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We have conducted a bibliometric review of drug repurposing by scanning >25 million papers in
PubMed and using text-mining methods to gather, count and analyze chemical-disease therapeutic
relationships. We find that >60% of the ~35,000 drugs or drug candidates identified in our study have
been tried in more than one disease, including 189 drugs that have been tried in >300 diseases each.
Whereas in the majority of cases these drugs were applied in therapeutic areas close to their original use,

there have been striking, and perhaps instructive, successful attempts of drug repurposing for

unexpected, novel therapeutic areas.

Introduction

Drug repurposing (also known as repositioning, reprofiling, redir-
ecting or rediscovering [1]) is defined as developing new uses for a
drug beyond its original use or initial approved indication. Drug
repurposing has attracted increasing attention in recent years as
drug companies seek potentially inexpensive alternatives to com-
pensate for the high costs and disappointing success rate associat-
ed with the drug discovery pipeline [2]. Repurposing can help
identify new therapies for diseases at lower cost and in a shorter
time, particularly in those cases where preclinical safety studies
have already been completed.

During recent years, several authors have reviewed drug repur-
posing [2-10]. These reviews for the most part analyze and describe
the methodologies, often illustrated with examples of successful
repurposing. The compelling case of the repurposing of sildenafil
(Viagra™) for erectile dysfunction is common knowledge but there
are other stories of repurposing that have gone on to be profitable:
bupropion, originally used for depression, was repurposed for
smoking cessation; and thalidomide, once a treatment for morn-
ing sickness, is now used for multiple myeloma.
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Herein, we report on a bibliometric analysis of drug repurposing
conducted with the aim of measuring and understanding the
scope of the practice over the history of modern drug discovery.
We define repurposing as a PubMed report of the use or testing of a
drug for a disease different from the originally reported one.
Although inexact, this methodology gives unique insight into
the scope of the practice. By examining a few drugs in-depth
we see striking examples of reasoning and intuition applied to
repurposing.

Literature analysis

Our analysis was based on PubMed’s MEDLINE data (http://www.
ncbi.nlm.nih.gov/pubmed). At >25 million entries, PubMed is the
largest and most comprehensive source of biomedical research
citations. To assemble a dataset for this bibliometric analysis,
we built on earlier text-mining work [11] and identified articles
in PubMed where a chemical entity was described in terms of
its therapeutic association with a disease. We determined this
relationship by examining the MeSH annotations in a stepwise
manner (described in the supplementary material online).
These chemical entities represent drugs or drug candidates. For
simplicity, these entities will be referred to here as drugs.
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All drug-disease combinations were extracted, along with the
year the article was published, into a separate dataset. This set
included citations with no abstract and those in languages other
than English, as long as they were annotated and the annotations
met the criteria. The publication-type field was examined for each
article and clinical trial publications were flagged. This collection
included PubMed articles annotated through June 2016 and will
be referred to as the ReprofileSet.

The drug—disease annotations in the ReprofileSet were drawn
from various types of articles and include in vitro testing, animal
studies and human clinical trials and case studies. By being this
inclusive, we could look at repurposing at all stages, from identi-
fying candidate drugs to therapeutic use in humans. Because our
metrics are based on the scientific literature and not regulatory or
marketing sources, our metrics focus on the investigation part of
the life cycle of a drug. For that reason, there are several aspects of
repurposing that our bibliometric data do not reveal: whether the
substance was submitted to the FDA (or another regulatory agen-
cy), approved, withdrawn, marketed, profitable, safe or effective.
These aspects remained outside the scope of this review.

