despite aggressive therapies, the median overall survival (OS) of
patients who suffer from GBM is only 15–18 months [1, 3].

The current treatments for GBM are maximum surgical resection and adjuvant
chemoradiotherapy. The first-line agent for chemotherapy is temozolomide (TMZ),
an imidazotetrazinone derivative [4]. TMZ acts as a major groove-directed
deoxyribonucleic acid (DNA)-alkylating agent, and its molecular weight is only
194 Da [4]. A phase III clinical trial revealed that concomitant and adjuvant TMZ
with radiotherapy is effective for the treatment of patients with primary GBM [5].
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The relevance of drug repurposing in medical science has progressively grown
recently. The increasing interest in drug repurposing is realized based on the
increase of related academic publications.

Annually, approximately 23 per 100,000 people suffer from tumors of the
central nervous system (CNS). Gliomas, which account for 25% of all CNS tumors,
are the most common primary brain tumors, and most are malignant [1]. Glioblas-
toma (GBM) is a malignant glioma with the worst prognosis, as it accounts for 60%
of all gliomas and is classified as grade IV by the World Health Organization
(WHO) [1, 2]. Despite aggressive therapies, the median overall survival (OS) of
patients who suffer from GBM is only 15–18 months [1, 3].

The current treatments for GBM are maximum surgical resection and adjuvant
chemoradiotherapy. The first-line agent for chemotherapy is temozolomide (TMZ),
an imidazotetrazinone derivative [4]. TMZ acts as a major groove-directed
deoxyribonucleic acid (DNA)-alkylating agent, and its molecular weight is only
194 Da [4]. A phase III clinical trial revealed that concomitant and adjuvant TMZ
with radiotherapy is effective for the treatment of patients with primary GBM [5].
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Approximately half of the cases of GBM have a methylation of the
O6-methylguanine-DNA methyltransferase (MGMT) promoter, and these cases are
associated with a favorable outcome after concomitant and adjuvant TMZ with
radiotherapy [6]. MGMT potentially removes methyl adducts at the O6 position
of guanine and indicates resistance to alkylating agents; however, the methylation
of the MGMT promoter interferes with MGMT activity and induces glioma
cell death [6].

Clinical trials have revealed the therapeutic benefit of bevacizumab (BEV), a
recombinant, humanized, monoclonal antibody against vascular endothelial growth
factor (VEGF), in patients with cancer [7]. Large-scale clinical studies have been
performed to investigate the therapeutic effects of BEV in patients with newly
diagnosed GBM [8, 9]. However, the clinical benefits of BEV in patients with glioma
are still unknown.

Research into drug repositioning for GBM is now expanding, although no
effective drug has yet been reported with strong and solid evidence. Herein, we
focus on candidate agents with therapeutic effects in malignant glioma and that
have undergone clinical trials to evaluate their efficacy in patients. We also describe
the issues of drug repositioning in malignant glioma.

2. Current candidate agents for glioma

Here, we categorize candidate agents into 10 classifications (Table 1).

2.1 Antidiabetic drugs

2.1.1 Metformin

The intracellular metabolic pathway of cancer cells differs from that of normal
cells, as represented by the Warburg effect, and is considered as a cancer therapeu-
tic target. Metformin is a biguanide antidiabetic drug that exerts a hypoglycemic
effect via the suppression of gluconeogenesis in the liver and promotion of glucose
uptake in the muscle and adipose tissues. The antitumor effects of metformin are
widely known and reported in various cancers, such as breast cancer [10].

Basic research with metformin in glioma cells and glioma stem-like cells (GSCs)
has shown that metformin targets multiple pathways (Figure 1). Metformin
activates AMP-activated protein kinase (AMPK) via the inhibition of oxidative
phosphorylation in mitochondrial complex I, which increases the AMP/ATP ratio,
thereby inhibiting the mammalian target of rapamycin (mTOR) and promoting
apoptosis [11, 12]. The metformin-mediated activation of AMPK, followed by the
activation of forkhead box O3 (FOXO3), induces GSC differentiation and reduces
tumorigenicity [13]. The Cancer Genome Atlas has reported missense mutations in
isocitrate dehydrogenase (IDH) genes 1 and 2. D-2-Hydroxyglutarate (D-2HG), a
cancer metabolite produced by the mutant IDH protein, contributes to the devel-
opment and progression of cancer. The conversion of glutamine to α-ketoglutarate
(αKG) is catalyzed by glutamate dehydrogenase (GDH), and the inhibition of GDH
by metformin reduces the production of D-2HG in glioma with the IDH 1/2 muta-
tion [14]. Chloride intracellular channel 1 (CLIC1) is involved in the progression of
various cancers, including GBM [15–17]. CLIC1 is involved in the regulation of the
G1/S transition, and metformin causes G1 cell cycle arrest in GSCs by the selective
inhibition of CLIC1 [18].

An epidemiological study using the Clinical Practice Research Datalink reported
that the use of metformin is not associated with a reduced risk of glioma [19]. In a
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Approximately half of the cases of GBM have a methylation of the
O6-methylguanine-DNA methyltransferase (MGMT) promoter, and these cases are
associated with a favorable outcome after concomitant and adjuvant TMZ with
radiotherapy [6]. MGMT potentially removes methyl adducts at the O6 position
of guanine and indicates resistance to alkylating agents; however, the methylation
of the MGMT promoter interferes with MGMT activity and induces glioma
cell death [6].

Clinical trials have revealed the therapeutic benefit of bevacizumab (BEV), a
recombinant, humanized, monoclonal antibody against vascular endothelial growth
factor (VEGF), in patients with cancer [7]. Large-scale clinical studies have been
performed to investigate the therapeutic effects of BEV in patients with newly
diagnosed GBM [8, 9]. However, the clinical benefits of BEV in patients with glioma
are still unknown.

Research into drug repositioning for GBM is now expanding, although no
effective drug has yet been reported with strong and solid evidence. Herein, we
focus on candidate agents with therapeutic effects in malignant glioma and that
have undergone clinical trials to evaluate their efficacy in patients. We also describe
the issues of drug repositioning in malignant glioma.

2. Current candidate agents for glioma

Here, we categorize candidate agents into 10 classifications (Table 1).

2.1 Antidiabetic drugs

2.1.1 Metformin

The intracellular metabolic pathway of cancer cells differs from that of normal
cells, as represented by the Warburg effect, and is considered as a cancer therapeu-
tic target. Metformin is a biguanide antidiabetic drug that exerts a hypoglycemic
effect via the suppression of gluconeogenesis in the liver and promotion of glucose
uptake in the muscle and adipose tissues. The antitumor effects of metformin are
widely known and reported in various cancers, such as breast cancer [10].

Basic research with metformin in glioma cells and glioma stem-like cells (GSCs)
has shown that metformin targets multiple pathways (Figure 1). Metformin
activates AMP-activated protein kinase (AMPK) via the inhibition of oxidative
phosphorylation in mitochondrial complex I, which increases the AMP/ATP ratio,
thereby inhibiting the mammalian target of rapamycin (mTOR) and promoting
apoptosis [11, 12]. The metformin-mediated activation of AMPK, followed by the
activation of forkhead box O3 (FOXO3), induces GSC differentiation and reduces
tumorigenicity [13]. The Cancer Genome Atlas has reported missense mutations in
isocitrate dehydrogenase (IDH) genes 1 and 2. D-2-Hydroxyglutarate (D-2HG), a
cancer metabolite produced by the mutant IDH protein, contributes to the devel-
opment and progression of cancer. The conversion of glutamine to α-ketoglutarate
(αKG) is catalyzed by glutamate dehydrogenase (GDH), and the inhibition of GDH
by metformin reduces the production of D-2HG in glioma with the IDH 1/2 muta-
tion [14]. Chloride intracellular channel 1 (CLIC1) is involved in the progression of
various cancers, including GBM [15–17]. CLIC1 is involved in the regulation of the
G1/S transition, and metformin causes G1 cell cycle arrest in GSCs by the selective
inhibition of CLIC1 [18].

An epidemiological study using the Clinical Practice Research Datalink reported
that the use of metformin is not associated with a reduced risk of glioma [19]. In a
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pooled analysis that included 1731 patients from large-scale randomized controlled
trials, the use of metformin was not significantly associated with OS or progression-
free survival (PFS) in patients with newly diagnosed GBM [20]. Although the
results of existing retrospective and epidemiological studies are somewhat discour-
aging, randomized clinical trials are underway, and we expect to see encouraging
results in the future.

2.2 Antihypertensive drugs

2.2.1 Angiotensin II (AT2) receptor blocker

AT2 plays a major role in the renin-angiotensin-aldosterone system and regu-
lates vascular homeostasis, mainly via the activation of angiotensin I receptor
(AT1R) and AT2 receptor. Recent studies have revealed that AT2 has roles in cell
proliferation, differentiation, apoptosis, and migration. Furthermore, AT2 induces
angiogenesis via the stimulation of growth factors such as VEGF, which suggests
that AT2 is a target for cancer therapy [21, 22]. Rivera et al. first reported the
presence of AT1R in glioma cells and demonstrated that the selective blockade of
AT1R with losartan in C6 glioma rats exerts antitumor effects via the inhibition of
tumor growth and angiogenesis [22]. The group also showed that treatment with
losartan inhibits tumor growth via the inhibition of VEGF and promotes apoptosis
in vitro and in vivo [23]. A retrospective analysis of 81 patients with newly diag-
nosed GBM showed that the administration of an AT2R blocker or angiotensin-
converting enzyme (ACE) inhibitor with the current treatment is associated with
reduced brain edema and steroid requirements and improved clinical outcomes
[24]. Nevertheless, the ASTER trial (NCT01805453), a randomized, placebo-
controlled trial, which included losartan to the current treatment for patients with

Figure 1.
Antitumor mechanisms of metformin in glioma. The inhibition of oxidative phosphorylation in mitochondrial
complex I induces the inhibition of mammalian target of rapamycin complex 1 (mTORC1) and activation of
FOXO3 via activating AMPK. The inhibition of GDH reduces the D-2HG production via αKG reduction in
IDH 1/2 mutation glioma. Selective inhibition of CLIC1 causes G1 cell cycle arrest in GSCs.
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pooled analysis that included 1731 patients from large-scale randomized controlled
trials, the use of metformin was not significantly associated with OS or progression-
free survival (PFS) in patients with newly diagnosed GBM [20]. Although the
results of existing retrospective and epidemiological studies are somewhat discour-
aging, randomized clinical trials are underway, and we expect to see encouraging
results in the future.

2.2 Antihypertensive drugs

2.2.1 Angiotensin II (AT2) receptor blocker

AT2 plays a major role in the renin-angiotensin-aldosterone system and regu-
lates vascular homeostasis, mainly via the activation of angiotensin I receptor
(AT1R) and AT2 receptor. Recent studies have revealed that AT2 has roles in cell
proliferation, differentiation, apoptosis, and migration. Furthermore, AT2 induces
angiogenesis via the stimulation of growth factors such as VEGF, which suggests
that AT2 is a target for cancer therapy [21, 22]. Rivera et al. first reported the
presence of AT1R in glioma cells and demonstrated that the selective blockade of
AT1R with losartan in C6 glioma rats exerts antitumor effects via the inhibition of
tumor growth and angiogenesis [22]. The group also showed that treatment with
losartan inhibits tumor growth via the inhibition of VEGF and promotes apoptosis
in vitro and in vivo [23]. A retrospective analysis of 81 patients with newly diag-
nosed GBM showed that the administration of an AT2R blocker or angiotensin-
converting enzyme (ACE) inhibitor with the current treatment is associated with
reduced brain edema and steroid requirements and improved clinical outcomes
[24]. Nevertheless, the ASTER trial (NCT01805453), a randomized, placebo-
controlled trial, which included losartan to the current treatment for patients with

Figure 1.
Antitumor mechanisms of metformin in glioma. The inhibition of oxidative phosphorylation in mitochondrial
complex I induces the inhibition of mammalian target of rapamycin complex 1 (mTORC1) and activation of
FOXO3 via activating AMPK. The inhibition of GDH reduces the D-2HG production via αKG reduction in
IDH 1/2 mutation glioma. Selective inhibition of CLIC1 causes G1 cell cycle arrest in GSCs.
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GBM, did not show any difference in steroid requirements or a significant increase
in the median OS [25].

2.2.2 β-Blocker

Tewarie et al. summarized previous preclinical and clinical studies about the
effects of β-blockers on gliomas and noted reduced cell proliferation via a decrease
in cAMP levels, time-dependent cell cycle arrest, and reduced cell migration [26].
However, in a retrospective cohort study of 218 patients with recurrent GBM,
Johansen et al. observed no correlation between the usage of β-blockers and OS and
PFS [27].

2.2.3 Calcium channel blocker

The altered expression and activity of specific Ca2+ channels and pumps have
been reported in malignant gliomas [28]. Amlodipine, a commonly used antihyper-
tensive drug, was shown to inhibit tumor growth by the inhibition of YAP/TAZ
signaling via the hippo pathway, which is involved in tumor malignancy by the
activation of store-operated Ca2+ entry. This allows intracellular Ca2+ influx [29].
Most research on calcium signaling in GBM is recent and further study is warranted.

2.3 Antiepileptic drugs

A common symptom of GBM is epilepsy, which occurs in half of all cases; thus,
patients are often treated with antiepileptic drugs, such as valproic acid (VPA) and
levetiracetam (LEV) (Figure 2). Enzymatic modifications of histone proteins that
regulate gene expression have been investigated as therapeutic drug targets. His-
tones are modified by histone acetyltransferase (HAT) and histone deacetylase
(HDAC). A HDAC inhibitor (HDACi) enhances the acetylation by HAT and causes
a hyperacetylated state, which exerts multiple antitumor effects such as cell differ-
entiation, apoptosis, cell cycle arrest, sensitivity to chemotherapy, and inhibition of
migration and angiogenesis [30].

2.3.1 Valproic acid

Recently, VPA has been shown to be an effective HDACi and has been proposed
as a drug for cancer treatment [31]. VPA inhibits the proliferation of glioma cells
and enhances radiosensitivity by increasing hyperacetylation in vitro and in vivo
[32]. Another antitumor effect of VPA is the induction of apoptosis by the inhibi-
tion of GSK3β via the activation of Akt/ERK [33]. According to several studies, the
inhibition of GSK3β suppresses survival and proliferation and induces apoptosis in
human GBM cells [34]. However, some meta-analyses have revealed that the clini-
cal benefit of VPA combination treatment in patients with GBM was
contraindicated [35–39], and further studies are warranted.

2.3.2 Levetiracetam

LEV has been shown to increase HDAC1 transcription, recruit the mSin3A/
HDAC1 corepressor complex on the MGMT promoter, and inhibit MGMT expres-
sion through the direct binding of p53 to the MGMT promoter [40]. Thus, LEV
inhibits glioma cell proliferation and significantly potentiates the cytotoxic effects
of TMZ in glioma cells and GSCs [40, 41]. A phase II clinical trial (NCT02815410) is
ongoing and the results are expected in the future.
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2.4 Pesticides

2.4.1 Chloroquine (CHQ)

CHQ is a therapeutic drug for the treatment of malaria [42]. This agent has
antitumor effects for some cancer cells, including glioma cells [43]. However, the
mechanism of the antitumor effect of CHQ in glioma is not well known. Some
studies have suggested that CHQ leads to cancer cell death by controlling autophagy
[44], and recent research has revealed more effects of CHQ treatment. CHQ adjusts
the metabolism of amino acids and inhibits glycogenesis [42]. CHQ administration
also induces the alteration of mitochondrial membrane potential in glioma cells and
causes apoptosis [45]. Some studies have investigated the molecular signaling asso-
ciated with CHQ treatment. The molecular signaling changes in glioma cells caused
by CHQ include the inhibition of the signaling pathway of transforming growth
factor-β (TGF-β) and nuclear factor-kappaB (NF-κB), which play a role in tumori-
genesis [42, 45]. CHQ treatment also suppresses glioma cell invasion by the inhibi-
tion of matrix metalloproteinase-2 (MMP-2) and improved radiosensitivity by the
accumulation of glioma cells in the G2/M phase [45]. Based on the results of these
in vitro studies, clinical trials that investigated the therapeutic effects of CHQ in
patients with glioma have been conducted [43]. In a randomized trial (double-
blind, placebo-controlled) of patients with primary GBM, there were no statistically
significant differences between the CHQ treatment group and the placebo group;
however, the death rate in the CHQ group was half as large as that in the placebo
group [46]. Further clinical trials are in progress (NCT03243461, NCT02432417,
and NCT02378532).

Figure 2.
Antitumor mechanisms of VPA and LEV in glioma. VPA: hyperacetylation of histones via the inhibition of
HDAC suppresses cell proliferation and increases radiosensitivity. The activation of Akt/extracellular
signal-regulated kinase (ERK) inhibits glycogen synthase kinase-3β (GSK3β) and induces apoptosis. LEV:
recruitment of the mSin3A/HDAC1 corepressor complex and direct binding to the MGMT promoter via p53.
Abbreviations: HAT, histone acetyltransferase; MEK, mitogen-activated protein kinase/ERK kinase; PI3K,
phosphoinositide 3-kinase; TMZ, temozolomide.
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2.4.2 Pentamidine

Pentamidine is effective in the treatment of pneumonia caused by Pneumocystis
jirovecii. This drug exerts its therapeutic effects via the inhibition of glucose metab-
olism, protein synthesis, amino acid transport, and ribonucleic acid (RNA) synthe-
sis [47]. Previous studies have shown the therapeutic effects of pentamidine in
various cancers [48]. One in vitro study revealed that pentamidine suppressed
cancer activity via the inhibition of phosphatase of regenerating liver (PRL) [48]
and the inhibition of PRL phosphatase suppressed the activation of Akt and ERK
[49]. Based on these studies, we investigated the effect of pentamidine in glioma
cells and GSCs. Pentamidine suppressed the proliferation of glioma cells and GSCs
and reduced the stemness of GSCs. Additionally, there are clinical benefits to
repurposing pentamidine as the therapeutic drug for malignant glioma, because the
current chemoradiotherapy sometimes induces lymphopenia as a side effect and
patients might suffer from pneumonia caused by P. jirovecii. Further research to
investigate the molecular mechanism of pentamidine is in underway. In the future,
clinical trials are warranted to determine the benefit of pentamidine for patients
with malignant glioma.

2.5 Antipsychotic drugs

2.5.1 Fluvoxamine

Fluvoxamine has been used as an antidepressant since 1986 and is widely applied
in the treatment of anxiety disorders owing to its selective serotonin reuptake inhib-
itor activity, which helps maintain sufficient serotonin levels in the brain to function
[50, 51]. Recently, a new screeningmethod for the quantitative determination of actin
polymerization showed that fluvoxamine inhibits the formation of F-actin, which
induces lamellipodial protrusions, focal adhesions, and stress fibers at the edge of
GBM and is essential for the migration and invasion of GBM cells into normal brain
tissues [52–54]. The molecular signal changes in fluvoxamine-treated glioma cells are
achieved by the suppression of the activity of actin polymerization regulators, focal
adhesion kinases, and mTOR complex 2 [55, 56]. The daily administration of
fluvoxamine to an intracranial xenograft mouse model significantly prolongs survival
and blocks the infiltration of tumor cells into normal brain tissues in vivo [57].
Therefore, fluvoxamine disrupts focal adhesion and actin depolymerization, blocks
the migration and invasion ability of GBM cells, and prolongs patient survival.
Fluvoxamine is a potentially effective anti-invasive drug for the treatment of glioma.

2.5.2 Fluspirilene

Fluspirilene, a member of the diphenylbutylpiperidine class of drugs, is an
effective, traditional, long-acting antipsychotic [58, 59]. Fluspirilene displays an
effective Ca2+ channel blocking activity [60] and inhibits synaptic transmission;
thus, fluspirilene can mitigate a seizure [58]. However, recent studies have shown a
new effect of fluspirilene against some incurable cancers, such as hepatocellular
carcinoma [61] and GBM [62]. Fluspirilene has been identified as a potential anti-
GSC drug. An in vitro investigation has shown that fluspirilene not only attenuates
the cell viability, stemness, sphere-forming ability, and proliferation of GSCs but
also suppresses the invasion of GBM cells via the inhibition of signal transducer and
activator of transcription 3 (STAT3) activity and its nuclear reduction in GBM cells
[62]. In vivo, fluspirilene significantly decreases tumor volume and prolongs
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survival in an intracranial xenograft mouse model [62]. These results suggest that
fluspirilene is a potential novel anti-glioma candidate.

2.6 Antineoplastic drugs

2.6.1 Eribulin

Eribulin, a non-taxane inhibitor of microtubule dynamics [63, 64], was approved
by the US Food and Drug Administration (FDA) in 2010 for the treatment of stage 4
breast cancer [65]. Eribulin prevents the growth of tumor cells via the inhibition of
microtubule activity during cell mitosis and induces M-phase arrest, which result in
cell apoptosis (Figure 3) [66, 67]. Eribulin also reduces the aberrance of the vascular
microenvironment of a tumor [68]. Based on these effects on various cancers, recent
studies have demonstrated that eribulin sensitizes a tumor to radiation via eribulin-
induced M-phase arrest and causes more DNA damage than radiation alone. This
induces an increase in cleaved caspase-3 and cleaved poly-ADP ribose polymerase
levels and results in mitotic catastrophe (Figure 3) [69, 70]. An in vivo study of the
concomitant administration of radiation with eribulin showed that this combination
prolongs the survival of the intracranial xenograft GBM mouse model [71]. Eribulin
also suppresses vascular remodeling and normalizes the radiation-induced aberrant
vascular microenvironment in the xenograft mouse model [71]. A growing evidence
indicates that a telomerase reverse transcriptase (TERT) promoter mutation, a com-
mon mutation in GBM [72], maintains telomerase activity to evade telomere short-
ening; thus, tumor cells overcome replicative senescence and proliferate infinitely
[73] telomerase-independent RNA-dependent RNA polymerase (RdRP) activity
[74, 75]. Eribulin has been identified as a specific inhibitor of TERT-RdRP through
drug screening [76]. Thus, TERT-targeting therapies would be a novel direction to
treat glioma (Figure 3). Both in vitro and in vivo experiments using eribulin to treat
gliomas have shown that eribulin exerts an anticancer activity and suppresses glioma
proliferation through its function as a TERT-RdRP inhibitor, in addition to its micro-
tubule inhibitor activity. Now, eribulin is in a phase II doctor-led clinical trial in
recurrent GBM (UMIN ID: 000030359).

Figure 3.
Antitumor mechanisms of eribulin. The effect of eribulin against glioblastoma multiforme. Eribulin suppresses
microtubule activity and induces M-phase arrest, which makes cells more radiosensitive and ends up with
apoptosis. Eribulin also suppresses proliferation by inhibiting the TERT-RdRP activity.
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survival in an intracranial xenograft mouse model [62]. These results suggest that
fluspirilene is a potential novel anti-glioma candidate.
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Eribulin, a non-taxane inhibitor of microtubule dynamics [63, 64], was approved
by the US Food and Drug Administration (FDA) in 2010 for the treatment of stage 4
breast cancer [65]. Eribulin prevents the growth of tumor cells via the inhibition of
microtubule activity during cell mitosis and induces M-phase arrest, which result in
cell apoptosis (Figure 3) [66, 67]. Eribulin also reduces the aberrance of the vascular
microenvironment of a tumor [68]. Based on these effects on various cancers, recent
studies have demonstrated that eribulin sensitizes a tumor to radiation via eribulin-
induced M-phase arrest and causes more DNA damage than radiation alone. This
induces an increase in cleaved caspase-3 and cleaved poly-ADP ribose polymerase
levels and results in mitotic catastrophe (Figure 3) [69, 70]. An in vivo study of the
concomitant administration of radiation with eribulin showed that this combination
prolongs the survival of the intracranial xenograft GBM mouse model [71]. Eribulin
also suppresses vascular remodeling and normalizes the radiation-induced aberrant
vascular microenvironment in the xenograft mouse model [71]. A growing evidence
indicates that a telomerase reverse transcriptase (TERT) promoter mutation, a com-
mon mutation in GBM [72], maintains telomerase activity to evade telomere short-
ening; thus, tumor cells overcome replicative senescence and proliferate infinitely
[73] telomerase-independent RNA-dependent RNA polymerase (RdRP) activity
[74, 75]. Eribulin has been identified as a specific inhibitor of TERT-RdRP through
drug screening [76]. Thus, TERT-targeting therapies would be a novel direction to
treat glioma (Figure 3). Both in vitro and in vivo experiments using eribulin to treat
gliomas have shown that eribulin exerts an anticancer activity and suppresses glioma
proliferation through its function as a TERT-RdRP inhibitor, in addition to its micro-
tubule inhibitor activity. Now, eribulin is in a phase II doctor-led clinical trial in
recurrent GBM (UMIN ID: 000030359).

Figure 3.
Antitumor mechanisms of eribulin. The effect of eribulin against glioblastoma multiforme. Eribulin suppresses
microtubule activity and induces M-phase arrest, which makes cells more radiosensitive and ends up with
apoptosis. Eribulin also suppresses proliferation by inhibiting the TERT-RdRP activity.
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2.7 Anti-inflammatory drugs

2.7.1 Acetylsalicylic acid (ASA)

ASA, a nonsteroidal anti-inflammatory drug, is used worldwide. Previous stud-
ies have shown the molecular signaling changes by aspirin (Figure 4). ASA exerts
an anticancer via the inhibition of prostaglandin, including prostaglandin E2
(PGE2), synthesis through the acetylation, and inhibition of cyclooxygenase
[77, 78]. ASA treatment suppresses the invasion of glioma cells via the activation of
the expression of connexin 43 (Cx43), which is a major gap junction protein in
astrocytes. Cx43 is normally suppressed by PGE2. Thus, ASA-treated glioma cells
would overexpress Cx43 and the invasion would be inhibited [79]. Other studies
have revealed that ASA suppresses the Wnt/β-catenin/T-cell factor (TCF) signaling
pathway, which plays a key role in glioma progression [79]. Wnt/β-catenin/TCF
pathway suppression would suppress glioma via the regulation of downstream
genes, c-myc and cyclin D1. ASA inhibits the sonic hedgehog (SHH)/glioma-
associated oncogene homolog 1 (GLI1) pathway and adjusts the epithelial-to-
mesenchymal transition [80]. The SHH/GLI1 pathway is also associated with
recovery from the damage by TMZ [80]. Based on these studies, a retrospective
cohort study was performed to investigate the therapeutic effect of ASA in patients
with malignant glioma. The results revealed that the use of ASA is associated with a
higher OS and PFS in patients with WHO grade III glioma; however, there was no
difference in OS and PFS in patients with WHO grade IV glioma [81]. In the future,
prospective multicenter randomized studies are warranted to determine the effect
of ASA in malignant glioma.

2.7.2 Sulfasalazine (SAS)

SAS, which is approved for the treatment of rheumatoid arthritis and inflam-
matory bowel diseases, may be a therapeutic drug for malignant glioma [82]. SAS
exerts anti-inflammatory effects by blocking the activation of NF-κB and the Xc

�

antiporter system, which usually causes the uptake of cystine, release of gluta-
mate, and increase in the levels of reactive oxygen species (ROS) [83]. NF-κB is
activated in GBM tissues and promotes cell proliferation and survival. SAS blocks

Figure 4.
Antitumor mechanisms of acetylsalicylic acid. ASA indicates multimodal effects for glioma cells. ASA suppresses
the invasion of glioma cells by activating the expression of connexin 43. ASA also suppresses c-myc and cyclin
D1 through Wnt/β-catenin/TCF pathway and interfered the recovery of DNA damages and adjusted the
epithelial-to-mesenchymal transition through SHH/GLI1 pathway. Abbreviation: PGE2, prostaglandin E2.
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the cell cycle and induces apoptosis in vitro and inhibits the growth of brain
tumors in mouse xenograft models [83, 84]. However, a phase I/II study of the
current therapy with SAS for patients with recurrent malignant glioma showed no
clinical benefit of SAS [85]. Recently, a phase I/II study of the current therapy
with SAS in patients who were newly diagnosed GBM was performed [86], which
showed that there is no increase in OS and PFS in the current therapy with SAS
group compared to the current therapy group. Results suggest that this new
regimen would improve seizure control; however, the therapeutic effect of SAS
would be limited.

2.8 Multiple-drug combination therapy

A combination therapy with different drugs targeting on multiple molecules that
contribute to malignancy is rational and enhances antitumor effects, reduces side
effects, and avoids resistance. This section provides an overview of the treatment of
recurrent GBM with multiple existing drugs (Figure 5).

2.8.1 CLOVA cocktail

The CLOVA cocktail, composed of cimetidine, lithium, olanzapine, and
valproate, targets dysregulated GSK3β in GBM [87–89]. The therapeutic effects of
GSK3β inhibition are the suppression of tumor cell survival and proliferation, syn-
ergy with TMZ and irradiation, attenuation of invasion, and induction of GSC
differentiation via various pathways [90]. Olanzapine stimulates AMPK catabolic
action, followed by the induction of p53-dependent autophagy. VPA, as an HDACi,
enhances the effect of radiation. A phase I/II clinical study to investigate the effi-
cacy and safety of the CLOVA cocktail in patients with TMZ-resistant recurrent
GBM revealed that this regimen is well tolerated and results in a higher OS than the
control group treated with TMZ alone [87].

2.8.2 CUSP9* treatment

The rational of the coordinated undermining of the survival paths active in GBM
by nine repurposed drugs [aprepitant, artesunate, auranofin, captopril, celecoxib,
disulfiram (DSF), itraconazole, ritonavir, and sertraline], termed CUSP9*, was
developed to prevent therapeutic resistance in tumor cells. CUSP9* targets the
diverse complementary redundant pathways to render tumor cells susceptible to
the cytotoxic effects of TMZ [91] by the simultaneous administration of nine drugs
with low-dose daily TMZ. Each drug exerts different inhibitory effects on the 17
molecules and pathways shown in Figure 5. Auranofin and DSF increase the level of
intracellular reactive oxygen species [96]. Recently, the experimental CUSP9*
strategy with TMZ was shown to suppress the stemness of GSCs and tumorigenesis
via the blockade of the Wnt/β-catenin pathway [92].

2.8.3 FTT cocktail

A unique therapeutic approach to reprogram and reverse cancer cells to normal
somatic cells has attracted attention. The combination of fasudil, tranilast, and TMZ
was identified to reprogram GBM cells into neuronal like cells [93]. GBM cells
treated with the FTT cocktail show normal neuronal morphology, gene expression,
and electrophysiological properties and lower malignancy than untreated cells. This
might be caused by the synergistic effect of the three drugs [93]. In addition, the
FTT cocktail suppresses tumor growth and prolongs survival in a GBM xenograft
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the cell cycle and induces apoptosis in vitro and inhibits the growth of brain
tumors in mouse xenograft models [83, 84]. However, a phase I/II study of the
current therapy with SAS for patients with recurrent malignant glioma showed no
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with SAS in patients who were newly diagnosed GBM was performed [86], which
showed that there is no increase in OS and PFS in the current therapy with SAS
group compared to the current therapy group. Results suggest that this new
regimen would improve seizure control; however, the therapeutic effect of SAS
would be limited.

2.8 Multiple-drug combination therapy

A combination therapy with different drugs targeting on multiple molecules that
contribute to malignancy is rational and enhances antitumor effects, reduces side
effects, and avoids resistance. This section provides an overview of the treatment of
recurrent GBM with multiple existing drugs (Figure 5).

2.8.1 CLOVA cocktail

The CLOVA cocktail, composed of cimetidine, lithium, olanzapine, and
valproate, targets dysregulated GSK3β in GBM [87–89]. The therapeutic effects of
GSK3β inhibition are the suppression of tumor cell survival and proliferation, syn-
ergy with TMZ and irradiation, attenuation of invasion, and induction of GSC
differentiation via various pathways [90]. Olanzapine stimulates AMPK catabolic
action, followed by the induction of p53-dependent autophagy. VPA, as an HDACi,
enhances the effect of radiation. A phase I/II clinical study to investigate the effi-
cacy and safety of the CLOVA cocktail in patients with TMZ-resistant recurrent
GBM revealed that this regimen is well tolerated and results in a higher OS than the
control group treated with TMZ alone [87].

2.8.2 CUSP9* treatment

The rational of the coordinated undermining of the survival paths active in GBM
by nine repurposed drugs [aprepitant, artesunate, auranofin, captopril, celecoxib,
disulfiram (DSF), itraconazole, ritonavir, and sertraline], termed CUSP9*, was
developed to prevent therapeutic resistance in tumor cells. CUSP9* targets the
diverse complementary redundant pathways to render tumor cells susceptible to
the cytotoxic effects of TMZ [91] by the simultaneous administration of nine drugs
with low-dose daily TMZ. Each drug exerts different inhibitory effects on the 17
molecules and pathways shown in Figure 5. Auranofin and DSF increase the level of
intracellular reactive oxygen species [96]. Recently, the experimental CUSP9*
strategy with TMZ was shown to suppress the stemness of GSCs and tumorigenesis
via the blockade of the Wnt/β-catenin pathway [92].

2.8.3 FTT cocktail

A unique therapeutic approach to reprogram and reverse cancer cells to normal
somatic cells has attracted attention. The combination of fasudil, tranilast, and TMZ
was identified to reprogram GBM cells into neuronal like cells [93]. GBM cells
treated with the FTT cocktail show normal neuronal morphology, gene expression,
and electrophysiological properties and lower malignancy than untreated cells. This
might be caused by the synergistic effect of the three drugs [93]. In addition, the
FTT cocktail suppresses tumor growth and prolongs survival in a GBM xenograft
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Figure 5.
Multiple molecular-targeted therapies by multiple-drug treatment with temozolomide. Multiple existing drug
combination, CLOVA cocktail, CUSP9* treatment, and FTT cocktail, targets multiple signaling pathways
which attribute GBM malignant phenotype. Abbreviations: 5-LO, 5-lipoxygenase; ABCG2, ATP-binding
cassette super-family G member 2; ACE, angiotensin-converting enzyme; ALDH, aldehyde dehydrogenase;
AMPK, adenosine monophosphate; CA, carbonic anhydrase; CDK, cyclin-dependent kinase; COX,
cyclooxygenase; FAK, focal adhesion kinase; GSK3β, glycogen synthase kinase-3β; HDAC, histone
deacetylase; HH, hedgehog; JNK, c-Jun N-terminal kinase; MGMT, O6-methylguanine-DNA
methyltransferase; MMP, matrix metalloproteinase; MT, membrane type; mTOR, mammalian target of
rapamycin; NK-1, neurokinin-1; NF-κB, nuclear factor-kappaB; P-gp, P-glycoprotein; ROCK, rho-
associated protein kinase; ROS, reactive oxygen species; TCTP, translationally controlled tumor protein; TF,
tissue factor; TGF-β, transforming growth factor-β; TMZ, temozolomide; VEGF, vascular endothelial growth
factor.
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model more than TMZ alone. Fasudil inhibits the ROCK2/moesin/β-catenin path-
way in TMZ-resistant glioma cell lines and downregulates the ATP-binding cassette
super-family G member 2 transporter to increase sensitivity to TMZ [94]. The
inhibition of ROCK with mTOR inhibition exerts neuronal reprogramming more
effectively in vitro and in vivo than the inhibition of ROCK alone [95], which
suggests the possibility of more drug combinations. Tranilast alone inhibits glioma
progression via TGF-β restriction [96]. Although the mechanism underlying the
tumor-suppressive function of the FTT cocktail is not fully elucidated, this cocktail
might improve the current therapy for malignant glioma.

2.9 Other drugs

2.9.1 Disulfiram

DSF, the FDA-approved drug for the treatment of alcohol abuse, may be a
therapeutic drug for GBM. DSF is an irreversible inhibitor of aldehyde dehydroge-
nase [97], which is a functional marker of cancer stem cells [98]. An in vitro study
revealed that DSF is an inhibitor of MGMT and enhances the efficacy of alkylator-
induced tumor death [99]. Another study revealed that DSF suppresses the growth
and self-renewal of GSCs via the inhibition of polo-like kinase-1, which controls cell
progression and cytokinesis [97]. The activity of DSF is potentiated by copper and
induces GSC death [100]. However, an open-label, single-arm phase II study of
TMZ plus DSF for patients with recurrent TMZ-resistant GBM showed that the
objective response rate is 0% and DSF combination therapy would have only
limited therapeutic effects for patients with GBM [101].

2.9.2 Statins

Statins, a therapeutic drug for dyslipidemia, inhibit 3-hydroxy-3-methylglutaryl-
coenzyme A reductase. Some statins have a therapeutic effect on glioma cells
[102, 103]. In vitro, simvastatin induces the apoptosis of C6 glioma cells by phosphor-
ylation of activating transcription factor-2 and c-Jun [102]. Lovastatin suppresses the
proliferation and migration of glioma cell lines via the suppression of the activation of
ERK [103]. A retrospective cohort study suggested that the long-term prediagnostic
statin intake increases the OS in patients with GBM [104]. Another retrospective
cohort study suggested that statin intake is associated with fewer seizures in patients
with GBM [105]. However, other cohort studies have not indicated a survival rela-
tionship between malignant glioma and statin intake. Finally, a meta-analysis of these
retrospective cohort studies revealed that statins do not increase the PFS and OS in
patients with GBM [106]. In the future, prospective multicenter randomized studies
are warranted to determine the effect of statins in malignant glioma.

2.10 Pre-drugs

2.10.1 Kenpaullone

Kenpaullone, a potent and nonselective inhibitor of GSK3 [107], is a serine/
threonine kinase that regulates numerous signaling pathways involved in cell
cycle control, proliferation, differentiation, and apoptosis [108, 109].
Kenpaullone treatment inhibits glioma cell proliferation, suppresses anti-
apoptotic mechanisms in the mitochondria, inhibits pro-survival factors, and
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way in TMZ-resistant glioma cell lines and downregulates the ATP-binding cassette
super-family G member 2 transporter to increase sensitivity to TMZ [94]. The
inhibition of ROCK with mTOR inhibition exerts neuronal reprogramming more
effectively in vitro and in vivo than the inhibition of ROCK alone [95], which
suggests the possibility of more drug combinations. Tranilast alone inhibits glioma
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tumor-suppressive function of the FTT cocktail is not fully elucidated, this cocktail
might improve the current therapy for malignant glioma.

2.9 Other drugs
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DSF, the FDA-approved drug for the treatment of alcohol abuse, may be a
therapeutic drug for GBM. DSF is an irreversible inhibitor of aldehyde dehydroge-
nase [97], which is a functional marker of cancer stem cells [98]. An in vitro study
revealed that DSF is an inhibitor of MGMT and enhances the efficacy of alkylator-
induced tumor death [99]. Another study revealed that DSF suppresses the growth
and self-renewal of GSCs via the inhibition of polo-like kinase-1, which controls cell
progression and cytokinesis [97]. The activity of DSF is potentiated by copper and
induces GSC death [100]. However, an open-label, single-arm phase II study of
TMZ plus DSF for patients with recurrent TMZ-resistant GBM showed that the
objective response rate is 0% and DSF combination therapy would have only
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Statins, a therapeutic drug for dyslipidemia, inhibit 3-hydroxy-3-methylglutaryl-
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ylation of activating transcription factor-2 and c-Jun [102]. Lovastatin suppresses the
proliferation and migration of glioma cell lines via the suppression of the activation of
ERK [103]. A retrospective cohort study suggested that the long-term prediagnostic
statin intake increases the OS in patients with GBM [104]. Another retrospective
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tionship between malignant glioma and statin intake. Finally, a meta-analysis of these
retrospective cohort studies revealed that statins do not increase the PFS and OS in
patients with GBM [106]. In the future, prospective multicenter randomized studies
are warranted to determine the effect of statins in malignant glioma.

2.10 Pre-drugs
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Kenpaullone, a potent and nonselective inhibitor of GSK3 [107], is a serine/
threonine kinase that regulates numerous signaling pathways involved in cell
cycle control, proliferation, differentiation, and apoptosis [108, 109].
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attenuates the stemness and viability of GSCs via the downregulated activity of
GSK3β [88, 110, 111]. The combination of low-dose kenpaullone with TMZ
enhances cytotoxicity against glioma via the induction of c-Myc-mediated apo-
ptosis [110]. These results suggest that kenpaullone is a potential compound for
the treatment of glioma.

2.10.2 2-Fluoropalmitic acid (2-FPA)

Recently, 2-FPA, a new fatty acid inhibitor compound, has been identified as a
potential anti-glioma agent through a drug screening system for drugs that target
cancer stem cells using existing drug libraries [62]. As an active chemical com-
pound, the safety of 2-FPA for normal brain cells has not yet been revealed. There
are no reports that have mentioned the effect of 2-FPA in other cancers. An in vitro
investigation using GSCs and GBM cells [112] has shown that 2-FPA suppresses the
viability and sphere-forming ability of GSCs; inhibits the proliferation of GBM cells
via the dephosphorylation of ERK, which is essential for the proliferation and
invasion of glioma [113]; and blocks the invasion of GBM cells via the suppression
of the activity of MMP-2, which plays an important role in cell invasion [114]. In
addition to its mono activity against glioma, the combination of 2-FPA with TMZ
synergistically enhances the efficacy of TMZ against glioma in vitro via the increase
in MGMT promoter methylation and downregulation of MGMT, the main and
predominant reasons for TMZ resistance [115], which suggest that combination
therapy may be one strategy to improve TMZ efficacy and overcome resistance.
Overall, 2-FPA is a potential therapeutic agent against GBM. To extend these
results, physiological studies are required.

3. Issues of drug repositioning for glioma

Despite these studies, some problems remain in drug repositioning for the treat-
ment of glioma because of the uniqueness of this brain tumor.

The biggest problem is the penetration of the blood-brain barrier (BBB), which
restricts the passage of molecules, including candidate agents. The BBB is a multi-
layered barrier between the blood and brain tissues to regulate the environment of
the brain. The BBB has a good permeability for nutrients that are required for nerve
cells [116]. Additionally, the BBB adjusts the ionic composition and the concentra-
tion of neurotransmitters, such as neuroexcitatory amino acids, to maintain the
optimal environment for synapses. If ions and neurotransmitters spread into the
CNS in an uncontrolled manner, the synapse is insufficiently stimulated and brain
tissue is damaged [116]. The BBB also prevents the penetration of macromolecules
more than 400–500 Da to exclude neurotoxic molecules [117]. Some plasma pro-
teins induce the apoptosis of nerve cells [116]. This multilayered barrier blocks
these proteins and would block the penetration of candidate agents. To overcome
this problem, techniques are being explored. Some studies have investigated a new
drug delivery system that uses an ultrasound-sensitizing nanoparticle complex, as
preliminary studies have revealed that an ultrasound with microbubbles could open
the BBB locally [118]. Other studies have evaluated the usefulness of convention-
enhanced delivery therapy, which is a local infusion therapeutic technique to
directly introduce a drug to brain neoplasms [119, 120].

A malignant glioma has features that are different from those in other malig-
nant tumors. First, a malignant glioma has heterogeneity. Some malignant cancers,
such as acute leukemia, are homogeneous; thus, the appropriate candidate agent
would induce remission because “the weak point” of all tumor cells is the same.
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However, a malignant glioma is a complicated aggregation, once called “glioblas-
toma multiforme” [121]. If one candidate agent exerts therapeutic effects for some
glioma cells, other resistant glioma cells would multiply. To overcome this prob-
lem, several previous studies have performed multiple-drug combination therapy.
This therapy would focus on multiple therapeutic targets at once with minimal side
effects [85]; however, currently, there are no combination treatments that can
replace the current treatments. Second, despite its clinical aggressiveness, 60–70%
of the tumor cells in malignant glioma are in the nonproliferating phase [122]. This
indicates that not only heterogeneous cells but also the cell cycle must be consid-
ered because resting cells indicate resistance to chemoradiotherapy [122]. Based on
this, some studies have focused on candidate agents that can change the phase of
the cell cycle [18, 45].

4. Perspective

The strategy to discover the most effective drug is the key to accomplish a
successful drug repositioning. One of the main methods is an in vitro or in vivo drug
screening system in which target cells are treated by various existing drugs and the
alteration to the malignant phenotype, such as by cytotoxicity, is analyzed. Drugs
that exert cytotoxicity in GBM cells, especially GSCs, at low concentrations would
be good candidates. Since the previous reports mention that GSCs were the cause of
recurrence of GBM [100], GSCs can be good target. Lower drug concentration can
minimize side effects. However, to achieve this strategy, appropriate experimental
resources, including candidate agents, drug screening systems, and established cell
lines are required. Epidemiological discovery is another option, such as the mea-
surement of the incidence of a certain disease in the population to which specific
drugs are administered. Serendipity is an important factor in this strategy. For
instance, a prospective cohort study revealed a lower cancer incidence in people
with schizophrenia [123]. This led us to the idea that antipsychotic drugs possess
therapeutic effects against cancers including glioma [57, 62]. However, the most
efficient method might be mutual molecular and structure analyses between target
cells and drugs using artificial intelligence (AI). Different biochemical and mathe-
matical techniques have been designed and optimized to accurately infer links
between target cells and drugs. Drug-target interaction prediction is an important
part of most rational drug repositioning pipelines. The major target molecules for
malignant glioma are Akt, ERK, and STAT3, which sustain malignant phenotype
[62, 103, 113].

The supply of research resources is also important. Pharmaceutical companies
hold the materials for drug repositioning such as drug libraries and useful knowl-
edge for bringing new drugs to market. Thus, a collaboration between researchers
who establish efficient screening systems and pharmaceutical companies that own
various drugs, including those that failed in clinical trials, can lead to a successful
drug repositioning.

Although drug repositioning may be useful in the future, there are hurdles to the
transition of this research into clinical practice owing to financial problems. Drug
repositioning involves reinvestment in inexpensive drugs with expired patents;
therefore, the benefits to pharmaceutical companies are small, which results in a
reluctance to cooperate to broaden the indications of their drugs. This is especially
true for rare diseases, such as glioma. Currently, the only way for researchers to
raise public and private funds is by themselves, and they must conduct physician-
led clinical trials without the support of pharmaceutical companies. An effective
system in which the government supports drug repositioning is required to
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effects [85]; however, currently, there are no combination treatments that can
replace the current treatments. Second, despite its clinical aggressiveness, 60–70%
of the tumor cells in malignant glioma are in the nonproliferating phase [122]. This
indicates that not only heterogeneous cells but also the cell cycle must be consid-
ered because resting cells indicate resistance to chemoradiotherapy [122]. Based on
this, some studies have focused on candidate agents that can change the phase of
the cell cycle [18, 45].

4. Perspective

The strategy to discover the most effective drug is the key to accomplish a
successful drug repositioning. One of the main methods is an in vitro or in vivo drug
screening system in which target cells are treated by various existing drugs and the
alteration to the malignant phenotype, such as by cytotoxicity, is analyzed. Drugs
that exert cytotoxicity in GBM cells, especially GSCs, at low concentrations would
be good candidates. Since the previous reports mention that GSCs were the cause of
recurrence of GBM [100], GSCs can be good target. Lower drug concentration can
minimize side effects. However, to achieve this strategy, appropriate experimental
resources, including candidate agents, drug screening systems, and established cell
lines are required. Epidemiological discovery is another option, such as the mea-
surement of the incidence of a certain disease in the population to which specific
drugs are administered. Serendipity is an important factor in this strategy. For
instance, a prospective cohort study revealed a lower cancer incidence in people
with schizophrenia [123]. This led us to the idea that antipsychotic drugs possess
therapeutic effects against cancers including glioma [57, 62]. However, the most
efficient method might be mutual molecular and structure analyses between target
cells and drugs using artificial intelligence (AI). Different biochemical and mathe-
matical techniques have been designed and optimized to accurately infer links
between target cells and drugs. Drug-target interaction prediction is an important
part of most rational drug repositioning pipelines. The major target molecules for
malignant glioma are Akt, ERK, and STAT3, which sustain malignant phenotype
[62, 103, 113].

The supply of research resources is also important. Pharmaceutical companies
hold the materials for drug repositioning such as drug libraries and useful knowl-
edge for bringing new drugs to market. Thus, a collaboration between researchers
who establish efficient screening systems and pharmaceutical companies that own
various drugs, including those that failed in clinical trials, can lead to a successful
drug repositioning.

Although drug repositioning may be useful in the future, there are hurdles to the
transition of this research into clinical practice owing to financial problems. Drug
repositioning involves reinvestment in inexpensive drugs with expired patents;
therefore, the benefits to pharmaceutical companies are small, which results in a
reluctance to cooperate to broaden the indications of their drugs. This is especially
true for rare diseases, such as glioma. Currently, the only way for researchers to
raise public and private funds is by themselves, and they must conduct physician-
led clinical trials without the support of pharmaceutical companies. An effective
system in which the government supports drug repositioning is required to
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overcome the issue of budget constraints. From an economic perspective, it would
be beneficial to patients and countries to treat patients with inexpensive drugs with
expired patents.

After the appearance of TMZ, drug development for GBM has stagnated. A huge
advance in the treatment of patients with GBM can be expected if effective drugs
are identified via drug repurposing.

5. Conclusion

Drug repositioning is a useful research strategy to identify the therapeutic agents
for glioma. Here, we discuss the current drug repositioning and its perspective for
glioma treatment. Despite many efforts to date, no agents are widely used in the
current clinical practice. For breaking down the current situation, appropriate
screening system, suitable animal model, well-designed clinical trials, and tight
collaboration with pharmaceutical companies are warranted. From now on, the
drastic progress in this field would be occurred by new methods including AI.
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Chapter 9

Repurposing Infectious 
Pathogen Vaccines in Cancer 
Immunotherapy
Matteo Conti

Abstract

Reports in the literature show that certain vaccines against infectious pathogens, 
can be effective in eliciting antitumor immune response when injected intra-
tumorally. In mouse tumor models, intratumoral delivery of rotavirus, yellow 
fever, and influenza vaccines have been shown to also synergize with checkpoint 
inhibitors, in the leading immunotherapy in the clinical practice today. The 
combined approach can thus become a very promising novel strategy for anti-
cancer immunotherapy. In humans, an attenuated poliomyelitis virus vaccine, a 
peptide-based vaccines against papilloma and one based on detoxified diphthe-
ria protein have already been tested as intratumoral treatments readily. In those 
studies, the role of available anti-pathogen immunity appears an important 
element in mediating the activity of the repurposed vaccines against cancer. We 
therefore suggest how evaluating or eventually developing anti-pathogen immu-
nity before intratumoral delivery could be helpful in repurposing  infectious 
pathogen vaccines in cancer immunotherapy.

Keywords: cancer immunotherapy, cancer vaccines, repurposed vaccines, infectious 
agents vaccines, intratumoral delivery

1. Introduction

The immune system is physiologically able to detect and destroy abnormal 
cells and to curb the growth of clinically meaningful cancers [1]. However, during 
carcinogenesis, immune tolerance and immunosuppression mechanisms become 
more and more prevalent and critically detectable tumor masses start to appear 
in patients [2]. Recognized mechanisms are for instance: (1) genetic changes that 
make cancer cells less visible to the immune system [3], (2) release of specific 
molecular factors that subvert normal mesenchymal cells and certain immune 
cells into alleys [3, 4], (3) expression and/or overexpression of specific cancer cell 
surface proteins, such as checkpoint regulators, that directly inhibit immune cell 
activation [5].

Figure 1 provides an overview of the immunosuppressive interplay between 
a cancerous cell and the immune system into the tumor microenvironment. 
Cancer cells modulate their expression of receptors, release specific molecules and 
microvesicles in order not only to avoid destruction but to also recruit immune 
system components in their favor.
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Only quite recently scientists have started to learn how to interfere with such 
mechanisms and several types of immunotherapies (Table 1) have become available 
to clinicians [6, 7].

One main area of anticancer immunotherapy is that of adoptive cell transfer 
(ACT) therapy, which has shown remarkable activity against blood malignancies 
and even solid tumors [8–10]. In this therapy, immune cells are taken from patients’ 
blood, selected, cultured, genetically modified and multiplied in the laboratory, 
before being reinfused to patients. Chimeric antigen receptor (CAR) T cells, in 
particular, are genetically modified in order to express specific very efficient 
receptors able to target cancer cells. These techniques actually require very special 
laboratories and expensive resources to be performed. Therefore, they are still out 
of reach for most of the patients worldwide.

Figure 2 is a schematic representation of chimeric antigen receptor (CAR) 
constructs delivered by retroviral transfection in T cell collected from patients 
and grown in culture. First-generation constructs employ a single-chain 
variable fragment (SCvf) connected by a linker to a transmembrane domain 
and an intracellular signaling domain. In second-generation constructs, one 
co-stimulatory domain (such as 4-1BB) has been added. In third-generation 
constructs, two co-stimulatory domains (such as 4-1BB or CD 134) have been 
employed. In fourth-generation constructs, a transgene protein for cytokines or 
chemokines has also been added. Despite this elaborated design, much research 
is still needed in order to improve CAR T cells efficacy and limit or control their 
toxicity.

Approved drug Immunotherapeutic category

Nivolumab, pembrolizumab Anti-PD-1 monoclonal antibodies

Atezolizumab, darvalumab, avelumab Anti-PDL-1 monoclonal antibodies

Ipilimumab Anti-CTLA-4 monoclonal antibodies

Sipuleucel-T Dendritic cell-based vaccines

Tisagenlecleucel, axicabtagene ciloleucel (CD19 targeting) CAR T cells

Talimogene laherparepvec Oncolytic viruses

recombinant IL-2 and INFa Immunostimulants

Imiquimod (TLR7 agonist) Toll-like receptor agonists

Recently FDA-approved immunotherapies (left column) with indication of respective immunotherapeutic categories 
(right column).

Table 1. 
Recent milestone drugs approved for immune oncology.

Figure 1. 
Immune regulation within the tumor microenvironment.
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Checkpoint inhibitors (CIs) are monoclonal antibodies developed to specifically 
target checkpoint regulators that are responsible of immunosuppression by cancer 
cells in many cases. They are arguably becoming the most successful agents in the 
clinical practice. Some of them are already approved by regulatory agencies and 
broadly used in oncology practice (cf. Table 1). They show considerable efficacy, 
albeit still in a small percentage of patients, and much research is needed in order 
to improve their efficacy, avoid resistance development by cancer cells, and, also, 
reduce their systemic toxicity [10–12].

According to various reports, CIs efficacy is very much dependent on the pres-
ence and the number of tumor-infiltrating lymphocytes (TILs) in tumor lesions 
[5] and so various strategies in clinical trials try to increase tumor recognition by 
the immune system, to turn cold turn cold (immunosuppressed) tumors into hot 
(immunoactive) ones [11, 13].

CIs are combined with chemotherapy which, inducing cytolysis and release of 
neoan tigens, can trigger an activation of the immune system. The problem with this 
approach is that most chemotherapies are myelotoxic and immunosuppressive in 
nature, to the point that the immune system can become so weakened and impaired 
to effectively fight against left-over cancer cells. Chemotherapeutic agents, such 
as cyclophosphamide and gemcitabine, having relatively lower myelotoxic effects, 
appear among the best candidates for this approach [14–16].

Radiotherapy is also employed because it is able to cause immunogenic cell 
death, cytolysis, and neoantigen release [14, 17–19]. In principle, it should induce 
lesser systemic immunosuppression than chemotherapy. In addition, the so-called 
abscopal effect enable extending immunotherapeutic effects to nonirradiated 
lesions [20].

Other physics-based techniques, such as cryotherapy, radiofrequency, electroche-
motherapy, phototherapy, chemoembolization, and others, can synergize with CIs as 
well, by causing release of neoantigens secondary to induced cancer cell death [20–22].

Another interesting area of combination therapy with CIs is that with intratu-
moral delivery of pathogen-associated molecules, which could be used to activate 
the immune system inside the tumor microenvironment. This approach is the focus 
of the next sections of this writing. It must be pointed out that it heavily relies on 
the possibility of delivering molecules directly into tumor lesions by interventional 
radiology/oncology techniques, because if delivered systemically these molecules 
would be neutralised by the immune system before they could even reach their 
target [23–25].

Figure 2. 
Chimeric antigen receptor (CAR) constructs.
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target checkpoint regulators that are responsible of immunosuppression by cancer 
cells in many cases. They are arguably becoming the most successful agents in the 
clinical practice. Some of them are already approved by regulatory agencies and 
broadly used in oncology practice (cf. Table 1). They show considerable efficacy, 
albeit still in a small percentage of patients, and much research is needed in order 
to improve their efficacy, avoid resistance development by cancer cells, and, also, 
reduce their systemic toxicity [10–12].

According to various reports, CIs efficacy is very much dependent on the pres-
ence and the number of tumor-infiltrating lymphocytes (TILs) in tumor lesions 
[5] and so various strategies in clinical trials try to increase tumor recognition by 
the immune system, to turn cold turn cold (immunosuppressed) tumors into hot 
(immunoactive) ones [11, 13].

CIs are combined with chemotherapy which, inducing cytolysis and release of 
neoan tigens, can trigger an activation of the immune system. The problem with this 
approach is that most chemotherapies are myelotoxic and immunosuppressive in 
nature, to the point that the immune system can become so weakened and impaired 
to effectively fight against left-over cancer cells. Chemotherapeutic agents, such 
as cyclophosphamide and gemcitabine, having relatively lower myelotoxic effects, 
appear among the best candidates for this approach [14–16].

Radiotherapy is also employed because it is able to cause immunogenic cell 
death, cytolysis, and neoantigen release [14, 17–19]. In principle, it should induce 
lesser systemic immunosuppression than chemotherapy. In addition, the so-called 
abscopal effect enable extending immunotherapeutic effects to nonirradiated 
lesions [20].

Other physics-based techniques, such as cryotherapy, radiofrequency, electroche-
motherapy, phototherapy, chemoembolization, and others, can synergize with CIs as 
well, by causing release of neoantigens secondary to induced cancer cell death [20–22].

Another interesting area of combination therapy with CIs is that with intratu-
moral delivery of pathogen-associated molecules, which could be used to activate 
the immune system inside the tumor microenvironment. This approach is the focus 
of the next sections of this writing. It must be pointed out that it heavily relies on 
the possibility of delivering molecules directly into tumor lesions by interventional 
radiology/oncology techniques, because if delivered systemically these molecules 
would be neutralised by the immune system before they could even reach their 
target [23–25].

Figure 2. 
Chimeric antigen receptor (CAR) constructs.
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2. Intratumoral delivery of pathogen-associated molecules

Probably the most famous historical account on the use of pathogens to treat 
tumors is that of William Coley. He was the first to report the observation that soft 
tissue sarcoma could naturally regress after bacterial infections. Facing cases in his 
clinical practice, he then proceeded to cause such risky infections on purpose, using 
bacterial-derived material (Coley’s toxins) to locally inject tumor masses, observing 
successful tumor regression in some case [26–28].

Another well-known example of an infectious pathogen used for local tumor 
treatment is that of Calmette-Guerrin bacillus for transurethral instillation in 
urothelial carcinoma [29].

We are today able to deliver much better defined preparations of engineered 
recombinant viruses and bacteria into tumors, as well as of a variety of pathogen-
derived molecules to trigger the immune response. In general, the presence of 
pathogens is sensed by specialized immune cell receptors [30].

Main families of these receptors are: toll-like receptors (TLRs) on the plasma 
membrane and in endosomal compartments, cytoplasmic receptors for viral nucleic 
acids, such as retinoic acid-induced gene 1 (RIG-I), melanoma differentiation-
associated protein 5 (MDA-5), stimulator of interferon genes (STING), and the 
intracellular nucleotide-binding oligomerization domain-like receptors (NOD) 
family of receptors. They are also entangled and shared by those that detect stress-
ful cell death (DAMPs) secondary to infectious conditions. Therefore, many types 
of PAMP and DAMP agonists are under study alone and/or in combination with 
other immune system activators, such as CIs but also immune cell direct activators 
and growth stimulators.

Pharmaceutical formulations of polyinosinic: polycytosinic acids (poly I:C) can 
mimic double-stranded RNA molecules of viral origin sensed by the endosomal 
TLR3 receptors and by the intracellular RIG-I and MDA-5 sensors, and have been 
studied in transplantable mouse tumors, yielding good results in combination with 
checkpoint inhibitors [31]. Stabilized poly I:C formulation (poly ICLC, Hiltonol) 
has been employed for intratumoral delivery as monotherapy and/or in combina-
tion, in a few clinical trials [31–33].

TLR7/8 natural agonists imiquimod and resiquimod have been used against 
basal cell carcinoma [34, 35], melanoma, and other skin neoplasms [36] as well as 
against common warts [37, 38]. Local imiquimod has also been used in combination 
with radiotherapy for breast cancer in the clinic [39]. Intratumoral administration 
of TLR7/8 agonist NKTR-262 is being studied in patients with locally advanced or 
metastatic solid tumors (NCT03435640). Preliminary results from the phase I/II 
REVEAL trial noted a disease control rate of about 50% [40].

Intratumoral delivery of TLR9 agonists CpG oligonucleotides has been employed 
very successfully in mouse models and seen to be able to even determine cancer 
eradication by the immune system [41]; but, it failed to provide clear benefits in 
clinical trials [42, 43]. A combination of a CpG oligonucleotide with an agonistic 
anti-OX40 antibody intratumorally administered both in syngeneic transplanted 
and genetically determined tumor models was able to induce complete tumor 
eradication in mice [44] and the combination of these two agents (namely SD-101 
and BMS 986178) is now under testing in ongoing trial against a variety of tumors 
(NCT03831295).

Intratumoral injection of STING-agonist dinucleotides can be another way to 
unleash the curative tumor response against transplantable mouse models [45]. 
Human STING agonist adu-s100, for instance, is undergoing clinical development 
(NCT 02675439).

165

Repurposing Infectious Pathogen Vaccines in Cancer Immunotherapy
DOI: http://dx.doi.org/10.5772/intechopen.92780

All these immune activators should be delivered intratumorally, ideally in a neoad-
juvant setting, in order to synergize with current systemic immunotherapies (Figure 3).

3. Intratumoral delivery of pathogens

Entire pathogens, in particular recombinant oncolytic viruses, have been 
engineered to sustain selective replication into malignant cells [46, 47]. However, 
experience with the use of these oncolytic viruses, originally thought as cytolytic 
agents, has shown that antitumor immune response against viral-infected cells is 
a fundamental factor for their anticancer efficacy [48]. Therefore, modern viral 
vectors are genetically engineered to also express cytokines and other immune 
stimulating factors [49].

Vaccinia and herpes viruses have proven most effective when engineered to 
encode for immune-promoting genes such as interleukin 12 (IL-12) and granulo-
cyte macrophage colony-stimulating factor (GM-CSF) [49, 50]. These agents are 
dramatically enhanced in their therapeutic performances by concomitant admin-
istration of PD-1/PDL-1 and CTLA-4 blocking Abs [51] as well as anti-CD137 or 
anti-OX40 agonist Abs [52–54]. Vectors based on vaccinia virus encoding GM-CSF 
(JX-594) are also under clinical development with promising results [55, 56].

The most successful agent so far in this category is herpes virus (HSV-1) modi-
fied to encode GM-CSF, named T-vec (talimogene). It has been granted Food 
and Drug Administration approval for unresectable melanoma [57]. Essentially, 
engineered pathogen preparations are delivered intratumorally in the neoadjuvant 
setting (essentially according to the scheme in Figure 3).

4.  Clinical trials on intratumorally delivered pathogens and  
pathogen-associated molecules

Immunotherapies do not come without adverse effects and complications. 
In addition, patients have their own peculiarities and it is vital that clinicians 
identify the best therapeutic options for each one of them. In this light, there are 
various ongoing clinical trials evaluating intratumoral immunotherapies based 
on pathogen-associated molecules, alone or in combination with other therapies 
[25]. Poly-ICLC (Hiltonol) is in phase I against prostate cancer (NCT03262103); 
TLR7 agonist (Imiquimod) is in phase III against melanoma (NCT01720407); 

Figure 3. 
Schematic diagram of the neoadjuvant intratumoral delivery of a therapeutic vaccine.
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TLR9 agonist (CMP-001) in combination with Anti-PD-1 (Nivolumab) is in phase 
II against melanoma and lymph node cancer (NCT03618641); and TLR8 agonist 
(VTX-2337) in combination with Anti-PD-1 (Tislelizumab) is in phase I against 
head and neck cancer (NCT03906526). JX-594 (Oncolytic virus) is in phase II 
against colorectal carcinoma (NCT01329809); and T-VEC (Oncolytic virus) is 
in phase II against melanoma (NCT02211131), in combination with Anti-PD-L1 
(Atezolizumab) in phase I against breast cancer (NCT03802604), in combina-
tion with chemotherapy in phase I/II against breast cancer (NCT02779855), in 
combination with Anti-PD-1 (Pembrolizumab) in phase II against melanoma 
(NCT03842943), in combination with BRAF Inhibitor and MEK Inhibitor in phase 
II against melanoma (NCT03972046), in combination with radiotherapy in phase I/
II against soft tissue sarcoma (NCT02453191), in combination with chemotherapy, 
radiotherapy, in phase I against rectal cancer (NCT03300544). Rilimogene gal-
vacirepvec (PROSTVAC) in combination with Anti-PD-L1 (Atezolizumab) is in 
phase II against prostate adenocarcinoma (NCT04020094); GMCI (Adenovirus) 
in combination with radiotherapy, chemotherapy, is in phase II against pancreatic 
adenocarcinoma (NCT02446093); and HF10 (Oncolytic virus) in combination 
with Anti-PD-1 (Nivolumab) is in phase II against melanoma (NCT03259425). 
OrienX010 (Oncolytic virus) in combination with Anti-PD-1 (Treprizumab) is in 
phase I against melanoma (NCT04197882).

5. Intratumoral delivery of repurposed vaccines

Success with T-vec and other immune-boosting viruses have prompted various 
groups to search among routinely available attenuated viral vaccines to find other 
therapeutic options. The advantage of repurposing such approved and marketed 
agents is that clinical development would be much simplified, based on well- 
established safety records [58].

Commercially available attenuated rotavirus vaccines are preparations of 
double-stranded RNA attenuated strains. They are very potent stimulators of 
the nuclear factor kappa-light-chain-enhancer of activated B cells and type I 
interferon pathways. Interestingly, this stimulation is independent from the 
innate Toll-like immune receptors but dependent on RIG-I, which is able to detect 
intracytoplasmic dsRNA. Furthermore, rotavirus exerts cytocidal effects on 
adult and pediatric cancer cell lines in culture with features of immunogenic cell 
death. Intratumoral delivery to mouse bearing transplantable tumors, including 
pediatric syngeneic neuroblastoma models, elicited clear therapeutic effects medi-
ated by natural killer (NK) cells and CD4 and CD8 T cells. In models of tumors 
refractory to checkpoint inhibitors, intratumoral rotavirus enabled to overcome 
resistance. Prevaccination of mice prior such intratumoral virotherapy did not 
spoil its efficacy [59].

A vaccine based on the 17D strain of the yellow fever virus, commonly used 
for travelers and dwellers in endemic areas, was demonstrated cytocidal for a large 
panel of human and mouse tumor cell lines. Its intratumoral administration was 
able to delay tumor progression by activating CD8 T cell-mediated immunity and 
some measurable effect could be observed against non-injected tumor lesions [60]. 
Additive effects with systemic immunostimulatory monoclonal antibodies directed 
to anti-PD1 or anti-CD137 were demonstrated. Very importantly, efficacy was 
potentiated by previous vaccination against the same virus in a manner dependent 
on T-cell antiviral acquired immunity [61].

Intratumoral injections of anti-influenza vaccines were also demonstrated to elicit 
immune-mediated antitumor activity in melanoma, in a series of experiments with 
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syngeneic transplantable tumor model [62]. Most surprisingly, only unadjuvanted 
inactivated influenza vaccines were able to generate such antitumor efficacy. Indeed, 
squalene-based adjuvanted influenza vaccines were losing their antitumor activity 
because adjuvants were recruiting interleukin-10-secreting B regulatory cells [62]. The 
detrimental role of adjuvants was observed in another seminal study when analyzing 
the cause of a lack of therapeutic enhancement of anti–CTLA-4 monotherapy by con-
current vaccination with gp100 peptide in incomplete Freund’s adjuvant (IFA) [63].

Genetically engineered poliovirus vaccine antitumor activity was studied in 
mice a few years ago [64]. It has later been moved to a phase I clinical trial for 
recurrent glioblastoma with interesting results [65]. In this study, patients were 
pre-immunized with the vaccine against poliomyelitis and then treated intratumor-
ally with the genetically engineered virus. The role of previously developed immu-
nity was important for successful activation of immunity against tumors treated 
locally [65].

In an older phase I-II trial, a recombinant nontoxic diphtheria protein 
(CRM197), used in many common vaccines, was used to treat a variety of accessible 
tumors by local delivery. Response was observed in patients that had an already 
developed immunization (measured both by IgG titer and delayed type hypersensi-
tivity) against diphtheria [66].

Since immunosuppression mechanisms are in place in the tumor microenviron-
ment [67], from these examples it is clear that an effective immunity developed 
outside tumors could enable a better response when antigens are later delivered 
intratumorally. The fact that developing immunity outside the tumor microen-
vironment is a valuable strategy has been also demonstrated in the case of a new 
neoantigen vaccine formulation. In fact, the biomaterial-based vaccine prevented 
the engraftment of AML cells when administered as a prophylactic and when 
combined with chemotherapy, and eradicated, established AML even in the absence 
of a defined vaccine antigen [67, 68].

As a last example, a recent Report in JAMA Dermatology suggested that 
Gardasil®9 might be employed for cancer treatment. Cutaneous basaloid squa-
mous cell carcinoma (BSCC) was eradicated by intratumoral administration of the 
vaccine. Preventive systemic immunization was performed by a standard initial 
dose and a booster one, followed by intratumoral delivery of the same vaccine into 
just a few of the largest lesions, injected monthly over the next months. During 
this relatively long period, even tumors that had not been injected went into 
complete regression. Notably, no recurrence was observed in the follow-up period 
(18 months). This report first presents clinical evidence that a prophylactic antiviral 
vaccine may be used as an effective immunotherapy for cancer [69].

All mentioned studies point out to the value of a therapeutic strategy outlined in 
Figure 4.

Figure 4. 
Schematic diagram of the neoadjuvant intratumoral delivery of repurposed vaccines.
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Available immunity against pathogen can be checked initially in patients by 
means of standard serological testing and/or delayed-type hypersensitivity testing. 
A standard vaccination protocol can be performed when required before starting 
intratumoral delivery of a corresponding vaccine. Afterward, timely standard 
delivery of other therapies (i.e., with systemic CIs) follows.

6. Future perspective

Developments in cancer immunotherapy during the last years have significantly 
increased our hopes for successfully treating different cancer types. However, the 
development of new, more effective anticancer immunotherapeutic agents and 
strategies urges a thorough understanding of the aspects that allow cancer cells to 
escape elimination by immune cells.

In addition, there are important clinical, industrial, regulatory, and economic 
issues that must be addressed, outside the realm of advances in cancer immunol-
ogy and biology, and that would make all the difference between success or failure 
in real life. Under the clinical perspective, for instance, there is a strong need to 
develop a community of trained interventional radiologists/oncologists able to actu-
ally translate the presented approaches into practice. This is an issue basically in the 
hands of training centers and schools of medicine abroad. Of foremost relevance 
is also the involvement of the industry for all new approaches to actually become 
available to patients worldwide.

7. Conclusion

Designing of novel immunotherapies would require personalized approaches, 
tailored not only on patient’s genetic profiles but also on immunologic tumor char-
acterization. To overcome specific immune inactivation, vaccines against pathogens 
could become a usable tool in optimized combo-therapies, particularly with 
checkpoint inhibitors. The role of preexisting immunity on their efficacy has been 
observed in a few presented studies. In fact, immunization from previous vaccina-
tion or previous infections, developed outside the tumor microenvironment, can 
promote activity of intratumorally delivered preparations. In this light, we warrant 
future research on available and commercial vaccine preparations to be repurposed 
as anticancer therapeutic vaccines.
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increased our hopes for successfully treating different cancer types. However, the 
development of new, more effective anticancer immunotherapeutic agents and 
strategies urges a thorough understanding of the aspects that allow cancer cells to 
escape elimination by immune cells.

In addition, there are important clinical, industrial, regulatory, and economic 
issues that must be addressed, outside the realm of advances in cancer immunol-
ogy and biology, and that would make all the difference between success or failure 
in real life. Under the clinical perspective, for instance, there is a strong need to 
develop a community of trained interventional radiologists/oncologists able to actu-
ally translate the presented approaches into practice. This is an issue basically in the 
hands of training centers and schools of medicine abroad. Of foremost relevance 
is also the involvement of the industry for all new approaches to actually become 
available to patients worldwide.

7. Conclusion

Designing of novel immunotherapies would require personalized approaches, 
tailored not only on patient’s genetic profiles but also on immunologic tumor char-
acterization. To overcome specific immune inactivation, vaccines against pathogens 
could become a usable tool in optimized combo-therapies, particularly with 
checkpoint inhibitors. The role of preexisting immunity on their efficacy has been 
observed in a few presented studies. In fact, immunization from previous vaccina-
tion or previous infections, developed outside the tumor microenvironment, can 
promote activity of intratumorally delivered preparations. In this light, we warrant 
future research on available and commercial vaccine preparations to be repurposed 
as anticancer therapeutic vaccines.
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Chapter 10

Salicylic Acid Sans Aspirin in
Animals and Man
James Ronald Lawrence, Gwendoline Joan Baxter
and John Robert Paterson

Abstract

Analyses in non-aspirin takers finding salicylic acid (SA) and hydroxylated metabo-
lites in serum also SA and salicyluric acid (SU) in urine led to a re-evaluation of dietary
sources of salicylates. Fruit and vegetable sources explained higher levels found in drug-
free vegetarians, which overlapped with those from patients on low dose aspirin. That
drug’s chemo-protective action in cancer is, at least partially, attributable to its principal
metabolite, SA—which we believe contributes to the benefits of a vegetarian diet.
However, diet is unlikely to be the sole source of the circulating salicylate found in
aspirin-free animals and man.We adduced evidence for its persistence in prolonged
fasting and biosynthesis in vivo from labelled benzoic acid.We review the roles, defined
and potential, of SA in the biosphere. Emphasis on the antiplatelet effect of aspirin in
man has detracted from the likely pivotal role of SA in many potential areas of
bioregulation—probably as important in animals as in plants. In this expanding field,
some aspirin effects, mediated by apparently conserved receptors responding to SA, are
discussed. The perspectives revealedmay lead to re-evaluation of the place of salicylates
in therapeutics and potentially improve formulations and drug delivery systems.

Keywords: salicylic acid, salicylic acid metabolism, dietary sources, biosynthesis,
homologue receptors, conserved effects, siderophores, aspirin

1. Introduction

Salicylic acid (SA) in plants is a ubiquitous compound shown to be pivotal in
initiating the response to a variety of physical, chemical and biological insults [1].
Analgesic and antipyretic properties of plant extracts, notably fromwillow, meadow-
sweet andmyrtle, had been known for many centuries before isolation of SA as the
active principle. Since synthesis of its acetyl ester—aspirin—investigation has focused
on the properties of that compound which is rapidly hydrolysed (serum t1/2 of 20 min)
to SA which itself has a half-life of 2–4 h [2]. The demonstration that aspirin works by
serine side chain acetylation of Cox-1 and Cox-2 isoforms has detracted attention from
SA itself; that compound, despite weak reversible Cox 1 and absent Cox 2 inhibition, is
as effective as aspirin in vivo in suppressing inflammation [3]. Inhibition of transcrip-
tion of theCox-2 gene bymicromolar concentrations of SA is the likely explanation [4].

2. SA without aspirin (SA sans ASA)

Investigating the possible use of low dose aspirin as an aromatic probe to mea-
sure hydroxyl free radicals by assessing the hydroxylation of SA to form 2,3 and 2,5
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dihydroxybenzoic acids (DHBAs)—Figure 1—required a sensitive HPLC assay with
appropriate controls. That work revealed the presence of substances which had
identical retention times to SA, 2,3 DHBA and 2,5 DHBA in the serum extracts
of subjects not taking aspirin. The exclusion of contamination was followed by
studies to determine the authenticity of these substances as SA, 2,3 DHBA and
2,5 DHBA.

2.1 SA in blood

Examination of the chromatograms of blank serum or plasma from published
methods of SA analysis revealed the presence of an unknown substance with a
retention time (Rt) similar to SA [5, 6]. While Ruffin et al. [7] reported SA in the
plasma from 17 of 53 subjects at baseline there was no information as to how they
confirmed identification of the compound.

We examined samples from drug free volunteers: extracts of acidified serum
were analysed by high performance liquid chromatography (HPLC) with electro-
chemical detection. Chromatographic conditions were altered and the Rts of the
unknown compounds compared against authentic SA, 2,3 DHBA and 2,5 DHBA.
Serum samples (some spiked with SA) were also incubated with a bacterial salicy-
late hydroxylase and the substance which had a Rt identical to SA disappeared.
Finally the trimethylsilyl (TMS) derivative of the unknown and SA had, using gas
chromatography–mass spectrometry (GC–MS), a similar retention time and total
ion chromatogram [8].

2.2 SA and salicyluric acid (SU) in urine

Armstrong et al. [9] had detected, by paper chromatography, a compound with
characteristics similar to those of SU in the urine of 400 people who had not taken
salicylate drugs. That was in an admixture of 49 compounds of predominantly, it
was suggested, dietary origin. Von Studnitz and colleagues, who also used a paper
system, suggested SA might be one of the phenolic acids in the urine of subjects on a

Figure 1.
Metabolism of aspirin, salicylic acid and benzoic acid. (1) acetylsalicylic acid (aspirin); (2) salicylic acid;
(3) salicyluric acid; (4) 2,5 dihydroxybenzoic acid; (5) 2,3 dihydroxybenzoic acid; (6) 2,3,5 trihydroxybenzoic
acid; (7) benzoic acid; and (8) hippuric acid.
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diet restricted to glucose and citric acid [10]. Young reported a compound with thin
layer chromatographic properties of SU [11] in a single individual on a synthetic
diet, while Finnie and co-workers found a similar compound on their paper system
in children not taking salicylate drugs [12]. At the time of all these earlier investi-
gations methods for adequately characterising and quantifying the purported SA
and SU were not readily available.

Other work [13] designed to assess the dietary importance of salicylates had
examined acid-treated urine using HPLC with fluorescence detection but salicylates
other than SA, salicylate precursors and structurally related compounds may have
been included in the values reported.

We examined 24 h urine samples from 10 volunteers who had not taken any
salicylate drugs during the previous 2 weeks. The acid hydrophobic compounds
(=organic acids) were separated using HPLC and quantified electrochemically. The
Rts of the extracted substances and those of SA and SU were compared under two
sets of chromatographic conditions and found very similar to those of authentic
substances. The unknown substances, isolated by HPLC, and treated with acetyl
chloride in methanol were compared with the methyl esters of SA and SU using
GC–MS. After esterification the unknown compounds had mass spectra and Rts
comparable to those of methyl-SA and methyl-SU [14].

These findings in serum and urine led us on to explore, in some detail, the likely
dietary sources for the salicylate compounds we found and confirmed. At the time
interest was re-awakening in the potential benefits of salicylates commonly found
in the diet [13]—as opposed to what were considered traditional plant medicine
sources.

3. Dietary source of salicylates

3.1 Previously

The occurrence of “natural salicylates”, such as SA, in strawberries and other
fruits was raised in the Lancet in 1903 [15] and the matter of whether these natural
salicylates were superior to synthetic salicylates was the subject of a JAMA editorial
in 1913 [16]—no superiority was concluded! Interest then appeared to wane until
re-invigorated by the popularity, from �1970, in therapeutic trials—arising from
the apparent cross-reactivity of tartrazine and aspirin—of exclusion diets.

3.2 Background

Many plant derived non-nutritive compounds exert, in mammalian systems,
biological activities that may have an impact on health and disease risk [17] and we
proposed [18] that SA might provide a link between aspirin, diet and the prevention
of colorectal cancer (CRC). There is good evidence that the regular intake of aspirin
decreases the risk of developing cancer [19]. A mechanism for platelet mediated
CRC tumorigenesis has been proposed [20]; that would, of course not be attribut-
able to SA itself but a more balanced view is that both constituent groups of aspirin
(acetyl and SA moieties) contribute to the anti-cancer effects [21].

Assessment of the extent of the contribution of diet to SA in blood and urine
cannot be easily inferred from direct analysis of its concentration therein. There is
considerable variability in peak serum levels of SA in subjects receiving a standard
dose [7] while urinary salicylate is influenced by urine flow, pH, the presence of
other organic acids and the saturability of SU formation and/or excretion [2].
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3.3 Salicylates from food

It was unclear whether sufficient salicylic acid could be obtained from dietary
sources to influence health and disease with estimated daily intakes ranging from
0.4 to 200 mg/day [13, 22, 23]. That range reflected the disparate information
available on the salicylate content of foods.

Comparison, in the serum of subjects not taking aspirin, of SA levels in 37
vegetarians and 39 non-vegetarians found higher concentrations in the former [24].
That study revealed median concentrations of 0.11 (range 0.04–2.47) μmol/L and
0.07 (range 0.02–0.20) μmol/L respectively: the median of the difference was
0.05 μmol/L (95% confidence interval for difference 0.03–0.08; p < 0.0001). The
median SA level measured in serum from 14 patients on aspirin 75 mg/day was, at
10.03 (range 0.23–25.40) μmol/L, significantly higher. However there was overlap
in serum SA concentrations between the vegetarians (8 higher than lowest low dose
aspirin) and patients taking aspirin (6 below the highest vegetarian value). These
findings should be considered in light of the inhibition of COX2 transcription that
has been shown to occur at SA levels as low as 0.1 μmol/L [4].

In a further study the urinary excretion of SA and SU was assessed in 24 h
samples from 27 non-vegetarians, 21 vegetarians and 40 patients taking 75 or
150 mg aspirin/day [25]. For SU, the principle urinary salicylate, vegetarians
excreted significantly more than the non-vegetarians (median 11.01; range 4.98–
26.60 μmol/24 h compared with 3.91; range 0.87–12.23 μmol/24 h) but these
amounts were significantly lower than those excreted by patients on aspirin.
Significantly more SA was excreted by the vegetarians (median 1.19; range 0.02–
3.55 μmol/24 h) than by the non-vegetarians (median 0.31; range 0.01–2.01 μmol/
24 h). The median amounts of SA excreted by the vegetarians and the patients
taking aspirin were not significantly different. These values were comparable to
those found earlier, using less specific methodology, in a group of drug free
volunteers on a variety of diets [13].

3.3.1 The spice of life

Awareness that certain spices had been reported [22] to contain especially high
concentrations of SA and the reported very low incidence of colorectal cancer in
rural India [26] led to our particular assessment of spices.

Spices, Indian cooked dishes and blood and urine samples taken after ingestion
of a test meal were investigated for their salicylate content. Total salicylate content
determination required a preliminary alkali treatment step before our standard
extraction [27] as, in plants, phenolic glycosides and carboxylic esters are present as
well as the “free” phenolic acid. Our standard assay conditions for SA were then
applied. All samples of spices and cooked meals examined contained SA (up to
1.5 wt%); cumin, turmeric, red chilli powder, paprika and cinnamon were espe-
cially rich sources. Our measurements were considerably higher than those previ-
ously published [22]. That was attributed to previously suboptimal extraction,
chromatographic separation and detection [27]. The identity of the SA fractions (on
HPLC) from cumin, paprika and turmeric was confirmed, after elution and esteri-
fication, by GC–MS of their methyl esters.

The potential bioavailability of SA derived from a prepared meal was assessed in
a single aspirin free volunteer after a 10 h fast. Consumption of 545.3 g of a cooked
vegetable dish (shown by aliquot assay to contain 94.03 g of total salicylates) was
followed by regular blood and urine collection over 6 h. Serum SA doubled within
1.5 h and urinary SU increased �20-fold during that time.
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Native Indian volunteers, living in a rural area near Chennai, had been recruited
for another study as representative of that community for health lifestyle and
nutritional status. They had a diet of locally grown vegetables, grains and pulses
flavoured with spices and herbs. The serum from these 21 South Indians had a
median SA concentration of 0.263 μmol/L (range 0.05–0.64—significantly higher
(�2.5- to 3.5-fold higher) than those found in the sera of the other groups reported
above [24]; p < 0.001 against both vegetarians and non-vegetarians by Mann–
Whitney U test) [27]. Summarised and compared with other results below in
Table 1.

3.4 SA in food

Given that SA is a stress hormone in plants we can anticipate that locality,
varietal and growing conditions could affect total salicylate content at harvesting
before any variability in processing conditions and storage effects. Wide reported
ranges for different brands assayed using standard conditions are therefore not
particularly surprising. For example the SA content of five brands of orange juice
obtained from Scottish retailers ranged from 0.47 to 3.01 mg/kg [29].

3.4.1 Organic or not?

Usually an open question but, given the above considerations, probably not in
respect of SA content. Thus the median SA contents in organic and non-organic
vegetable soups were 117 ng/g (range 8–1040) and 20 ng/g (range 0–248) respec-
tively; the median between the difference groups was 59 ng/g (95% confidence
intervals 18–117 ng/g), p = 0.032 by Mann Whitney U test [30]. Consider also
constraints of drought, other physical stresses and non-availability of pest control
which inevitably prevail in many emergent nations.

3.4.2 A Scottish overview

Clearly sample selection and methodology will affect estimates of SA content in
the diet. Using the assay methodology our group developed [27, 30] to supplement
published results, Wood et al. [29] prepared a comprehensive dietary database.
They filtered published results of dietary constituent total salicylate content by
specific criteria. Food items had to be randomly selected and purchased from
various commercial outlets at different times of the year; food samples to be pre-
pared using standard domestic practices; optimised sample extraction and hydroly-
sis conditions were to be clearly described or cited, and salicylate determination to
be based on modern techniques of HPLC and mass spectrometry with validation

Median (μmol/L) Range (μmol/L)

Vegetarians n = 37 0.110 0.04–2.47

Non-vegetarians n = 39 0.070 0.02–2.00

Southern Indian villagers n = 21 0.263 0.05–0.64

75 mg aspirin takers n = 14 10.03 0.23–25.4

Limit of detection of the method = 0.005 μmol/L.
Tables 1 and 2—with modification—from Ref. [28]—https://pubs.acs.org/doi/abs/10.1021/jf800974z?src=recsys:
further permissions regarding use of the content should be directed to the ACS.

Table 1.
Results in Man [24, 27].
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3.3 Salicylates from food
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vegetable dish (shown by aliquot assay to contain 94.03 g of total salicylates) was
followed by regular blood and urine collection over 6 h. Serum SA doubled within
1.5 h and urinary SU increased �20-fold during that time.
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and quality assurance methods summarised. Combination of such published data,
which met these criteria, together with their in-house analyses resulted in a data-
base of 27 types of fruit, 21 vegetables, 28 herbs, spices and condiments, 2 soups and
11 beverages—expressed as median values to reflect the non-normal distribution of
the results.

Subsequently dietary intake was assessed by applying this salicylate database,
using a validated questionnaire, to 237 healthy individuals age range (17–72) from
Aberdeen [29]. Estimated median total salicylate intakes for men and women were
4.42 and 3.16 mg/day respectively, a gender difference not sustained when
corrected for energy. Primary food sources of salicylates as shown in Figure 2 were
alcoholic beverages (22%), herbs and spices (17%), fruits (16%), non-alcoholic
beverages including fruit juice (13%), tomato-based sauces (12%) and vegetables
(9%). Salicylate intake was significantly (p < 0.001) and positively associated with
intakes of fibre, potassium, vitamin C and alcohol!

4. Endogenous salicylic acid

4.1 Background

There were clear suggestions in the literature that SA and SU in urine might not
all derive from diet, given their presence in the urine of subjects on restricted diets
[9, 11]. In addition quantification of the contribution from fruit and vegetable
consumption to circulating SA levels in man had demonstrated, using a sensitive
and specific method that <20% of the variability derived from these sources [31].
So some circulating SA in aspirin-naïve or -free individuals may derive from other
dietary sources or be of non-dietetic origin.

4.2 SA in animal blood

Blood samples, serum or plasma, were obtained from animals at London Zoo or
the Department of Biological Services, University of Glasgow in accordance with

Figure 2.
Relative contributions of different food groups to total salicylate intake of a Scottish population. Source: [29].
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their approved codes of practice. The results (Table 2) showed that species
regarded as primarily carnivorous had blood SA levels comparable to those mea-
sured in herbivores [28]. The highest levels detected were in the range associated

Animal Phylogenetic class SA (μmol/L)

Burrowing Owl Aves 9.854

Ne-Ne Aves 5.609

Indian Rhinoceros Mammalia 4.700

Pigmy Hippopotamus Mammalia 2.384

Agouti Mammalia 2.116

Asian Elephant Mammalia 1.635

Burmese Python Reptilia 1.362

Rabbit Mammalia 1.129

Piglet Mammalia 1.010

Arabian Onyx Mammalia 0.777

Sheep Mammalia 0.715

Tigera Mammalia 0.661

Brown Trout Pisces 0.538

Giraffe Mammalia 0.507

Donkey Mammalia 0.473

Sacred Ibis Aves 0.353

Goat Mammalia 0.310

Giant Anteater Mammalia 0.293

Collared Peccary Reptilia 0.237

African Liona Mammalia 0.226

Cow Mammalia 0.216

Gelada Baboon Mammalia 0.210

Chinese Alligator Mammalia 0.156

Domestic Cat Mammalia 0.144

Pond Heron Aves 0.136

Gorilla Mammalia 0.125

Monkey* Mammalia 0.080

Mouse Mammalia 0.078

Rat Mammalia 0.069

Domestic Cat** Mammalia 0.058

Chimpanzee Mammalia 0.033

Crab*** Crustacea <0.005

Prawn Crustacea <0.005
aMean concentration in five animals.
*Red faced spider monkey.
**Fed only meat.
***European shore crab.

Table 2.
Concentration of salicylic acid (SA) in the blood or body fluid of a variety of animals.
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with aspirin use in man and only the crustacean body fluid samples examined did
not contain SA.

As some bacteria, notably Mycobacterial, Yersinia and Pseudomonas species,
synthesise SA to enhance iron chelation (see Section 5.1) the possibility of a gastro-
intestinal particularly colonic, bacterial source for SA was assessed in two animal
models. Pooled serum from six mice treated with neomycin 100 mg/kg/day for
4 days had a serum SA concentration which was, at 0.309 μmol/L, slightly higher
than the level of 0.268 μmol/L measured in six untreated animals. Other measure-
ments were done on serum samples from Sprague-Dawley rats delivered by caesar-
ean section, raised in a sterile environment and fed sterilised food. A group of 8
such germ free animals had a pooled serum SA level which was, at 0.166 μmol/L,
�2.5� greater than the level of 0.069 μmol/L in serum from a group of control
animals [28].

4.3 SA in diet-restricted and fasting human subjects

A preliminary study followed serum SA and urinary SA + SU over 3 days on a
water/milk diet (confirmed salicylate free on analysis) in a subject free of aspirin for
at least 2 weeks. Excretion of SA + SU continued at a rate of �2.1 μmol/24 h
throughout and serum SA did not fall—over the 72 h of the study—below 0.1 μmol/L
(20� the limit of detection of the assay) [28].

In six patients who had total colectomy or rectal excision following standard pre-
operative bowel preparation low level serum SA (range 0.012–0.085 μmol/L) was
detected and urinary SA + SU excretion persisted (median lowest level 0.613 μmol/
24 h; range 0.184–7.607) in all subjects for up to 5 days postoperatively, rising only
on refeeding [28]. These results also, of course, have some relevance to Section 4.2.

4.4 SA formation from benzoic acid

Benzoic acid (BA) is a natural constituent of plants, with high levels found in
fruits and vegetables. In plants synthesis of SA derives—at least partially—from
phenylalanine via cinnamic and benzoic acids. Prior work, using formula diet feed-
ing, also demonstrated that hippuric acid, the main metabolite of BA, may be
formed endogenously in man, while a Sprague-Dawley rat radiolabeled experiment
showed phenylalanine as the likely precursor [32]. Sodium benzoate as a food
preservative also contributes to human intake and very high doses have been used
in hepatic encephalopathy. These considerations led us to determine whether addi-
tion of BA to a very carefully standardised diet produced any change in serum or
urinary salicylates—see Figure 1.

A preliminary study, over 4 days in two subjects, suggested that BA, 1 or 2 g/day
on days 3 and 4 might be associated with a modest increase in urinary SA + SU
excretion. Subsequently a labelled study was undertaken over 3 days in six individ-
uals (4 M, 2F) who received 1 g of uniformly ring-labelled 13C BA with each of their
main meals on day 2. They replicated their carefully recorded day 1 diet throughout
and had regular blood sampling with complete urine collections. The total SA + SU
urinary excretion increased, but not significantly (p = 0.052) and only in the 8–16 h
sample after the first dose of BA. While no 13C was detected in samples prior to
ingestion of the BA, the 13C isotope was confirmed in the 8–16 h urine sample from
all six subjects. Its presence was determined by preliminary GC fractionation before
subjecting the relevant fractions to derivatization and GC–MS. The 13C isotope
accounted, by selective ion monitoring, for 0.4–10.9% (median 3.4%) in the SA
derivative and 6.8–43.1% (median 33.9%) in the SU derivative. In addition consid-
erable amounts of the expected 13C6-labelled hippuric acid were found [28].
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Set against the total SA + SU levels the extent of the SU 13C6 labelling found might
be considered surprising but could, as well as confirming the in vivo synthesis of
SA, point to possible bioregulation of the levels of endogenous serum SA.

5. Salicylic acid in the biosphere

The protean actions of aspirin in animals and man are here, in a short review by
JRL an GJB, set against what is known of the role of its SA precursor in earlier life forms.

5.1 Bacteria

This complex area is here only briefly overviewed in relation to its potential for
pointing to possible effects of SA preserved into animals.

Para-aminosalicylic acid (PAS), the earliest truly effective anti-tuberculous
agent, was long thought an analogue for para-aminobenzoic acid and so an inhibitor
of folic acid biosynthesis. That was before the discovery of the mycobacterial
siderophore (iron binding molecule) mycobactin, and that SA (also formed, as an
extracellular metabolite, by mycobacteria in iron deficient conditions) is its direct
precursor. It appears PAS primarily inhibits the conversion of SA into myobactin.
Possible secondary roles for SA are the transfer of Fe2+ across the cell membrane,
either for direct incorporation into various porphyrins and apoproteins, or for
storage of iron within the cytoplasm in bacterioferritin (both roles also potential
targets for PAS) [33].

There are many kinds of bacterial siderophores but SA or one of its hydroxylated
metabolites (2,3DHBA) are at the core of the aryl- capped molecules found in E. coli
(Enterobactin); Yersinia sp. and Klebsiella pneumoniae (Yersinibactin); Pseudomonas
sp.(Pyochelin); Vibrio sp. (Vibriobactin/Vulnibactin) and Acinetobacter baumanii
(Acinetobactin) [34]. These authors described a probe for the initial aryl acid
activation enzymatic step in the synthetic pathways of these “bactins” (via a non-
ribosomal peptide synthetase pathway initiated by adenylation) and suggested lack of
human homologues makes this a potential drug target—but see Section 5.3.4.

Intriguingly investigation into the bioinorganic chemistry of bacterial
siderophores has revealed that many have functional capacities other than mere
iron homeostasis. Examples include interactions with other metals such as zinc,
copper and boron; signalling agents (referred to as “ferrimones”) in the regulation
of genes related to iron metabolism; protection—by those with catecholate struc-
tures—from oxidative stress and an antibiotic function in sideromycins [35].

Finally bacterial growth in the presence of salicylate can be both beneficial and
detrimental. On the one hand an intrinsic multiple antibiotic resistance phenotype
can be induced and on the other reduced resistance to some antibiotics might result
and bacterial virulence factors may be affected [36]. While the in vivo conse-
quences of these observations is speculative the findings highlight, the authors
suggest, the ability of salicylate to alter gene expression; they claim that the only life
form not yet (then) shown to be affected by salicylate is the Archaea!

5.2 Plants

While salicylic acid (initially from plant sources) has been used in therapeutics
for millennia detailed knowledge of its role in plants is relatively recent. Although
plant phenolics are diverse and ubiquitous they were traditionally assumed to be
unimportant secondary metabolites but SA in plants is a critical hormone playing a
direct role in the regulation of many aspects of growth and development as well as
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form not yet (then) shown to be affected by salicylate is the Archaea!

5.2 Plants

While salicylic acid (initially from plant sources) has been used in therapeutics
for millennia detailed knowledge of its role in plants is relatively recent. Although
plant phenolics are diverse and ubiquitous they were traditionally assumed to be
unimportant secondary metabolites but SA in plants is a critical hormone playing a
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in thermogenesis and disease resistance [37]. The first clear evidence came, intrigu-
ingly (in relation to its antipyretic qualities in animals), from its role in voodoo lily
thermogenesis; that appears to be mediated by stimulation of the mitochondrial
alternative respiratory pathway [38]. Soon thereafter its role as a defence signalling
hormone was documented—though the ability of plants to develop acquired
immunity after pathogen infection was first proposed many years earlier. In the
acquired immunity—called “systemic acquired resistance” (SAR)—of plants to
biotrophic (i.e. threatening living cells) pathogens, the role of SA is pivotal. Careful
study has identified two pathways for its synthesis, numerous proteins that regulate
its synthesis and metabolism and some signalling components, including a large
number of potential targets/receptors, which operate downstream of SA [39]. This is
a perplexing field; for example while the non-specialist can readily appreciate meth-
ylation of SA to a volatile ester for transport through the phloem (before demethyla-
tion at a site where SA levels are low) subsequent steps are complex. As these authors
point out it is increasingly evident that SA does not signal immune response by itself
but as part of an intricate network of other plant hormones. We would highlight,
from the viewpoint of the present review, their suggestion that it is important to
differentiate SA “targets” from the subset (whose criteria, they concede, will be
difficult to specify) that meet additional conditions to be designated “receptors” [40].
That idea is particularly relevant when later considering the propensity of aspirin to
acetylate many animal protein “receptors”—see Section 5.3.4.

The wide range of basal SA levels between and within plant species, and potential
for a biphasic/concentration dependent response may explain some conflicting
reports on the spectrum of plant processes it influences. Despite these caveats the
long list affected by exogenous SA includes resistance to biotic (pathogen-associated)
stress and tolerance to many abiotic stresses (drought, chilling, heat, metal, UV
radiation, and salinity/osmotic stress) as well as multiple aspects of plant growth and
development. These include photosynthesis, senescence, thermogenesis, respiration,
glycolysis, the Krebs cycle and the alternative respiratory pathway [40].

5.3 Salicylic acid and aspirin (ASA) in animals and man

Although the use of willow extracts had been known for centuries the report of
its first well documented use—as a cheaper remedy for “the agues” than expensive
cinchona bark—focused on its antipyretic properties. Then, particularly in the
decades following the isolation of SA as the active principle, evidence steadily
accrued for its efficacy as an analgesic and anti-inflammatory in e.g. acute rheu-
matic fever.

5.3.1 After the discovery of aspirin

Following Hoffman’s synthesis of the apparently better tolerated ester in 1897
use of that compound prevailed. ASA was the prototype non-steroidal anti-
inflammatory drug (NSAID); it seems that term arose from a need to distinguish it
from the undesirable effects of synthetic steroids. As a prodrug for a long
recognised active agent its mode of action was naturally linked to the effects of SA.

It was not until the 1960s that work by Vane and Piper led to the proposal of a
single mode of action of ASA in the inhibition of prostaglandin synthesis. The
resulting paradigm-shifting series of experiments led to the discovery that inhibi-
tion of constitutive COX-1 and of COX-2 (predominantly inducible) by serine side-
chain acetylation altered levels of prostaglandins and leukotrienes. This revelation
came at a time when the potency of ASA as an inhibitor of platelet aggregation in
the treatment of vascular disease was coming to the fore. So Vane’s work explained,
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in a unitary and coherent way, the multiple pharmacological actions of ASA. The
ester prevailed—particularly as SA itself had no significant anti-COX-1 effect on
platelets.

5.3.2 Platelet effects predominant?

This emphasis arose from the apparent efficacy, in cancer chemo-protection, of
ASA at the low doses (�70–100 mg/day) used to inhibit platelet aggregation.
Irreversible inhibition of COX-1 in the circulating anucleate platelets ensures that
thromboxane A2 formation is prevented throughout their lifespan without, at these
doses, suppressing the production of prostacyclin (PGI2) which mediates platelet
inhibition and vasodilatation. While that is the principle effect required in vascular
disease platelet activation also triggers a host of processes leading to leucocyte
recruitment into various tissues and subsequent phenotypic changes in stromal cells
contributing to atherosclerosis, intestinal inflammation and cancer as well as
atherothrombosis [41]. That review also encompasses the non-COX effects of the
widespread acetylation of other proteins by ASA—quoting one study which
revealed over 12,000 ASA-mediated acetylations in over 3700 proteins!

5.3.3 Do earlier accepted effects of ASA and SA still hold?

There is a trend to describe non-COX, indeed increasingly non-platelet, effects
of ASA as “non-canonical”. That tag appears to include almost all actions not
demonstrably due to COX acetylation with the possible exception of inhibition of
COX-2 gene transcription [4].

We should, however, remind ourselves that

a. It is generally accepted that although SA is a much weaker inhibitor of COX
activity in vitro their anti-inflammatory effects in vivo are comparable [3].

b. ASA has a very short serum half-life compared with SA [2]; its passage
(almost certainly total salicylates were determined) through the blood/brain
barrier is slow and incomplete [42]. That observation is particularly relevant
to the oft forgotten central action of salicylates [43].

c. ASA’s antipyretic effect was first validated centuries ago using plant extracts;
it is mainly due to inhibition of COX-2 in the hypothalamus [44].

d. There is a clear dose/response relationship between the analgesic effect of
ASA up to a dose of 1.2 g [45] compared with the plateau above �100 mg/day
for the effect on platelets and its efficacy in chemoprevention of colorectal
adenomas [46].

5.3.4 ASA “receptors”

The eminent facility for ASA to acetylate proteins has been known for decades
and proteomic studies—see above—have shown its very marked extent. While the
functional relationship between such activity and its effects are unclear the block-
ade of glucose6phosphate dehydrogenase (G6PD), affecting the pentose phosphate
pathway, and disruption of mitochondrial respiration may explain platelet
autophagy [41]. Clearly, as for SA in plants, caution is required in the strict
definition of ASA receptors [39, 40].
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5.3.5 SA “receptors”

While the above caveat applies the blunderbuss masking effect of acetylation is
not a consideration. At least 15 SA binding proteins are described to date [39] but
some intriguing examples point to effects on proteins with plant and bacterial
homologues.

Human glyceraldehyde3-phosphate dehydrogenase (HsGADPH)—has been
identified as a SA binding protein—as it is in plants. In addition to its central role in
glycolysis GADPH participates in pathological processes, with effects on viral rep-
lication and neuronal cell death [47]. Its suppression, by low μM levels of salicylate,
in a model of cell death comparable to that induced by reactive oxygen species
(ROS) was found. The authors postulate that likely due to suppression of
HsGADPH nuclear translocation, mirroring the effect of the anti-Parkinsonian drug
Deprenyl.

The same group have also shown [39, 48] that SA targets human high mobility
group box 1 (HMGB1), an abundant chromatin associated protein, present in all
animal cells; fungi and plants have related proteins. Its diverse effects modulate
inflammatory processes. HMGB1’s many activities and receptors likely account for its
multiple roles in human disease which include sepsis, arthritis, atherosclerotic plaque
formation and cancer. The effect of SA on HMGB1 occurs at concentrations far lower
than those required to inhibit COX enzyme activity; an effect on COX2 is on
synthesis rather than activity.

An example of a bacterial homologue enzyme, found in mice, is responsible for
synthesis of 2,5DHBA—the iron binding moiety of a mammalian siderophore [49];
that enzyme is a homologue of bacterial EntA which catalyses 2,3DHBA production
during enterobactin biosynthesis (Section 5.1). 2,5DHBA can, of course, also derive
from the metabolism of SA or benzoic acid.

Other orthologs of a plant SA receptor—NAD(P)-reductase like proteins—have
been characterised in the human neuroblastoma SK-N-SH cell line and mouse brain
tissue [50]. Their results may point, the authors claim, to the existence of a ther-
moregulation system that is evolutionary conserved.

5.3.6 ASA and SA as NSAIDs

The few direct studies to validate the assertion 5.3.2a above compared salsalate
(which yields only SA on absorption) with SA, generally at the higher doses used in
rheumatic diseases. Given what we know about the distribution and relative inhi-
bition of COX1 and COX2 it’s not surprising that at comparable doses effects were
similar with a predictable lower gastrointestinal toxicity of SA [51]. The authors
suggested that, when ASA was originally marketed, commercial forces equated taste
and tolerability/toxicity! These prominent rheumatologists concluded that “non-
acetylated salicylates should be preferred to ASA in rheumatology”. They clearly
supported the German proverb:- “Bitter im Mund, gesund im Korper.”

While the NSAID categorisation originally served to differentiate the side effects
of SA and steroids, very early work had shown a CNS effects specific to salicylates.
Later studies—stimulated by discovery of the antipyretic/anti-inflammatory actions
of the neuropeptide α-melanocyte stimulating hormone (αMSH)—clearly demon-
strated peripheral effects of salicylates introduced into the CNS by injection into the
lateral ventricle. These experiments showed that CNS doses which had no effect
systemically had a marked effect on the mouse model of inflammation used. The
effect was restricted to the salicylates; central injection of an anti-inflammatory
dose (when given intra-peritoneally) of indomethacin had no effect: neither did
intraventricular dexamethasone or prostaglandin E2 [43].
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More recent work on peroxisome proliferator-activated receptors (PPARs) has
also shown the importance of central nervous system actions. Peroxisomes are
oxidative (H2O2 producing) organelles subserving redox regulation and metabolism
of very long chain fatty acids. They are abundant in the CNS, where such fatty acids
abound and their increase, when required, is receptor mediated. Studies have com-
pared the anti-inflammatory effect of agonists of PPARα and PPARγ (themselves
inactive at the site of inflammation) with the effect of dexamethasone and ASA.
Only other agonists and ASA (which itself has generally no direct* PPAR agonist
effect) were found to diminish inflammation when given after the inflammatory
insult in contrast to the effect of dexamethasone. The conclusion was that PPARα
and PPARγ regulate inflammation through a mechanism similar to salicylates and
distinct from that ascribed to steroids [53]. The authors postulated that activating
PPARs in the CNS could elicit the release of a salicylate-like compound, an
endosalicylate, which may subsequently cause the release of a physiological anti-
inflammatory substance such as αMSH.

These results on CNS activity point to steroid/NSAID differentiation which is at
least partially dependent on how agents influence the anti-inflammatory and
immunomodulatory effect of melanocortins (ACTH and MSH).

6. Conclusions

Given the ever increasing complexity of SA and ASA effects revealed by basic
research it seems blinkered to increasingly restrict focus to platelet/COX effects in
the biomedical field.

We reiterate our conclusion that ASA is no mere anti-platelet prototype [54].
That is the case, we aver, for most of the protean pathophysiological effects of ASA
and not solely in cancer chemoprevention. The evidence summarised here, particu-
larly our demonstration of the in-vivo synthesis of SA, points to it as a truly
endogenous molecule in animals and man. Potential “preserved” receptors which
have been described are there, we suggest, not simply to deal with ingested SA or
other exogenous precursors.

The place of SA in the biosphere overall is, we think, as pivotal as it appears to be
in plants. While a unifying hypothesis to explain its many roles is elusive we suspect
they all ultimately relate to the need for evolving life to balance its requirements
for oxygen and iron [55]. These authors concluded that the sequestration of iron
to restrict its reaction with reactive oxygen species (ROS) is one of our major
antioxidant defence mechanisms. They particularly emphasise, in that summary,
how such sequestration remains critical to our ongoing resistance to bacterial
infection.

The huge increase in energy production arising from enzymatic reduction of
oxygen enabled evolution of multicellular animal life. While that was an evolution-
ary milestone ability to use the resulting reactive oxygen species (ROS) for cell
signalling and regulation may have been the first true breakthrough in development
of complex life [56]. By then SA was already well established and poised to interact
(with ROS) as required. In animals its many effects are unlikely to be less complex
than the interactions steadily becoming clarified in plants [39]. Many may depend
upon the type of intricate relationships which initiate plant systemic acquired resistance
(SAR) with an initial SA induced redox change. Subsequent SA concentration sensitive

* However ASA’s apparently direct binding to PPARα may explain its stimulation of hippocampal

plasticity [52] and potential for prevention of Alzheimers.
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oligomer/monomer transformation permits nuclear translocation of a cytosolic messenger
to activate immune-associated genes [40].

Re-focus on the importance of the SA moiety of ASA should also lead to further
evaluation of SA derivatives which are more active than SA itself in interaction with
particular “binding protein/receptors” [47, 48]. At a more basic level we have
previously pointed out that, particularly to extend its use in prophylaxis, the risk/
benefit profile of ASAmay be improved with an SA/ASA combined formulation [54].

Given what we have learned on this investigative journey it is somewhat para-
doxical that we embarked upon it driven by desire to capitalise on the hydroxylation
of ASA as a biomarker of oxidative “stress” in man—see Section 2.
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Chapter 11

Repurposing Fumaric Acid Esters 
to Treat Conditions of Oxidative 
Stress and Inflammation: 
A Promising Emerging Approach 
with Broad Potential
Ravirajsinh N. Jadeja, Folami L. Powell  
and Pamela M. Martin

Abstract

The medicinal benefit of salts of fumaric acid and its esters (FAE), known as 
fumarates (mono and dimethyl fumarate), was realized many years ago. Early 
on, FAE were derived from plants and mushrooms (e.g., Fumaria officinalis, 
Boletus fomentarius var. pseudo-igniarius). The FAE containing formulation 
Fumaderm® was licensed in Germany for the treatment of psoriasis in 1994. 
Recently, a clinical formulation of dimethyl fumarate known as BG12 (Tecfidera) 
was approved for use in the United States, New Zealand, Australia, European 
Union, Switzerland, and Canada for the treatment of multiple sclerosis. Others 
and we have assessed the potential benefit of FAE in a number of disease condi-
tions that are diverse with respect to etiology but unified with regard to the 
involvement of inflammation and oxidative stress. Hence, a FAE-based drug 
with robust anti-oxidative and anti-inflammatory effects that is already US-FDA 
approved is a perfect contender for repurposing and rapid clinical implementa-
tion for their management. There is a burgeoning literature on the use of FAE in 
the prevention and treatment of diseases, other than psoriasis and MS, in which 
oxidative stress and/or inflammation are prominent. This chapter highlights 
critical information gleaned from these studies, exposes lacunae of potential 
importance, and provides related perspectives.

Keywords: fumaric acid esters, oxidative stress, Nrf2, antioxidant

1. Introduction

The salts of fumaric acid (known as fumarates) occur naturally in some plants 
(Fumaria officinalis) and mushrooms. Traditionally, aerial parts of Fumaria offi-
cinalis (common fumitory, drug fumitory or earth smoke) have been utilized for 
the treatment of various skin diseases [1]. Because of its utilization as an herbal 
remedy for skin ailments, German chemist W. Schweckendiek, who was suffering 
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from psoriasis, developed an interest in and isolated fumaric acid esters (FAE) from 
the plant extract. Excited about the positive effects of the FAE mixture on his own 
psoriatic lesions, he began offering it also to other psoriasis patients. Schweckendiek 
later published his findings on the beneficial effects of FAE in psoriasis [2], effects 
that he believed to be attributed to the improvements of this fumarate therapy on 
dysregulation of the citric acid cycle, the potential underlying cause of psoriasis. 
Nonetheless, with advancements in the understanding of psoriasis, his hypothesis 
was found to be incorrect. However, his preliminary observations laid the founda-
tion for the successful development of a drug to treat psoriasis and interestingly, 
multiple sclerosis.

In 1994, some three decades following Schweckendiek’s initial report, a 
fumaric acid mixture composed in large (60%) of dimethyl fumarate (DMF) 
and ethyl hydrogen fumarates was authorized for the treatment of psoriasis 
in Germany under the brand name Fumaderm® [3]. In the clinical setting, 
Fumaderm® proved effective against moderate to severe forms of psoriasis. To 
date, it remains to be the most widely used oral compound for psoriasis therapy 
in Germany. However, Fumaderm® was not licensed and currently remains 
unlicensed for use in the UK and US [4]. Despite this, results establishing DMF 
to be the major active principle in the Fumaderm® led to numerous clinical 
and experimental studies worldwide on the immunomodulatory potential of 
Fumaderm® and DMF in other immune-mediated diseases [5, 6]. The extremely 
positive results that emanated from these studies led to DMF being tested clini-
cally for the treatment of relapsing-remitting multiple sclerosis (RRMS). Like 
the original discovery of FAEs, the exploratory clinical trial of FAE for MS was 
performed in Germany [7]. In this trial, Fumaderm® was given to 10 patients 
with highly active RRMS; six patients completed the 70-week trial. Magnetic 
resonance imaging (MRI)-based results showed that Fumaderm® significantly 
reduced the number of gadolinium-enhanced lesions as well as lesion volumes 
without further worsening of any clinical parameters [7]. Although the overall 
safety profile of Fumaderm® was found to be favorable in this study, the associ-
ated unwanted gastrointestinal discomforts were a major concern. Although this 
initial study was a small, single-center, MRI-based and open-label clinical trial, it 
set the stage for a number of subsequent MS trials with DMF.

After Fumaderm® was licensed to be used in Germany, efforts to develop an 
improved formulation with better tolerability began. This culminated ultimately 
in the introduction of BG12 (brand name Tecfidera) a modified FAE formulation 
[8–10]. Indeed BG-12, comprised only of DMF made available in enteric-coated 
micro tablets, showed better gastrointestinal tolerability compared to Fumaderm® 
and following several clinical trials, this gastro-resistant, delayed-release formula-
tion of DMF was ultimately approved for use in the United States, New Zealand and 
Australia for the treatment of relapsing forms and relapsing MS, respectively, and 
in the European Union, Switzerland and Canada for the treatment of RRMS [11]. 
A plethora of additional information exists on the use of DMF in the treatment of 
MS and psoriasis. For further reading on DMF and MS, please refer to the following 
referenced excellent reviews [12–17].

Drug repurposing is a highly appreciated strategy in the pharmaceutical indus-
try [18]. The fact that agents have been previously tested prior testing of in humans 
and therefore a wealth of detailed information is already available regarding phar-
macology, formulation and safety profile is a huge advantage! Such new candidate 
therapies can often be fast-tracked for clinical trials and related approval by the 
U.S. Food and Drug Administration. There is a burgeoning literature on the use 
of FAE in the prevention and treatment of diseases, other than psoriasis and MS, 
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in which oxidative stress and/or inflammation are prominent. The present review 
highlights critical information gleaned from these studies and exposes and provides 
perspectives on lacunae of potential importance.

2. Pharmacokinetics of fumaric acid esters

Dimethyl fumarate (PubChem CID: 637568), described as a “white crystalline 
compound with a fruit-like taste” [19], is a dimethyl ester of fumaric acid with 
the official chemical name of trans-1,2-ethylene carboxylic acid dimethyl ester 
[20]. Because of its rapid degradation by intestinal esterase, DMF does not cross 
the intestinal wall in significant amounts [21]. Thus, because of its short-lived 
activity, evidence of direct, sustained anti-inflammatory or antioxidant effects 
derived directly from DMF is limited [22]. Instead, monomethyl fumarate (MMF; 
PubChem CID: 21721168), the product of DMF metabolism by intestinal esterase, 
is said to be the main active metabolite [23]. This is confirmed by pharmacoki-
netic studies that demonstrate following oral DMF intake, serum concentrations 
of MMF peak within 2–2.5 h and its half-life is approximately 1 h [24]. Further, 
the ingestion of DMF along with a high fat/high-calorie diet was found to inter-
fere with intestinal absorption, delaying the systemic peak of MMF significantly 
[16, 17]. Following doses of delayed-release DMF of up to 240 mg, the mean Cmax 
of MMF in healthy human subjects was 1.43 μg/ml with a corresponding MMF 
area under the curve of 2.41 μg h/ml. There was no evidence of accumulation after 
multiple doses (e.g. 240 mg delayed-release DMF three times daily for 2 days) 
as MMF concentrations fell below detectable limits at the end of day 1 and day 2 
[24]. MMF is eliminated primarily through breathing; negligible amounts of 
intact MMF are excreted through urine or feces. Additionally, there is no evidence 
of cytochrome P450-dependent metabolism of the compound in the liver [25]. 
Because of the lack of cytochrome P 450 involvement, DMF has very limited 
drug–drug interactions. Congruent with the above, both DMF and MMF have 
been popularly used for various pre-clinical pharmacological studies aimed at the 
testing and development of new therapeutics for various indications. The intesti-
nal metabolism of DMF and diroximel fumarate (DRF), two current clinical FAE 
formulations is shown in Figure 1.

Figure 1. 
Metabolism of fumaric acid esters. Clinical formulations of FAE are composed of dimethyl fumarate (DMF) or 
diroximel fumarate (DRF). Following oral administration, intestinal esterase metabolizes both DMF and DRF 
into the major bioactive ingredient MMF (monomethyl fumarate). Methanol, hydroxyethyl succinimide (HES) 
and RDC-8439 are also produced but only as minor metabolites (< 10%).
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3. Mechanism of action: fumaric acid esters

Despite the numerous in vitro and in vivo studies that have been conducted 
over the years, the mechanism of action of FAE is still not fully understood and 
novel aspects continue to emerge. The generic hypothesis to explain the benefits 
of FAE is that DMF/MMF interferes with the cellular redox system by inducing a 
strong antioxidant response. Indeed, the robust induction of Nrf2 (nuclear factor 
E2 (erythroid-derived 2)-related factor) by DMF/MMF has been well described 
(Figure 2). In cells, DMF/MMF leads to the nuclear translocation of Nrf2, a phe-
nomenon that is known to in turn, enhance the expression of antioxidant enzymes 
[26]. Specifically, it has been shown that MMF induces alkylation of a critical reac-
tive thiol, Cys151, on Keap1 (Kelch-like ECH associated protein 1) which results in 
the release of Nrf2 [26, 27]. Once dissociated from Keap-1, Nrf2 translocates to the 

Figure 2. 
Involvement of Nrf2-dependent and independent mechanisms in FAE-mediated antioxidant and anti-
inflammatory effects. Fumaric acid esters (DMF/MMF) disrupt Keap1-Nrf2 binding to induce nuclear 
translocation of Nrf2 which in turn, activates a number of downstream antioxidant response genes. This 
mode of action of FAE is well known and is purported to be responsible for the positive actions of FAE in 
neurotoxicity, nephrotoxicity, and spinal cord injury. Additionally, however, MMF, the major bioactive 
ingredient of FAE, is an agonist of HCAR2, a Gi-protein coupled membrane receptor that potentiates robust 
anti-inflammatory signaling. Various studies have shown that while FAE-mediated Nrf2 signaling elicits 
both antioxidant and anti-inflammatory responses, HCAR2-dependent signaling predominantly provides an 
anti-inflammatory effect. The HCAR2-mediated actions of FAE have been implicated its protective effects 
in gastrointestinal diseases, pancreatitis and neuroinflammation. Importantly however, the combined actions 
(Nrf2- and HCAR2-mediated) have been demonstrated in several pathologic conditions (sickle cell disease, 
retinal degeneration, sepsis and stroke). FAE, fumaric acid esters; HCAR2 or HCA2, hydroxycarboxylic acid 
receptor 2; DMF, dimethyl fumarate; MMF, monomethyl fumarate; Keap1; kelch-like ECH associated protein 
1; Nrf2, nuclear factor erythroid 2-related factor 2; ARE; antioxidant responsive element.
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nucleus and therein, binds to the antioxidant response element (ARE) of an array of 
antioxidant target genes thereby upregulating their expression and related activity. 
This effect was corroborated in Nrf2-deficient cells in which the antioxidant effects 
of DMF/MMF were lost [27].

The majority of preclinical studies of DMF/MMF, highlight the Nrf2-mediated 
mechanism of the drug as the principal factor underlying its therapeutic effects. 
However, DMF/MMF has also been shown to elicit a robust anti-inflammatory 
response. This additional desirable effect is thought to be accomplished via the 
inhibition of NF-kB translocation into the nucleus, an action that impacts nega-
tively the expression of a plethora of inflammatory cytokine, chemokine, and 
adhesion molecule genes. Relevant also to the anti-inflammatory effects of DMF/
MMF, is hydroxycarboxylic acid receptor 2 (HCAR2; GPR109A)-dependent signal-
ing (Figure 2). MMF is a strong agonist of HCAR2. DMF activates the receptor as 
well although with a comparably lower affinity [28]. In a study by Chen et al. 2014 
it was shown that DMF treatment reduced pathological features of experimental 
autoimmune encephalomyelitis in WT mice, but not in Hcar2−/− mice, indicating 
the importance of HCAR2-mediated signaling by DMF [29]. In another study, 
Parodi et al. [30] demonstrated the importance of HCAR2 to the anti-inflammatory 
effects of MMF in microglia. Specifically, it was reported that MMF could modulate 
microglia activation through inhibition of the NF-κB pathway via the AMPK/SIRT-1 
axis. MMF treatment to microglia cells resulted in the activation of the HCAR2 
receptor via enhanced intracellular calcium levels, an effect that prevents microglial 
polarization into an inflammatory phenotype (Figure 3). Downstream, it induced 
CAMKK (Calcium/calmodulin-dependent protein kinase kinase 2) dependent 
activation of AMPK/SIRT-1 axis which also contributes to reduced inflammation. 
Several other studies have also reported on the HCAR2 receptor-dependent and 
independent anti-inflammatory effects of FAE in additional cell types including 
keratinocytes [31–33] and epithelial cells of the retina [34, 35].

4. Role of FAE in inflammatory and oxidative stress conditions

Herein we highlight the findings of preclinical studies on the use of DMF/MMF 
to counter inflammation and oxidative stress associated with the pathogenesis of 
pathological conditions other than psoriasis and MS (Figure 2). A summary is 
provided in Table 1.

Figure 3. 
The role of FAE in regulating microglia activation. FAE (DMF/MMF) are known to induce Nrf2 and to 
activate HCAR2. Various studies have shown that via these mechanisms, FAE prevent the polarization of 
microglia from the M1 (resting) phenotype to the M2 (active and thereby pro-inflammatory) phenotype, 
the consequences of which are reduced free radical and pro-inflammatory cytokine production. This 
action of FAE is thought to underlie the neuroprotective effects of the drug in conditions like HIV-induced 
neuroinflammation, Parkinson’s disease, retinal degeneration, and stroke. FAE, fumaric acid esters, HCAR2, 
hydroxycarboxylic acid receptor 2; DMF, dimethyl fumarate; MMF, monomethyl fumarate; Nrf2, nuclear 
factor erythroid 2-related factor 2; HIV, human immunodeficiency virus.
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Disease 
condition

Experimental 
model

Effective dose Outcomes References

Cerebral 
ischemia–

Middle cerebral 
artery occlusion 
in rats

25 and 50 mg/
kg DMF (i.g.)

DMF protected against 
experimental stroke by inducing 
immunomodulatory and 
antioxidant response

[36]

Middle cerebral 
artery occlusion 
in mice

30 and 45 mg/
kg DMF and 
MMF (i.p.)

DMF and MMF suppressed glial 
activation via increasing the 
expression of Nrf2

[37]

Experimental 
colitis

a. Mice treated 
with DNBS.

b. IL-10−/− mice.

30 and 
100 mg/kg 
DMF (i.g.)

DMF induced antioxidant 
response by regulating SOD-2 
and inflammation by Nf-kB 
signaling to reduce colitis.

[38]

Mice treated with 
3% (w/v) DSS 
drinking water

30 and 60 mg/
kg DMF (i.g.)

DMF alleviated DSS-induced 
colitis by regulating Nrf2-
mediated inhibition of NLRP3 
inflammasome

[39]

Intracerebral 
hemorrhage

Intra-striatal 
injection of 
autologous blood 
in rats and mice

15 mg/kg 
DMF (i.g.)

DMF can ameliorate ICH-
mediated injury with a 
therapeutic window of at least 
24 h

[40]

Mice using either 
the collagenase 
injection model 
(cICH) or the 
autologous blood 
(bICH)

100 mg/kg 
(i.p.)

DMF-induced dissociation 
of Nrf2 from Keap1, and the 
consequent casein kinase 2 
phosphorylation of Nrf2, resulted 
in neuroprotection after ICH

[41]

Nephrotoxicity Rats treated 
with 20 mg/kg 
Cyclosporin A for 
28 days

50 mg / kg 
DMF (i.g.)

DMF reduced nephrotoxicity by 
inhibiting oxidative stress and 
inflammation

[42]

Neurotoxicity Mice treated with 
10 nmol sodium
nitroprusside

60 and 
200 mg/kg 
DMF (i.g.)

DMF reduced neurotoxicity by 
activating HO-1.

[43]

Pancreatitis Rats treated  
with 2.5 g/
kg L-arginine

25 mg/kg 
DMF (i.g.)

DMF was effective in 
ameliorating the histological 
lesions and biochemical 
abnormalities and improving 
beta-cell function

[44, 45]

Rats treated with 
3 g/Kg L-arginine

25 mg/Kg 
DMF (i.g.)

DMF treated rats showed 
reductions in the severity of 
inflammatory cell infiltration, 
acinar damage, perilobar edema, 
and cell necrosis

[46]

Parkinson’s 
disease

6-OHDA-induced 
neurotoxicity in 
mice

50 mg/kg 
DMF (i.g.)

DMF reduced neurotoxicity 
by Nrf2 mediated antioxidant 
response.

[47]

Mice treated with 
MPTP

100 mg/kg 
MMF/
DMF (i.g.)

DMF and MMF exhibit 
neuroprotective effects via 
Nrf2-mediated antioxidant, anti-
inflammatory, and mitochondrial 
functional/biogenetic effects.

[48]

Mice treated with 
a viral vector 
expressing human 
α-SYN

100 and 
300 mg/kg 
DMF (i.g.)

DMF prevented Synucleinopathy 
in a mouse model of PD by 
activating Nrf2 signaling

[49]

MPTP-treated 
mice

10, 30, and 
100 mg/kg 
DMF (i.g.)

DMF protected against 
experimental PD via regulation 
of the NF-κB/Nrf-2 pathway

[50]
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4.1 Gastrointestinal diseases

Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the 
colon and small intestine that includes Crohn’s disease and ulcerative colitis [58, 59]. 
Treatments for IBD range from symptomatic treatment with anti-diarrheal medica-
tions, anti-inflammatory agents or immunosuppressive drugs to more radical surgical 
interventive strategies (e.g. partial or complete colectomy). These strategies are effec-
tive in a number of patients however given the complex etiology of IBD, the need for 
new and/or improved therapeutic strategies remains high. Given the well-established 
link between inflammation and IBD development and progression, it is not surprising 
that several groups have sought to test the efficacy of FAE in this condition. For the 
most part, these studies have been conducted using experimental models of colitis; 
rodents treated with dinitrobenzene sulfuric acid (DNBS) or dextran sodium sulfate 
(DSS), etc. [60, 61]. Casili et al. induced colitis in mice via intrarectal administration 
of DNBS (4 mg/mouse). DMF (10, 30 or 100 mg/kg) was then administered orally 

Disease 
condition

Experimental 
model

Effective dose Outcomes References

Retinal
degeneration

I/R injury in mice 50 mg/kg 
MMF (i.p.)

MMF reduced retinal I/R  
injury in mice via induction  
of Nrf2 signaling

[51]

Light-induced 
retinal damage in 
mice

100 mg/kg 
MMF (i.p.)

MMF-mediated HCAR2 signaling 
provided neuroprotection via 
reduced microglial activation, 
inflammation, and oxidative 
stress.

[52]

Sepsis Rats subjected 
to cecal ligation 
and puncture 
procedure

15 mg/kg of 
DMF (i.g.)

DMF reduced inflammation and 
oxidative stress in heart, liver, 
lung, kidney, and brain,
and improved cognitive function

[53, 54]

50 mg/kg 
MMF (i.p.)

MMF alleviated sepsis-induced 
hepatic dysfunction by reducing 
oxidative and inflammatory via 
the inhibition of the TLR-4/
NF-κB signaling pathway.

[55]

Sickle cell 
disease

HbSS-Townes and 
NY1DD mice

30 mg/kg 
DMF (i.g.)

DMF increased expression of 
nuclear Nrf2 in the liver and 
kidney to decreases oxidative 
stress and inflammation

[56]

Sickle cell 
retinopathy

HbSS-Townes 
mice

1 mM 
(intravitreal) 
and 15 mg/
ml MMF 
(in drinking 
water)

MMF treatment-induced fetal 
hemoglobin production and 
reduced oxidative stress and 
inflammation via Nrf2 activation

[34, 35]

Spinal cord 
injury

SCI injury in mice 
using aneurysm 
clip

30 mg/kg 
(i.g.)

DMF and MMF improved SCI 
injury in mice.

[57]

Ulcer Rats exposed 
to chronic foot-
shock stress

2.5 and 5 mg/
kg MMF (i.p.)

MMF restored monoamine, 
corticosterone, and cytokine 
homeostasis by regulating 
neuroendocrine-immune systems

[39]

Table 1. 
Some important in vivo studies showing the use of fumaric acid esters for the treatment of oxidative stress and 
inflammation.
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Disease 
condition

Experimental 
model

Effective dose Outcomes References

Cerebral 
ischemia–

Middle cerebral 
artery occlusion 
in rats

25 and 50 mg/
kg DMF (i.g.)

DMF protected against 
experimental stroke by inducing 
immunomodulatory and 
antioxidant response

[36]

Middle cerebral 
artery occlusion 
in mice

30 and 45 mg/
kg DMF and 
MMF (i.p.)

DMF and MMF suppressed glial 
activation via increasing the 
expression of Nrf2

[37]

Experimental 
colitis

a. Mice treated 
with DNBS.

b. IL-10−/− mice.

30 and 
100 mg/kg 
DMF (i.g.)

DMF induced antioxidant 
response by regulating SOD-2 
and inflammation by Nf-kB 
signaling to reduce colitis.

[38]

Mice treated with 
3% (w/v) DSS 
drinking water

30 and 60 mg/
kg DMF (i.g.)

DMF alleviated DSS-induced 
colitis by regulating Nrf2-
mediated inhibition of NLRP3 
inflammasome

[39]

Intracerebral 
hemorrhage

Intra-striatal 
injection of 
autologous blood 
in rats and mice

15 mg/kg 
DMF (i.g.)

DMF can ameliorate ICH-
mediated injury with a 
therapeutic window of at least 
24 h

[40]

Mice using either 
the collagenase 
injection model 
(cICH) or the 
autologous blood 
(bICH)

100 mg/kg 
(i.p.)

DMF-induced dissociation 
of Nrf2 from Keap1, and the 
consequent casein kinase 2 
phosphorylation of Nrf2, resulted 
in neuroprotection after ICH

[41]

Nephrotoxicity Rats treated 
with 20 mg/kg 
Cyclosporin A for 
28 days

50 mg / kg 
DMF (i.g.)

DMF reduced nephrotoxicity by 
inhibiting oxidative stress and 
inflammation

[42]

Neurotoxicity Mice treated with 
10 nmol sodium
nitroprusside

60 and 
200 mg/kg 
DMF (i.g.)

DMF reduced neurotoxicity by 
activating HO-1.

[43]

Pancreatitis Rats treated  
with 2.5 g/
kg L-arginine

25 mg/kg 
DMF (i.g.)

DMF was effective in 
ameliorating the histological 
lesions and biochemical 
abnormalities and improving 
beta-cell function

[44, 45]

Rats treated with 
3 g/Kg L-arginine

25 mg/Kg 
DMF (i.g.)

DMF treated rats showed 
reductions in the severity of 
inflammatory cell infiltration, 
acinar damage, perilobar edema, 
and cell necrosis

[46]

Parkinson’s 
disease

6-OHDA-induced 
neurotoxicity in 
mice

50 mg/kg 
DMF (i.g.)

DMF reduced neurotoxicity 
by Nrf2 mediated antioxidant 
response.

[47]

Mice treated with 
MPTP

100 mg/kg 
MMF/
DMF (i.g.)

DMF and MMF exhibit 
neuroprotective effects via 
Nrf2-mediated antioxidant, anti-
inflammatory, and mitochondrial 
functional/biogenetic effects.

[48]

Mice treated with 
a viral vector 
expressing human 
α-SYN

100 and 
300 mg/kg 
DMF (i.g.)

DMF prevented Synucleinopathy 
in a mouse model of PD by 
activating Nrf2 signaling

[49]

MPTP-treated 
mice

10, 30, and 
100 mg/kg 
DMF (i.g.)

DMF protected against 
experimental PD via regulation 
of the NF-κB/Nrf-2 pathway

[50]
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4.1 Gastrointestinal diseases

Inflammatory bowel disease (IBD) is a group of inflammatory conditions of the 
colon and small intestine that includes Crohn’s disease and ulcerative colitis [58, 59]. 
Treatments for IBD range from symptomatic treatment with anti-diarrheal medica-
tions, anti-inflammatory agents or immunosuppressive drugs to more radical surgical 
interventive strategies (e.g. partial or complete colectomy). These strategies are effec-
tive in a number of patients however given the complex etiology of IBD, the need for 
new and/or improved therapeutic strategies remains high. Given the well-established 
link between inflammation and IBD development and progression, it is not surprising 
that several groups have sought to test the efficacy of FAE in this condition. For the 
most part, these studies have been conducted using experimental models of colitis; 
rodents treated with dinitrobenzene sulfuric acid (DNBS) or dextran sodium sulfate 
(DSS), etc. [60, 61]. Casili et al. induced colitis in mice via intrarectal administration 
of DNBS (4 mg/mouse). DMF (10, 30 or 100 mg/kg) was then administered orally 

Disease 
condition

Experimental 
model

Effective dose Outcomes References

Retinal
degeneration

I/R injury in mice 50 mg/kg 
MMF (i.p.)

MMF reduced retinal I/R  
injury in mice via induction  
of Nrf2 signaling

[51]

Light-induced 
retinal damage in 
mice

100 mg/kg 
MMF (i.p.)

MMF-mediated HCAR2 signaling 
provided neuroprotection via 
reduced microglial activation, 
inflammation, and oxidative 
stress.

[52]

Sepsis Rats subjected 
to cecal ligation 
and puncture 
procedure

15 mg/kg of 
DMF (i.g.)

DMF reduced inflammation and 
oxidative stress in heart, liver, 
lung, kidney, and brain,
and improved cognitive function

[53, 54]

50 mg/kg 
MMF (i.p.)

MMF alleviated sepsis-induced 
hepatic dysfunction by reducing 
oxidative and inflammatory via 
the inhibition of the TLR-4/
NF-κB signaling pathway.

[55]

Sickle cell 
disease

HbSS-Townes and 
NY1DD mice

30 mg/kg 
DMF (i.g.)

DMF increased expression of 
nuclear Nrf2 in the liver and 
kidney to decreases oxidative 
stress and inflammation

[56]

Sickle cell 
retinopathy

HbSS-Townes 
mice

1 mM 
(intravitreal) 
and 15 mg/
ml MMF 
(in drinking 
water)

MMF treatment-induced fetal 
hemoglobin production and 
reduced oxidative stress and 
inflammation via Nrf2 activation

[34, 35]

Spinal cord 
injury

SCI injury in mice 
using aneurysm 
clip

30 mg/kg 
(i.g.)

DMF and MMF improved SCI 
injury in mice.

[57]

Ulcer Rats exposed 
to chronic foot-
shock stress

2.5 and 5 mg/
kg MMF (i.p.)

MMF restored monoamine, 
corticosterone, and cytokine 
homeostasis by regulating 
neuroendocrine-immune systems

[39]

Table 1. 
Some important in vivo studies showing the use of fumaric acid esters for the treatment of oxidative stress and 
inflammation.
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every 24 h, starting 3 h after the administration of DNBS and continuing over the 
course of 4 days. DMF treatment to DNBS treated mice significantly improved colon 
injury and histological score. Further DMF also reduced lipid peroxidation by regu-
lating the expression of SOD2 (superoxide dismutase 2, mitochondrial) and Nrf2. 
The anti-inflammatory effect of DMF was evident by a reduction in the expression of 
TNF-α (tumor necrosis factor- α), IL-1β (Interleukin 1 beta) and ICAM-1 (intercel-
lular adhesion molecule 1) and P- selectin. This effect was thought to be a result of 
reduced IκB-α degradation to prevent nuclear translocation of p65 NF-κB (Nuclear 
factor-κB). Moreover, in vitro DMF treatment improved hydrogen peroxide-induced 
barrier dysfunction of human intestinal epithelial cells. The authors also confirmed 
the protective effect of DMF on experimental colitis using another model (9-week-
old IL-10KO mice). Collectively, this study demonstrated that DMF could reduce 
experimental colitis by regulating inflammation and oxidative stress [38]. In another 
study, Liu et al., 2016 evaluated the efficacy of DMF in reducing DSS-induced 
murine colitis. Wild-type and Nrf2−/− mice received either vehicle or 3% (w/v) DSS 
in drinking water for 7 days and thereafter provided with only drinking water for 
another 3 days. Groups of mice were also given 30 or 60 mg/kg DMF (i.g.) from day 
1 to 10. DMF treatment significantly reduced oxidative stress and inflammation and 
thereby improved signs/symptoms of colitis in DSS-treated mice. However, these 
effects were lost in Nrf2−/− mice, highlighting the importance of the Nrf2-mediated 
mechanism of action of the drug. This was supported by additional in vitro studies in 
which the authors showed that DMF-mediated Nrf2 activation reduces NLRP3 (NLR 
family pyrin domain containing 3) inflammasome activation to control intestinal 
inflammation.

Consistent with the above gastrointestinal benefits derived from DMF/MMF 
treatment, the efficacy of MMF treatment in improving stomach ulcers in rats has 
also been described. Although the detailed mechanism of action was not evaluated, 
the authors attributed the protective effect of the compound in this condition to be 
due primarily to the anti-inflammatory activity of MMF [39]. Collectively, these 
studies indicate that DMF/MMF therapy may be of benefit the clinical management 
of inflammatory gastrointestinal disorders. This is interesting given that gastroin-
testinal (GI) side effects (e.g., nausea, vomiting, diarrhea, and upper abdominal 
pain) are one of the most commonly reported complaints in patients receiving DMF 
therapy [62, 63]. Indeed, during phase 3 clinical trials for multiple sclerosis, adverse 
events (AEs) involving the GI system were reported in 40% of patients treated with 
DMF compared with 30% of patients treated with placebo [64, 65]. Though the 
adverse GI events are generally mild in severity and typically resolve within the first 
2 months of treatment, these issues may impact patient quality of life and ulti-
mately medication adherence. Thus, while a number of experimental studies have 
reported gastroprotective effects of DMF, there is some concern as to whether such 
therapy could reliably be extrapolated to clinical management of gastrointestinal 
disorders in human patients. However, the increasing number of additional reports 
of DMF/MMF benefit in the digestive system that continue to arise in the scientific 
literature suggests that perhaps efforts to implement DMF/MMF therapy for use 
in this regard should not be dismissed completely. For example, Rao and Mishra 
[66] performed a preliminary study demonstrating the hepatoprotective effects 
of MMF isolated from Fumaria Indica extract in various models of hepatotoxicity. 
Although the study was preliminary and had some limitations, it does introduce a 
possible hepatoprotective effect of MMF. This is supported also by a recent study 
by Abdelrahman et al. [67] that reported the protective effects of DMF treatment 
on acetaminophen-induced hepatic injury in mice. Acetaminophen-treated mice 
receiving a single or double dose of DMF (100 mg/kg) showed reduced oxidative 
stress, inflammation, and associated liver damage compared to non-DMF treated 
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animals. Hence, additional studies in larger animal models and at some point, 
in humans, to test, develop and/or refine DMF/MMF formulations to improve 
potential suitability for use in the treatment of gastrointestinal or liver diseases are 
warranted.

4.2 HIV-induced neuroinflammation and neurotoxicity

With improvements in treatments for HIV (human immunodeficiency virus), 
lifespan has increased significantly affected persons. However, neuroinflamma-
tion and/or toxicity remain major concerns in this disease. The critical relevance of 
neuroinflammation to the etiology of MS, a disease for which DMF/MMF therapy is 
already approved, is undeniable [68]. Further, patients with MS are at considerably 
higher risk for neurotoxicity than are patients without the demyelinating disease 
[69]. Given these commonalities between MS and HIV-induced neurologic disease, 
preclinical testing of DMF/MMF in the latter is of interest. Using an in vitro model 
of HIV-mediated neurotoxicity, Cross et al. 2011 [70] showed that HIV infection 
dysregulates macrophage antioxidant response and reduces the expression of heme 
oxygenase-1 (HO-1). Importantly, DMF and MMF (5–30 μM) dose-dependently 
suppressed HIV replication, improved antioxidant response and reduced neuro-
toxin release, effects that the authors proposed to be mediated via a two-way action 
of DMF: (1) inhibition of NF-kB nuclear translocation and consequent suppression 
of HIV replication, and (2) decreased neurotoxin release stemming from HO-1 
induction. Further, they also found that DMF reduces CCL2 (C-C Motif Chemokine 
Ligand 2)-induced monocyte chemotaxis, suggesting that DMF additionally 
decreased the recruitment of activated monocytes to the CNS (central nervous sys-
tem) in response to inflammatory mediators. Based on the above, the authors con-
cluded that dysregulation of the antioxidant response during HIV infection drives 
macrophage-mediated neurotoxicity and DMF could serve as an adjunctive neuro-
protectant. In a separate study, Ambrosius et al. [71] evaluated the effect of MMF 
on microglia activation and subsequent neurotoxicity. MMF treatment (10–30 μM) 
significantly reduced HIV-mediated neurotoxicity in microglia cells (Figure 3). A 
similar but prior study by a different group showed MMF to be capable of inducing 
a phenotypic shift from pro-inflammatory to anti-inflammatory macrophages [72] 
however, Ambrosius et al. did not observe such effects. These differences could be 
model-dependent or related to methodological differences in the two studies and 
therefore require further investigation since the authors did not comprehensively 
evaluate the possible mechanism of action in these short reports. Notwithstanding, 
however, the opposing effects of DMF/MMF on microglial responses, particularly 
those of an inflammatory nature, appear to be solidly supported by several other 
studies [30] which in turn, collectively support additional effort to advance DMF/
MMF therapy for potential use in HIV-associated neuroinflammation and toxicity.

4.3 Nephrotoxicity

Very little information exists on the protective effect of FAEs on renal func-
tion. A study by Takasu et al. [42] evaluated the effect of DMF treatment on CsA 
(calcineurin inhibitor)-induced nephrotoxicity. Male Sprague–Dawley rats were 
treated with 20 mg/kg CsA or CsA + 50 mg/kg DMF (i.g.) for 28 days. At the end of 
the treatment schedule, renal function, histopathology, malondialdehyde (MDA), 
myeloperoxidase levels, and antioxidant enzyme expression were determined. 
DMF co-treatment ameliorated CsA-induced renal dysfunction as evidenced by 
a significant decrease in serum creatinine and urea levels, as well as improvement 
of creatinine clearance. DMF also significantly decreased serum and renal MDA 
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every 24 h, starting 3 h after the administration of DNBS and continuing over the 
course of 4 days. DMF treatment to DNBS treated mice significantly improved colon 
injury and histological score. Further DMF also reduced lipid peroxidation by regu-
lating the expression of SOD2 (superoxide dismutase 2, mitochondrial) and Nrf2. 
The anti-inflammatory effect of DMF was evident by a reduction in the expression of 
TNF-α (tumor necrosis factor- α), IL-1β (Interleukin 1 beta) and ICAM-1 (intercel-
lular adhesion molecule 1) and P- selectin. This effect was thought to be a result of 
reduced IκB-α degradation to prevent nuclear translocation of p65 NF-κB (Nuclear 
factor-κB). Moreover, in vitro DMF treatment improved hydrogen peroxide-induced 
barrier dysfunction of human intestinal epithelial cells. The authors also confirmed 
the protective effect of DMF on experimental colitis using another model (9-week-
old IL-10KO mice). Collectively, this study demonstrated that DMF could reduce 
experimental colitis by regulating inflammation and oxidative stress [38]. In another 
study, Liu et al., 2016 evaluated the efficacy of DMF in reducing DSS-induced 
murine colitis. Wild-type and Nrf2−/− mice received either vehicle or 3% (w/v) DSS 
in drinking water for 7 days and thereafter provided with only drinking water for 
another 3 days. Groups of mice were also given 30 or 60 mg/kg DMF (i.g.) from day 
1 to 10. DMF treatment significantly reduced oxidative stress and inflammation and 
thereby improved signs/symptoms of colitis in DSS-treated mice. However, these 
effects were lost in Nrf2−/− mice, highlighting the importance of the Nrf2-mediated 
mechanism of action of the drug. This was supported by additional in vitro studies in 
which the authors showed that DMF-mediated Nrf2 activation reduces NLRP3 (NLR 
family pyrin domain containing 3) inflammasome activation to control intestinal 
inflammation.

Consistent with the above gastrointestinal benefits derived from DMF/MMF 
treatment, the efficacy of MMF treatment in improving stomach ulcers in rats has 
also been described. Although the detailed mechanism of action was not evaluated, 
the authors attributed the protective effect of the compound in this condition to be 
due primarily to the anti-inflammatory activity of MMF [39]. Collectively, these 
studies indicate that DMF/MMF therapy may be of benefit the clinical management 
of inflammatory gastrointestinal disorders. This is interesting given that gastroin-
testinal (GI) side effects (e.g., nausea, vomiting, diarrhea, and upper abdominal 
pain) are one of the most commonly reported complaints in patients receiving DMF 
therapy [62, 63]. Indeed, during phase 3 clinical trials for multiple sclerosis, adverse 
events (AEs) involving the GI system were reported in 40% of patients treated with 
DMF compared with 30% of patients treated with placebo [64, 65]. Though the 
adverse GI events are generally mild in severity and typically resolve within the first 
2 months of treatment, these issues may impact patient quality of life and ulti-
mately medication adherence. Thus, while a number of experimental studies have 
reported gastroprotective effects of DMF, there is some concern as to whether such 
therapy could reliably be extrapolated to clinical management of gastrointestinal 
disorders in human patients. However, the increasing number of additional reports 
of DMF/MMF benefit in the digestive system that continue to arise in the scientific 
literature suggests that perhaps efforts to implement DMF/MMF therapy for use 
in this regard should not be dismissed completely. For example, Rao and Mishra 
[66] performed a preliminary study demonstrating the hepatoprotective effects 
of MMF isolated from Fumaria Indica extract in various models of hepatotoxicity. 
Although the study was preliminary and had some limitations, it does introduce a 
possible hepatoprotective effect of MMF. This is supported also by a recent study 
by Abdelrahman et al. [67] that reported the protective effects of DMF treatment 
on acetaminophen-induced hepatic injury in mice. Acetaminophen-treated mice 
receiving a single or double dose of DMF (100 mg/kg) showed reduced oxidative 
stress, inflammation, and associated liver damage compared to non-DMF treated 
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animals. Hence, additional studies in larger animal models and at some point, 
in humans, to test, develop and/or refine DMF/MMF formulations to improve 
potential suitability for use in the treatment of gastrointestinal or liver diseases are 
warranted.

4.2 HIV-induced neuroinflammation and neurotoxicity

With improvements in treatments for HIV (human immunodeficiency virus), 
lifespan has increased significantly affected persons. However, neuroinflamma-
tion and/or toxicity remain major concerns in this disease. The critical relevance of 
neuroinflammation to the etiology of MS, a disease for which DMF/MMF therapy is 
already approved, is undeniable [68]. Further, patients with MS are at considerably 
higher risk for neurotoxicity than are patients without the demyelinating disease 
[69]. Given these commonalities between MS and HIV-induced neurologic disease, 
preclinical testing of DMF/MMF in the latter is of interest. Using an in vitro model 
of HIV-mediated neurotoxicity, Cross et al. 2011 [70] showed that HIV infection 
dysregulates macrophage antioxidant response and reduces the expression of heme 
oxygenase-1 (HO-1). Importantly, DMF and MMF (5–30 μM) dose-dependently 
suppressed HIV replication, improved antioxidant response and reduced neuro-
toxin release, effects that the authors proposed to be mediated via a two-way action 
of DMF: (1) inhibition of NF-kB nuclear translocation and consequent suppression 
of HIV replication, and (2) decreased neurotoxin release stemming from HO-1 
induction. Further, they also found that DMF reduces CCL2 (C-C Motif Chemokine 
Ligand 2)-induced monocyte chemotaxis, suggesting that DMF additionally 
decreased the recruitment of activated monocytes to the CNS (central nervous sys-
tem) in response to inflammatory mediators. Based on the above, the authors con-
cluded that dysregulation of the antioxidant response during HIV infection drives 
macrophage-mediated neurotoxicity and DMF could serve as an adjunctive neuro-
protectant. In a separate study, Ambrosius et al. [71] evaluated the effect of MMF 
on microglia activation and subsequent neurotoxicity. MMF treatment (10–30 μM) 
significantly reduced HIV-mediated neurotoxicity in microglia cells (Figure 3). A 
similar but prior study by a different group showed MMF to be capable of inducing 
a phenotypic shift from pro-inflammatory to anti-inflammatory macrophages [72] 
however, Ambrosius et al. did not observe such effects. These differences could be 
model-dependent or related to methodological differences in the two studies and 
therefore require further investigation since the authors did not comprehensively 
evaluate the possible mechanism of action in these short reports. Notwithstanding, 
however, the opposing effects of DMF/MMF on microglial responses, particularly 
those of an inflammatory nature, appear to be solidly supported by several other 
studies [30] which in turn, collectively support additional effort to advance DMF/
MMF therapy for potential use in HIV-associated neuroinflammation and toxicity.

4.3 Nephrotoxicity

Very little information exists on the protective effect of FAEs on renal func-
tion. A study by Takasu et al. [42] evaluated the effect of DMF treatment on CsA 
(calcineurin inhibitor)-induced nephrotoxicity. Male Sprague–Dawley rats were 
treated with 20 mg/kg CsA or CsA + 50 mg/kg DMF (i.g.) for 28 days. At the end of 
the treatment schedule, renal function, histopathology, malondialdehyde (MDA), 
myeloperoxidase levels, and antioxidant enzyme expression were determined. 
DMF co-treatment ameliorated CsA-induced renal dysfunction as evidenced by 
a significant decrease in serum creatinine and urea levels, as well as improvement 
of creatinine clearance. DMF also significantly decreased serum and renal MDA 
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and myeloperoxidase contents whereas, protein expression of NQO-1 (NAD (P) 
H quinone oxidoreductase-1), a major cellular antioxidant and the detoxifying 
enzyme, was significantly enhanced by DMF administration. Although evidence 
is limited, the above study supports the protective potential of DMF/MMF therapy 
in a clinically relevant model of nephrotoxicity, an effect that is afforded in part 
via DMF’s robust ability to enhance the cellular antioxidant capacity and thereby, 
inhibit oxidative stress and inflammation [42] as described in other cell and tissue 
systems. Thus, while much remains to be learned about the possible use of DMF/
MMF in the treatment of renal diseases, initial results are encouraging.

4.4 Non-HIV related neurotoxicity

Prior discussion (subSection 4.2) of neurotoxicity in this chapter was related 
specifically to that occurring in HIV. Irrespective, however, of the mitigating disease 
or pathologic process, the brain is indisputably sensitive to pro-inflammatory 
and/or oxidative insult. Hence, neurotoxicity can emanate from multiple variable 
causes. Kume et al. [43] evaluated the ability of DMF to protect against in vitro 
and in vivo oxidative stress in the central nervous system induced via pro-oxidant 
agents like sodium nitroprusside and hydrogen peroxide (H2O2). DMF pretreat-
ment (60–200 mg/kg) for 24 h dose-dependently protected against 10 nM sodium 
nitroprusside-induced brain damage and in rat primary striatal cell cultures, 10 μM 
DMF markedly prevented cytotoxicity stemming from exposure of cells to H2O2 
(1 mM). Interestingly, the protective effects of DMF against in vitro oxidative stress 
were countered by the HO-1 inhibitor zinc protoporphyrin IX however, buthionine 
sulfoximine, an inhibitor of glutathione synthesis, did not interfere with the protec-
tion afforded by DMF. Collectively, these results support the potential of DMF/
MMF therapy in conditions of neurotoxicity and suggest that its ability to activate 
HO-1 may be critical. Neural stem/progenitor cells (NPCs) are a heterogeneous 
population of self-renewing and multi-potent cells that can differentiate into neu-
rons, astrocytes, or oligodendrocytes (post-mitotic daughter cells) [73, 74]. Hence, 
the survival of these cells could greatly impact various forms of neurodegenerative 
diseases. Wang et al. [75] reported on the neuroprotective effects of DMF on mouse 
and rat neural stem/progenitor cells (NPCs) and neurons. DMF treatment reduced 
reactive oxygen species (ROS) production, increased the frequency of the multi-
potent neurospheres and enhanced the survival of NPCs following H2O2-mediated 
oxidative stress. DMF also decreased oxidative stress-induced apoptosis and 
promoted the survival of motor neurons, effects that this group demonstrated to 
be mediated via the Nrf2-ERK1/2 MAPK pathway. These studies provide additional 
support of the overwhelmingly protective effects of FAE in multiple brain cell types 
and therefore, of the potential feasibility of this therapy in the prevention and treat-
ment of neurodegenerative diseases.

4.5 Pancreatitis

Chronic pancreatitis (CP) is a progressive inflammatory disorder that results in 
the destruction and fibrosis of the pancreatic parenchyma and its endocrine and 
exocrine dysfunctions [76]. Various research groups have evaluated the effect of 
DMF treatment on acute and chronic pancreatitis. In one of the studies, chronic 
pancreatitis in rats was induced by five injections of 250 mg/100 g L-Arginine and 
sacrificed 7 weeks later. In another group 25 mg/kg DMF was given orally 24 before 
L-arginine treatment and continued thereafter until the end of the study. DMF 
treatment significantly improved glucose tolerance, pancreas histology, biochemical 
parameters (MDA and MPO; myeloperoxidase), and induced HO-1 expression [44]. 
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However, this study did not evaluate the mechanism of action for DMF-induced 
protection. Another study by Robles et al. [45] evaluated the efficacy of DMF in 
an acute model of pancreatitis. Acute pancreatitis was induced by two injections 
of 3 g/kg L-Arginine (1 hr. apart) to rats and sacrificed later at 24 and 72 hr. DMF 
(25 mg/kg) was orally administered to rats 24 h before L-arginine and continued 
until sacrifice. The histology of the pancreas was significantly improved in DMF-
treated animals possibly due to decreased cleaved caspase-3 (apoptosis) and MDA 
levels. This group additionally stimulated splenocytes with 1 μg/ml for 24 h with 
or without DMF 20 μM. In vitro DMF treatment significantly reduced proinflam-
matory cytokine secretion in rat splenocytes, although a definitive mechanism for 
this DMF-mediated action was not put forward. Recently, however, Zhang and 
colleagues [46] too evaluated the effect of DMF on L-arginine induced chronic 
pancreatitis. In brief, this group treated Wistar rats intraperitoneally with L-arginine 
5 times (250 mg/100 kg, twice per time, each interval of 1 h) to induce chronic 
pancreatitis (CP). One group of rats was treated with 20 mg/kg DMF. Compared 
with control (untreated) group, the weight of rats in CP group was significantly 
reduced at weeks 2, 4 and 6; blood glucose levels were significantly increased, the 
histopathological scores of pancreatic atrophy, acinar injury, edema, and cellular 
infiltration increased, levels of MDA and MPO increased, and the islet equivalent 
and islet activity decreased at 0, 30, 60, 120 and 180 min., parameters that were 
all prevented or reversed in the DMF-treated CP group. Thus, DMF treatment can 
protect against CP induced by L-arginine and islet function in rats. Although these 
three studies support the potential of DMF/MMF therapy in pancreatitis, the exact 
mechanism (s) to explain the benefits attained remains unknown. Because therapies 
to impact pancreatitis are extremely limited at present, additional detailed studies to 
test the efficacy of FAE in this condition would certainly be worthwhile in hopes that 
findings emanating therefrom could be carried forward to use in a clinical setting.

4.6 Parkinson’s disease

Again, the brain is especially sensitive to perturbations caused by oxidative 
and/or inflammatory stress. In fact, these factors, particularly oxidative stress, 
are central to the pathology of several neurodegenerative diseases, including 
Parkinson’s disease (PD) [77, 78] therefore, therapies designed to enhance antioxi-
dant potential and counter this stress may be of clinical value [79, 80]. Scientific 
studies published within the last couple of years highlight the high clinical potential 
the repurposing of DMF/MMF for the treatment of PD holds. Using various in vitro 
and in vivo studies it has been demonstrated that DMF/MMF induced Nrf2 signal-
ing can protect against oxidative stress and inflammatory conditions related to 
PD. In an initial study by Jing et al. [47], DMF (2–4 μM) pre-treatment significantly 
reduced hydroxydopamine (6-OHDA) induced generation of ROS and subsequent 
cytotoxicity in SH-SY5Y cells. The increase in ROS production caused by 6-OHDA 
treatment was also attenuated by DMF. Further, siNrf2 treatment blocked DMF’s 
protection against 6-OHDA-induced neurotoxicity. In vivo, oral administra-
tion of DMF (50 mg/kg) to C57BL/6 mice up-regulated expression of Nrf2 and 
Nrf2-dependent cytoprotective genes. Taken together, this study provided initial 
evidence for the protective role of DMF in PD. This was followed by three different 
studies focusing on the mechanism of action for DMF and its metabolite, MMF in 
mediated protection against PD. Ahuja et al. [48] compared the effects of DMF and 
MMF on Nrf2 signaling by evaluating its ability to block 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced experimental PD. Their results showed that 
Nrf2 activation by DMF was associated with depletion of glutathione, decreased 
cell viability, and inhibition of mitochondrial oxygen consumption and glycolysis 
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and myeloperoxidase contents whereas, protein expression of NQO-1 (NAD (P) 
H quinone oxidoreductase-1), a major cellular antioxidant and the detoxifying 
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via DMF’s robust ability to enhance the cellular antioxidant capacity and thereby, 
inhibit oxidative stress and inflammation [42] as described in other cell and tissue 
systems. Thus, while much remains to be learned about the possible use of DMF/
MMF in the treatment of renal diseases, initial results are encouraging.
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nitroprusside-induced brain damage and in rat primary striatal cell cultures, 10 μM 
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be mediated via the Nrf2-ERK1/2 MAPK pathway. These studies provide additional 
support of the overwhelmingly protective effects of FAE in multiple brain cell types 
and therefore, of the potential feasibility of this therapy in the prevention and treat-
ment of neurodegenerative diseases.

4.5 Pancreatitis

Chronic pancreatitis (CP) is a progressive inflammatory disorder that results in 
the destruction and fibrosis of the pancreatic parenchyma and its endocrine and 
exocrine dysfunctions [76]. Various research groups have evaluated the effect of 
DMF treatment on acute and chronic pancreatitis. In one of the studies, chronic 
pancreatitis in rats was induced by five injections of 250 mg/100 g L-Arginine and 
sacrificed 7 weeks later. In another group 25 mg/kg DMF was given orally 24 before 
L-arginine treatment and continued thereafter until the end of the study. DMF 
treatment significantly improved glucose tolerance, pancreas histology, biochemical 
parameters (MDA and MPO; myeloperoxidase), and induced HO-1 expression [44]. 
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However, this study did not evaluate the mechanism of action for DMF-induced 
protection. Another study by Robles et al. [45] evaluated the efficacy of DMF in 
an acute model of pancreatitis. Acute pancreatitis was induced by two injections 
of 3 g/kg L-Arginine (1 hr. apart) to rats and sacrificed later at 24 and 72 hr. DMF 
(25 mg/kg) was orally administered to rats 24 h before L-arginine and continued 
until sacrifice. The histology of the pancreas was significantly improved in DMF-
treated animals possibly due to decreased cleaved caspase-3 (apoptosis) and MDA 
levels. This group additionally stimulated splenocytes with 1 μg/ml for 24 h with 
or without DMF 20 μM. In vitro DMF treatment significantly reduced proinflam-
matory cytokine secretion in rat splenocytes, although a definitive mechanism for 
this DMF-mediated action was not put forward. Recently, however, Zhang and 
colleagues [46] too evaluated the effect of DMF on L-arginine induced chronic 
pancreatitis. In brief, this group treated Wistar rats intraperitoneally with L-arginine 
5 times (250 mg/100 kg, twice per time, each interval of 1 h) to induce chronic 
pancreatitis (CP). One group of rats was treated with 20 mg/kg DMF. Compared 
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all prevented or reversed in the DMF-treated CP group. Thus, DMF treatment can 
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dant potential and counter this stress may be of clinical value [79, 80]. Scientific 
studies published within the last couple of years highlight the high clinical potential 
the repurposing of DMF/MMF for the treatment of PD holds. Using various in vitro 
and in vivo studies it has been demonstrated that DMF/MMF induced Nrf2 signal-
ing can protect against oxidative stress and inflammatory conditions related to 
PD. In an initial study by Jing et al. [47], DMF (2–4 μM) pre-treatment significantly 
reduced hydroxydopamine (6-OHDA) induced generation of ROS and subsequent 
cytotoxicity in SH-SY5Y cells. The increase in ROS production caused by 6-OHDA 
treatment was also attenuated by DMF. Further, siNrf2 treatment blocked DMF’s 
protection against 6-OHDA-induced neurotoxicity. In vivo, oral administra-
tion of DMF (50 mg/kg) to C57BL/6 mice up-regulated expression of Nrf2 and 
Nrf2-dependent cytoprotective genes. Taken together, this study provided initial 
evidence for the protective role of DMF in PD. This was followed by three different 
studies focusing on the mechanism of action for DMF and its metabolite, MMF in 
mediated protection against PD. Ahuja et al. [48] compared the effects of DMF and 
MMF on Nrf2 signaling by evaluating its ability to block 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced experimental PD. Their results showed that 
Nrf2 activation by DMF was associated with depletion of glutathione, decreased 
cell viability, and inhibition of mitochondrial oxygen consumption and glycolysis 
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rates in a dose-dependent manner. Contrary to this, MMF increased these activities 
in vitro. However, both DMF and MMF activated the Nrf2 pathway via S-alkylation 
of the Nrf2 inhibitor Keap1 which promoted the nuclear exit of the Nrf2 repres-
sor Bach1 to improve mitochondrial biogenesis. Despite the in vitro differences, 
both DMF and MMF exerted similar neuroprotective effects and blocked MPTP 
neurotoxicity in wild type but not in Nrf2−/− mice. It was concluded that DMF 
and MMF exhibit neuroprotective effects because of their distinct Nrf2-mediated 
antioxidant, anti-inflammatory, and mitochondrial functional/biogenetic effects, 
but MMF does so without depleting glutathione and inhibiting mitochondrial and 
glycolytic functions. Therefore, the authors advocated for the possible develop-
ment of MMF rather than DMF as a novel therapy for PD. Synucleinopathies (also 
called α-synucleinopathies; α-SYN) are neurodegenerative diseases characterized 
by the abnormal accumulation of aggregates of alpha-synuclein protein in neu-
rons, nerve fibers or glial cells [81]. Lastres-Becker et al. [49] conducted a study in 
which they focused primarily on the role of DMF in regulating synucleinopathies 
associated with oxidative stress and inflammation. In brief, an adeno-associated 
pseudotype 6 (rAAV6) viral vector was used to express human α-SYN under 
the neuron-specific human synapsin 1 promoter to create conditions of PD and 
animals were treated daily with DMF (100–300 mg/kg) via oral gavage. DMF 
protected nigral dopaminergic neurons against α-SYN toxicity and decreased 
astrocytosis and microgliosis. However, this protective effect was not observed in 
Nrf2−/− mice. Additionally, in vitro studies indicated that the neuroprotective effect 
was correlated with altered regulation of autophagy markers and with a shift in 
microglial dynamics toward a less pro-inflammatory and a more wound-healing 
phenotype (Figure 3). These experiments provide a compelling rationale for 
targeting Nrf2 with DMF as a therapeutic strategy to reinforce endogenous brain 
defense mechanisms against PD-associated synucleinopathy. These findings are 
supported by another study in which daily oral administration of DMF (10, 30, and 
100 mg/kg) significantly reduced neuronal cell degeneration of the dopaminergic 
tract and behavioral impairments induced by four injections of the dopaminergic 
neurotoxin MPTP. Moreover, treatment with DMF prevented dopamine depletion, 
increased tyrosine hydroxylase, and dopamine transporter activities, and also 
reduced the number of α-synuclein-positive neurons. Furthermore, DMF treat-
ment up-regulated Nrf2 as evidenced by the increased activation of SOD2 and 
HO-1 and elevated levels of glutathione, and increased NeuN+/Nrf2+ cell number 
in the striatum. Moreover, DMF reduced IL-1β levels, cyclooxygenase 2 activities, 
and neuronal nitrite oxide synthase expression. This treatment also modulated 
microglial activation (Figure 3), restored nerve growth factor levels, and preserved 
microtubule-associated protein 2 alterations. Using the Nrf2 inhibitor trigonelline, 
the authors were able to confirm the Nrf2 dependency of the protective mechanism. 
Collectively, these results demonstrated that DMF protects against experimental PD 
via NF-κB/Nrf2 pathway [50]. Several other antioxidants have shown potential as 
therapeutic options for PD, however, because DMF/MMF is already FDA-approved, 
the potential viability of this candidate therapy for PD is enhanced.

4.7 Retinal degenerative diseases

In recent years, others and we have investigated the potential of MMF in the 
treatment of degenerative retinal diseases. In an early study, we showed MMF to be 
protective against reactive gliosis, a characteristic response of Muller glial cells to an 
environment rich in pro-oxidant and inflammatory factors in retinal disease. Folate 
uptake by Muller cells is considered a key event in this process [82]. MMF treatment 
significantly reduced folate uptake by Muller cells by decreasing the expression and 
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activity of proton-coupled folate transporter (PCFT), a transporter integral to the 
uptake of folate. This was the first report demonstrating that MMF could regulate 
folate transport in retinal glial cells and therefore, be potentially useful in the treat-
ment of degenerative retinal diseases. To determine whether, in addition to down-
regulating pro-inflammatory mechanisms, MMF affects counteractive or protective 
signaling, in a subsequent study we evaluated also the effect of the compound on 
the expression and activity of the cysteine/glutamate exchanger SLC7A11 (system 
xc

−), a transport system critical for the intracellular entry of the amino acid cysteine 
which is required for glutathione synthesis [28]. Glutathione is the most abundant 
endogenous antioxidant in the retina and is therefore essential for the protection of 
retinal cells against oxidative stress. Further, retinal pigment epithelial (RPE) cells 
are one of the highest producers of glutathione of any cell type in the body. As such, 
we exposed human retinal pigment epithelial (ARPE-19) cells to MMF in the pres-
ence or absence of pro-oxidant stimuli and evaluated the dose- and time-dependent 
effects on system xc

− mRNA, protein, and activity levels. MMF was found to up-
regulate each of these parameters and additionally, up-regulate hypoxia-inducible 
factor 1-alpha (Hif-1α), nuclear factor erythroid 2-related factor 2 (Nrf2) expres-
sion and increase total reduced glutathione (GSH) content. Collectively, our early  
in vitro studies demonstrated that MMF affects multiple pathways in multiple 
retinal cell types in a manner that is overall protective against oxidative damage.

We sought next to determine whether our findings extrapolate to the in vivo 
condition, therefore, we evaluated the efficacy of MMF in a living animal model 
of retinal disease. Retinopathy is a major cause of vision loss in sickle cell disease 
(SCD) and therapies to prevent and treat sickle retinopathy (SR) are very limited. 
Therapeutic induction of γ-globin expression and subsequent induction of fetal 
hemoglobin (HbF) production can alleviate some SCD-associated complications. 
Interestingly, Nrf2 inducers have been demonstrated to be effective γ-globin induc-
ers [83]. The robust inductive properties of MMF on Nrf2 translocation and activity 
have been long recognized therefore, it was logical to explore the effects of MMF in 
SCD. Not only did we confirm that RPE cells, cells integral to retinal health and func-
tion, produce HbF but that MMF treatment of Townes humanized SCD mice of SCD 
resulted in reductions in the expression of pro-oxidant and inflammatory factors 
and turn, preserved retinal morphology [35]. Shortly after this study, Cho et al. [51] 
too reported on the potential benefit of MMF in the treatment of retinal disease in a 
mouse model of retinal ischemia-reperfusion. Specifically, they showed that MMF 
promotes Nrf2-neuroprotection in this model. MMF treatment was associated with 
significant increases in the expression of Nrf2-responsive antioxidant genes and a 
suppression of inflammatory responses as evidenced by increased expression of NAD 
(P) H quinone dehydrogenase 1, thioredoxin reductase 1 and heme oxygenase-1 
along with decrease in interleukin-1β, chemokine (C-C motif) ligands (2, 7 and 12), 
expressions. Collectively, these molecular improvements interpreted to improved 
retinal function as evidenced by electroretinogram recordings performed on live 
mice and were heavily dependent upon the expression and activity of Nrf2.

Because these initial reports of MMF’s potential efficacy in protecting against 
retinal degeneration were conducted acutely, we decided to evaluate the effect of 
long-term administration of the compound (5 months administration of 15 mg/ml 
MMF in drinking water) in the humanized SCD model [34]. Importantly we found 
via high-pressure liquid chromatography (HPLC) and hematological analyses of 
peripheral blood that MMF treatment reduced sickle hemoglobin (HbS) content and 
white blood cell counts, and improved hematocrit, red blood cell number, and hemo-
globin concentrations significantly in SCD mice. In retina specifically, the mRNA 
and protein expression of well-established markers of inflammation and oxidative 
stress (i.e., vascular endothelial growth factor, intercellular adhesion molecule-1, 
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rates in a dose-dependent manner. Contrary to this, MMF increased these activities 
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sor Bach1 to improve mitochondrial biogenesis. Despite the in vitro differences, 
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neurotoxicity in wild type but not in Nrf2−/− mice. It was concluded that DMF 
and MMF exhibit neuroprotective effects because of their distinct Nrf2-mediated 
antioxidant, anti-inflammatory, and mitochondrial functional/biogenetic effects, 
but MMF does so without depleting glutathione and inhibiting mitochondrial and 
glycolytic functions. Therefore, the authors advocated for the possible develop-
ment of MMF rather than DMF as a novel therapy for PD. Synucleinopathies (also 
called α-synucleinopathies; α-SYN) are neurodegenerative diseases characterized 
by the abnormal accumulation of aggregates of alpha-synuclein protein in neu-
rons, nerve fibers or glial cells [81]. Lastres-Becker et al. [49] conducted a study in 
which they focused primarily on the role of DMF in regulating synucleinopathies 
associated with oxidative stress and inflammation. In brief, an adeno-associated 
pseudotype 6 (rAAV6) viral vector was used to express human α-SYN under 
the neuron-specific human synapsin 1 promoter to create conditions of PD and 
animals were treated daily with DMF (100–300 mg/kg) via oral gavage. DMF 
protected nigral dopaminergic neurons against α-SYN toxicity and decreased 
astrocytosis and microgliosis. However, this protective effect was not observed in 
Nrf2−/− mice. Additionally, in vitro studies indicated that the neuroprotective effect 
was correlated with altered regulation of autophagy markers and with a shift in 
microglial dynamics toward a less pro-inflammatory and a more wound-healing 
phenotype (Figure 3). These experiments provide a compelling rationale for 
targeting Nrf2 with DMF as a therapeutic strategy to reinforce endogenous brain 
defense mechanisms against PD-associated synucleinopathy. These findings are 
supported by another study in which daily oral administration of DMF (10, 30, and 
100 mg/kg) significantly reduced neuronal cell degeneration of the dopaminergic 
tract and behavioral impairments induced by four injections of the dopaminergic 
neurotoxin MPTP. Moreover, treatment with DMF prevented dopamine depletion, 
increased tyrosine hydroxylase, and dopamine transporter activities, and also 
reduced the number of α-synuclein-positive neurons. Furthermore, DMF treat-
ment up-regulated Nrf2 as evidenced by the increased activation of SOD2 and 
HO-1 and elevated levels of glutathione, and increased NeuN+/Nrf2+ cell number 
in the striatum. Moreover, DMF reduced IL-1β levels, cyclooxygenase 2 activities, 
and neuronal nitrite oxide synthase expression. This treatment also modulated 
microglial activation (Figure 3), restored nerve growth factor levels, and preserved 
microtubule-associated protein 2 alterations. Using the Nrf2 inhibitor trigonelline, 
the authors were able to confirm the Nrf2 dependency of the protective mechanism. 
Collectively, these results demonstrated that DMF protects against experimental PD 
via NF-κB/Nrf2 pathway [50]. Several other antioxidants have shown potential as 
therapeutic options for PD, however, because DMF/MMF is already FDA-approved, 
the potential viability of this candidate therapy for PD is enhanced.

4.7 Retinal degenerative diseases

In recent years, others and we have investigated the potential of MMF in the 
treatment of degenerative retinal diseases. In an early study, we showed MMF to be 
protective against reactive gliosis, a characteristic response of Muller glial cells to an 
environment rich in pro-oxidant and inflammatory factors in retinal disease. Folate 
uptake by Muller cells is considered a key event in this process [82]. MMF treatment 
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folate transport in retinal glial cells and therefore, be potentially useful in the treat-
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factor 1-alpha (Hif-1α), nuclear factor erythroid 2-related factor 2 (Nrf2) expres-
sion and increase total reduced glutathione (GSH) content. Collectively, our early  
in vitro studies demonstrated that MMF affects multiple pathways in multiple 
retinal cell types in a manner that is overall protective against oxidative damage.

We sought next to determine whether our findings extrapolate to the in vivo 
condition, therefore, we evaluated the efficacy of MMF in a living animal model 
of retinal disease. Retinopathy is a major cause of vision loss in sickle cell disease 
(SCD) and therapies to prevent and treat sickle retinopathy (SR) are very limited. 
Therapeutic induction of γ-globin expression and subsequent induction of fetal 
hemoglobin (HbF) production can alleviate some SCD-associated complications. 
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tion, produce HbF but that MMF treatment of Townes humanized SCD mice of SCD 
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too reported on the potential benefit of MMF in the treatment of retinal disease in a 
mouse model of retinal ischemia-reperfusion. Specifically, they showed that MMF 
promotes Nrf2-neuroprotection in this model. MMF treatment was associated with 
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suppression of inflammatory responses as evidenced by increased expression of NAD 
(P) H quinone dehydrogenase 1, thioredoxin reductase 1 and heme oxygenase-1 
along with decrease in interleukin-1β, chemokine (C-C motif) ligands (2, 7 and 12), 
expressions. Collectively, these molecular improvements interpreted to improved 
retinal function as evidenced by electroretinogram recordings performed on live 
mice and were heavily dependent upon the expression and activity of Nrf2.

Because these initial reports of MMF’s potential efficacy in protecting against 
retinal degeneration were conducted acutely, we decided to evaluate the effect of 
long-term administration of the compound (5 months administration of 15 mg/ml 
MMF in drinking water) in the humanized SCD model [34]. Importantly we found 
via high-pressure liquid chromatography (HPLC) and hematological analyses of 
peripheral blood that MMF treatment reduced sickle hemoglobin (HbS) content and 
white blood cell counts, and improved hematocrit, red blood cell number, and hemo-
globin concentrations significantly in SCD mice. In retina specifically, the mRNA 
and protein expression of well-established markers of inflammation and oxidative 
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interleukin-1β, dihydroethidium labeling) was reduced and the development and 
progression of SCD-like retinal pathology in these mice were ameliorated. Additional 
related in vitro studies performed toward elucidating the molecular mechanisms 
responsible for the MMF-induced improvements that were observed implicate Nrf2 
and Bcl11A (B-cell lymphoma/leukemia 11A) as key players. This study was of 
extreme significance because not only did it support strongly the notion that fumaric 
acid ester therapy may be of benefit for the treatment of retinal pathology, especially 
in SCD, but for SCD in general, a concept that we have since patented [84]. Perhaps 
equally as astounding is the fact that MMF delivered systemically induced such 
robust effects in retina, meaning that MMF must be capable of crossing in signifi-
cant quantities or otherwise inducing signaling across the blood-retinal barriers. 
Given the known difficulties with non-invasive yet efficacious drug delivery to the 
posterior segment of the eye (retina) and the commonality of oxidative stress and 
inflammation as key causative factors in the development and progression of numer-
ous retinal diseases, the clinical relevance and therefore potential impact of the above 
findings is extremely high. Indeed, new reports of potential benefit derived from 
MMF in animal models of the degenerative retinal disease continue to surface, such 
as the recent study by Jiang et al. [52] demonstrating that MMF treatment protects 
against light-induced retinal damage on BALB/C mice and effect due potentially to 
HCAR2-dependent signaling in retinal microglia cells (Figure 3). Eventually, data 
emanating from these preclinical reports may spur increased interest in moving 
toward clinical testing and implementation of FAE therapy in the near future.

4.8 Sepsis

Sepsis is a potentially fatal illness that can lead to the damage of multiple organs 
[85]. The condition is deeply associated with oxidative stress and inflammation. 
Firstly, a study by Giustina et al. [53] reported the protective effects of DMF 
against multi-organ sepsis by modulating oxidative stress and inflammation. It was 
reported that oral administration of 15 mg/kg of DMF provides significant protec-
tion against sepsis-induced multi-organ (heart, liver, and lung) damage in rats. 
Later, the same research group reported the protective effects of DMF treatment 
on sepsis-associated inflammation and oxidative stress and cognitive impairment 
in the brain [54]. Although both these studies were descriptive in nature as neither 
evaluated in detail the underlying mode of action, they provide evidence that DMF 
might be used successfully for the clinical management of sepsis. This is supported 
by a study by Shalmani et al. [55] in which it was reported that 50 mg/kg (i.p.) 
MMF treatment improved sepsis-induced liver dysfunction by regulating the 
TLR-4/NF-κB signaling pathway. Collectively, these preclinical studies provide a 
great foundation for future clinical evaluations of the utility of FAE in the manage-
ment of organ damage in sepsis.

4.9 Sickle cell disease-associated oxidative stress and inflammation

Uncontrolled hemolysis and subsequent release of hemoglobin (Hb) and heme 
into the vasculature is a hallmark of sickle cell disease (SCD) [86, 87]. Heme, a 
damage-associated molecular pattern, is highly pro-oxidative and proinflamma-
tory and induces vaso-occlusion in murine models of sickle cell disease (SCD) 
[88]. A study by Belcher et al. evaluated the protective effect of DMF treatment 
on SCD associated oxidative stress and inflammation in the liver and kidneys [56]. 
DMF (30 mg/kg/day) or vehicle (0.08% methylcellulose) was administered for 
3–7 days to NY1DD and HbSS-Townes SCD mice. DMF had a significant reduc-
tive impact on vaso-occlusion in SCD mice. It increased the nuclear translocation 
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of Nrf2 and cellular mRNA of Nrf2-responsive genes in livers and kidneys, and 
increased heme defenses, including HO-1, haptoglobin, hemopexin, and ferritin 
heavy chain, without altering plasma Hb and heme levels. Markers of inflammation 
were also reduced. Interestingly, much of the DMF-induced benefit was blunted by 
the HO-1 inhibitor, protoporphyrin. Chronic treatment (24 weeks) of SCD with 
DMF decreased hepatic necrosis, inflammatory cytokines, and irregularly shaped 
erythrocytes, and increased HbF but did not alter hematocrit, reticulocyte counts, 
lactate dehydrogenase or plasma heme levels or, spleen weights. These results [56] 
together with our previously highlighted findings in SCD (subSection 4.7) [34, 35], 
are supportive of the multiple beneficial effects of DMF/MMF on the pathogenesis 
of SCD and the need for further clinical evaluation of the drug for this indication.

4.10 Spinal cord injury

Patients with spinal cord injury (SCI) usually have permanent and often dev-
astating neurologic deficits and disabilities. The currently available therapeutic 
options include surgical decompression, methylprednisolone and hemodynamic 
control [89, 90]. Hence, the development of a new therapy for SCI holds great mer-
its. Recent work by Cordaro et al. [57] evaluated the beneficial effects of DMF and 
MMF in a mouse model of traumatic SCI. Using an aneurysm clip, SCI was induced 
by extradural compression of the spinal cord at T6-T7 for 1 min. Mice were then 
treated with 30 mg/kg (i.g) DMF or MMF one and 6 h post-SCI. To evaluate the 
locomotor activity, study mice were treated with DMF/MMF once daily for 10 days. 
It was observed that mice treated with DMF exhibited a significant and sustained 
recovery of motor function. DMF/MMF significantly reduced the severity of 
inflammation by modulation of pro-inflammatory cytokines and apoptosis factors 
and increased neurotrophic factors. The authors concluded that the observed results 
were attributable to reduced secondary inflammation and tissue injury and there-
fore, DMF may constitute a promising target for future SCI therapies [57]. This 
study provided the first scientific evidence for the protective role of DMF in the 
treatment of SCI, however, additional detailed experimental and preclinical studies 
are needed to identify the potential mechanism(s) of action and enhance the likeli-
hood that this therapy could be advanced to clinical testing and implementation.

4.11 Stroke

Over the past 2 years, researchers worldwide have published several articles on 
the role of FAE in the treatment of stroke. In one of the early studies on intrace-
rebral hemorrhage (ICH), male rats and mice (including Nrf2-deficient animals) 
were subjected to intracerebral injection of blood and then treated with DMF [40]. 
In rats, 5 mg/kg DMF was administered at 2 h post-ICH and again orally twice a 
day on days 1–3, whereas in mice, the same dose of DMF was injected (i.p.) 24 h 
post-ICH and then at days 2 and 3. Treatment with DMF induced Nrf2-target genes, 
improved hematoma resolution, reduced brain edema and eventually enhanced 
neurological recovery in rats and wild type mice, but not in Nrf2−/− mice. Based 
on these findings, the authors proposed that DMF may offer an impressive 24 h 
therapeutic window of opportunity in which to treat ICH, a concept certainly 
worthy of further evaluation. The potential of DMF/MMF therapy in ICH is sup-
ported further by work by Iniaghe et al. [41] in which male CD-1 mice were sub-
jected to intrastriatal infusion of bacterial collagenase, autologous blood or sham 
surgery. After ICH, animals either received vehicle, DMF (10 mg or 100 mg/kg) or 
casein kinase 2 inhibitor (E)-3-(2,3,4,5-tetrabromophenyl) acrylic acid (TBCA). 
Some mice also received scrambled siRNA or MAFG siRNA 24 h before ICH. DMF 
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interleukin-1β, dihydroethidium labeling) was reduced and the development and 
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cant quantities or otherwise inducing signaling across the blood-retinal barriers. 
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MMF in animal models of the degenerative retinal disease continue to surface, such 
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of Nrf2 and cellular mRNA of Nrf2-responsive genes in livers and kidneys, and 
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day on days 1–3, whereas in mice, the same dose of DMF was injected (i.p.) 24 h 
post-ICH and then at days 2 and 3. Treatment with DMF induced Nrf2-target genes, 
improved hematoma resolution, reduced brain edema and eventually enhanced 
neurological recovery in rats and wild type mice, but not in Nrf2−/− mice. Based 
on these findings, the authors proposed that DMF may offer an impressive 24 h 
therapeutic window of opportunity in which to treat ICH, a concept certainly 
worthy of further evaluation. The potential of DMF/MMF therapy in ICH is sup-
ported further by work by Iniaghe et al. [41] in which male CD-1 mice were sub-
jected to intrastriatal infusion of bacterial collagenase, autologous blood or sham 
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treatment reduced Evans blue dye extravasation, decreased brain water content, 
microglia activation (Figure 3), ICAM-1 expression and, improved neurological 
deficits and casein kinase 2 levels. Interestingly, TBCA and MAFG siRNA blunted 
protection afforded by DMF. Hence, it was concluded that DMF reduced inflam-
mation, blood-brain barrier permeability, and improved neurological outcomes via 
casein kinase 2 and Nrf2 signaling pathways in mice.

Similar to other neurodegenerative disorders, oxidative stress is common also to 
the pathogenesis of ischemic stroke, potentiating the neuronal malfunction and cell 
death characteristic of this disease [91]. Given that the up-regulation of antioxidant 
genes through activation of the Nrf2 is one of the key mechanisms of cellular defense 
against oxidative stress [92], it is logical to explore the efficacy of FAE therapy in this 
condition. Congruent with this, three additional groups used experimental models 
of ischemic stroke to evaluate the efficacy of FAEs. In 2016, Lin et al. [36] observed 
that MMF (25–100 μM) rescued cultured cortical neurons from oxygen–glucose 
deprivation (OGD) and suppressed pro-inflammatory cytokines produced by 
primary mixed neuron/glia cultures subjected to OGD. In rats, DMF treatment  
(25 or 50 mg/kg twice daily) significantly decreased infarction volume by nearly 
40% and significantly improved neurobehavioral deficits after middle cerebral 
artery occlusion (MCAO). In the acute early phase (72 h after MCAO), DMF induced 
Nrf2 expression and its downstream mediator HO-1. In addition to its antioxidant 
role, DMF also acted as a potent immunomodulator, reducing the infiltration of 
neutrophils and T-cells as well as the number of activated microglia/ macrophages 
in the infarct region. Concomitantly, levels of pro-inflammatory cytokines were 
greatly reduced in the plasma and brain and oxygen–glucose deprived neuron/glia 
cultures. Further, using a mouse model of transient focal brain ischemia, Yao et al. 
[37] showed that DMF and MMF (30 mg/kg i.p.) significantly reduced neurological 
deficits, infarct volume, brain edema, and cell death. Additionally, DMF and MMF 
suppress glial activation following brain ischemia. Importantly, the protection of 
DMF and MMF was most evident during the sub-acute stage and was abolished in 
Nrf2−/− mice, indicating that the Nrf2 pathway is required for the beneficial effects 
of DMF and MMF [37]. In another study, murine organotypic hippocampal slice 
cultures, and two neuronal cell lines were treated with DMF and MMF [93]. The 
ischemic condition was generated by exposing cells and slice cultures to oxygen-glu-
cose deprivation. Treatment with both DMF and MMF (30–100 μM) immediately 
upon reoxygenation strongly reduced cell death in hippocampal cultures ex vivo. 
Both DMF and MMF promoted neuronal survival in HT-22 and SH-SY5Y cell lines 
exposed to ischemic stress. However, interestingly, DMF but not MMF activated the 
anti-oxidative Nrf2 pathway in neurons. Accordingly, the protective effect of DMF 
but not MMF was abrogated in the neurons of Nrf2-deficient mice. These results 
provide the basis for a new therapeutic approach to treat ischemic pathologies such 
as stroke using a drug that is already approved by US-FDA for clinical use.

5. Safety profile

By and large, the short-term safety profile for DMF in patients with RMS is 
highly favorable [64, 65] and long-term safety analyses from the ENDORSE study 
sustains a favorable benefit: risk ratio [94]. The most common adverse events 
observed in patients receiving DMF include flushing, gastrointestinal (GI) events 
(e.g., diarrhea, nausea, abdominal pain, and vomiting), proteinuria, and pruritus 
[64, 65]. Aspirin pretreatment has been shown to reduce DMF induced adverse GI 
events [95]. Additionally, the leukotriene-receptor antagonist montelukast has been 
shown to help as well [96]. Further, it has been observed that consuming a high fat 
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and high protein meal just before DMF administration may reduce GI and flushing 
side effects by delaying its intestinal absorption. Notably, the risk of lymphopenia 
is higher in adults older than 55 years, in those with lower baseline lymphocyte 
counts, and those switching from natalizumab [97]. Cases of multifocal leukoen-
cephalopathy (PML) following DMF treatment have also been reported [98–107]. 
Highly worthy of mention, however, is the fact that each of the affected patients 
detailed above had well-known pre-existing risk factors for PML including lympho-
cytopenia, sarcoidosis, cancer history, and/or prior efalizumab use. Thus, the nega-
tive effects of MMF treatment on PML should be interpreted very carefully. Like 
other pharmacological therapies, DMF/MMF treatment is associated with some side 
effects importantly however, advancements toward developing improved formula-
tions minimize these events without losing efficacy are already being realized. For 
example, Alkermes, Inc. has developed diroximel fumarate (DRF), also known 
as ALKS8700, a novel MMF prodrug. Importantly, this new formulation has been 
shown to yield bioequivalent levels of MMF at the cellular level when compared 
directly to DMF (Figure 1) [108] while interacting less with off-target proteins and 
therefore producing fewer unwanted side effects [109]. Indeed, interim findings 
from EVOLVE-MS-1 and EVOLVE-MS-2 which demonstrate that DRF has a favor-
able safety and efficacy profile and is well-tolerated in MS patients [108, 110].

6. Conclusions

Drug repurposing is a very viable therapeutic strategy [18]. Many agents 
approved for other uses already have been tested in humans, so detailed informa-
tion is available on their pharmacology, formulation and potential side effects. Since 
repurposing expands upon past innovative endeavors, hopeful new treatments 
could be prepared for clinical trials rapidly. Historically, pharmaceutical companies 
have achieved a number of successes via drug repositioning (e.g., for Viagra, tha-
lidomide, metformin, etc.). Based on the literature available, DMF/MMF has been 
shown to protect against a variety of diseases other than MS and psoriasis.

7. Future perspectives

FAE are perhaps most noted for the robust antioxidant effects that they elicit via 
Nrf2 induction. A number of additional (non-FAE based) Nrf2 inducing drugs have 
been developed and tested in experimental and clinical systems in recent years (e.g., 
resveratrol, sulforaphane, etc.) and several have been with considerable success 
with regard to potential for clinical development [111]. However, the multimodal 
actions of FAE make this emerging drug stand out among the rest. It is commonly 
said that oxidative stress and inflammation go hand-in-hand, meaning that one 
potentiates the other in somewhat of a cyclic manner. Thus, it can only be hoped 
that in turn, if one is suppressed then the other similarly complies. However, things 
are usually not that simple. In the case of FAE, there are two arms of action: one 
induces Nrf2 and the other interacts with the anti-inflammatory hydroxycarboxylic 
acid receptor (HCAR2 or HCA2; Figure 2). Thus, the compound has a direct impact 
on inflammation independent of its actions on oxidative stress. The fascinating 
thing about these two mechanistic arms, is that they appear to act simultaneously 
in many cell and tissue systems. This may explain why FAE has exceled in so many 
variable pathologic conditions. MMF through its interaction with HCAR2, which 
is expressed by primary immune cells and a multitude of accessory immune cells 
(i.e., those that initiate the immune response and those cells like retinal pigment 
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counts, and those switching from natalizumab [97]. Cases of multifocal leukoen-
cephalopathy (PML) following DMF treatment have also been reported [98–107]. 
Highly worthy of mention, however, is the fact that each of the affected patients 
detailed above had well-known pre-existing risk factors for PML including lympho-
cytopenia, sarcoidosis, cancer history, and/or prior efalizumab use. Thus, the nega-
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other pharmacological therapies, DMF/MMF treatment is associated with some side 
effects importantly however, advancements toward developing improved formula-
tions minimize these events without losing efficacy are already being realized. For 
example, Alkermes, Inc. has developed diroximel fumarate (DRF), also known 
as ALKS8700, a novel MMF prodrug. Importantly, this new formulation has been 
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directly to DMF (Figure 1) [108] while interacting less with off-target proteins and 
therefore producing fewer unwanted side effects [109]. Indeed, interim findings 
from EVOLVE-MS-1 and EVOLVE-MS-2 which demonstrate that DRF has a favor-
able safety and efficacy profile and is well-tolerated in MS patients [108, 110].
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approved for other uses already have been tested in humans, so detailed informa-
tion is available on their pharmacology, formulation and potential side effects. Since 
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have achieved a number of successes via drug repositioning (e.g., for Viagra, tha-
lidomide, metformin, etc.). Based on the literature available, DMF/MMF has been 
shown to protect against a variety of diseases other than MS and psoriasis.
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Nrf2 induction. A number of additional (non-FAE based) Nrf2 inducing drugs have 
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are usually not that simple. In the case of FAE, there are two arms of action: one 
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epithelial cells, for example, that aren’t truly “immune” cells but are capable just 
the same of secreting pro- and anti-inflammatory factors depending upon the 
stimulus), elicits a tremendous anti-inflammatory response. The combined Nrf2-
inducing and immune-modulatory properties of FAE have enabled this drug to be 
efficacious in a broad range of body systems. The evidence provided in this chapter 
alone demonstrates convincingly that the benefits of FAE have been realized in the 
central nervous system (brain and retina), the cardiovascular system, the digestive 
and/or gastrointestinal system, the immune system, the integumentary system and 
the renal system; this list continues to grow. Thus, the potential clinical impact of 
FAE therapy use is high and importantly extremely broad. It is acknowledged that as 
with virtually all pharmacologic agents, FAE therapy is not without adverse effects. 
Importantly, however, the effects are relatively mild and the benefit(s) indisputably 
outweigh the risks. As such, there is a prompt need for additional experimental and 
clinical studies to translate the information gleaned from exploratory trials of FAE 
therapy in various cell, tissue, and disease types into clinical use.
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epithelial cells, for example, that aren’t truly “immune” cells but are capable just 
the same of secreting pro- and anti-inflammatory factors depending upon the 
stimulus), elicits a tremendous anti-inflammatory response. The combined Nrf2-
inducing and immune-modulatory properties of FAE have enabled this drug to be 
efficacious in a broad range of body systems. The evidence provided in this chapter 
alone demonstrates convincingly that the benefits of FAE have been realized in the 
central nervous system (brain and retina), the cardiovascular system, the digestive 
and/or gastrointestinal system, the immune system, the integumentary system and 
the renal system; this list continues to grow. Thus, the potential clinical impact of 
FAE therapy use is high and importantly extremely broad. It is acknowledged that as 
with virtually all pharmacologic agents, FAE therapy is not without adverse effects. 
Importantly, however, the effects are relatively mild and the benefit(s) indisputably 
outweigh the risks. As such, there is a prompt need for additional experimental and 
clinical studies to translate the information gleaned from exploratory trials of FAE 
therapy in various cell, tissue, and disease types into clinical use.
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