The knowledge that a drug went through a clinical trial is a key
piece of information indicating that the drug has crossed some
important hurdles. For this reason, we have separately counted
articles discussing clinical trials to be able to measure the repurpos-
ingattempts that madeit to thisimportant stage. In addition, we can
make limited inferences about the success of a drug based on the
number of articles in the ReprofileSet that associate the drug and the
disease. When many articles link a drug and a disease it is likely
that the drug successfully treats the disease, whereas low publication
counts indicate that using the drug to treat the disease was not
actively pursued. Without reading the articles or deeper investiga-
tions for each drug, one does not know the reason why the drug was
not pursued. It could have failed clinically or might have been a
success in the clinic but discontinued later for reasons unrelated to
safety and efficacy: scientific, economic or organizational.

Limitations in PubMed, and in the literature itself, affected the
composition of the ReprofileSet. Some articles, especially older
ones, were annotated with an older vocabulary, so they were not
detected by our algorithms and did not make it into the Repro-
fileSet. Our algorithms looked for therapeutic relationships be-
tween a drug and a disease. Errors were likely when an article
described more complex relationships; for example, when a drug
treats symptoms of the disease, treats the complications of another
treatment (drugs that treat nausea caused by anticancer drugs),
measures a symptom of a disease or is used in combination
therapy.

Evidence for repurposing might not be part of the literature
record; for example, the case where a drug was developed with the
aim to treat a specific disease but was repositioned early in the
development process before any results were published. This was
indeed the case with sildenafil. Indeed, the first article appearing
for sildenafil already discussed its use in erectile dysfunction (i.e.,
repurposing from angina to erectile dysfunction occurred before
any publications) [12].

Bibliometric observations
The ReprofileSet contains chemical-disease-article relationships
for 35,580 distinct chemicals and 4,333 diseases and conditions.

TABLE 1
Therapeutic chemical-disease pairs

Number of diseases Number of chemicals % Chemicals

1 13972 39.27
2 6657 18.71
5 6605 18.56
10 3119 8.77
20 1980 5.56
30 804 2.26
40 513 1.44
50 300 0.84
60 245 0.69
70 196 0.55
80 151 0.42
90 1m 0.31
100 104 0.29
110 93 0.26
120 58 0.16
130 54 0.15
140 58 0.16
150 44 0.12
160 44 0.12
170 33 0.09
180 29 0.08
190 24 0.07
200 26 0.07
210 30 0.08
220 27 0.08
230 32 0.09
240 16 0.04
250 15 0.04
300 51 0.14
>300 189 0.53
Total 35580 100.00

Over 13 000 chemicals have been tested on only one disease whereas 189 chemicals (the
most highly repurposed chemicals according to the definition used here) have been
tested for >300 diseases each.

Over 60% of the chemicals are associated with more than one
disease, suggesting they probably have been reprofiled. The re-
mainder of the list (~13,000 chemicals) is associated therapeuti-
cally with only one disease. Table 1 shows the distribution of
chemicals and disease counts. The last line of the table shows that
189 chemicals have been mentioned in the literature in connec-
tion with >300 diseases each. Table 2 shows some of the most
frequently repurposed chemicals. The top four chemicals have
been studied in >1,000 diseases. These chemicals are corticoste-
roids — drugs that treat inflammation - a testament to the ubig-
uitous nature of inflammation in disease [13,14]. Prednisolone
heads the list and is associated with 1,340 diseases. A partial list of
the actual diseases that prednisolone has been used to treat or
investigated for is shown in Table 3. This table shows that the first
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TABLE 2

Drugs that have been used or tested in the largest number of diseases

Chemical name Disease count®

Article count® Clinical article count®

Prednisolone 1340 8472 1541
Dexamethasone 1317 8386 1990
Prednisone 1162 8388 1567
Methylprednisolone 1135 6664 1396
Interferon-a 879 17 323 4924
Ascorbic acid 840 3579 746
Cyclosporine 838 6369 1288
Cyclophosphamide 817 11 086 2044
Hydrocortisone 809 3472 640
Methotrexate 798 12584 2166
Aspirin 789 9072 2534
Vitamin E 787 3621 819
Heparin 779 8726 1416
Immunoglobulin G 692 4844 918
Indomethacin 688 4520 1113
Ethanol 688 4284 466
Lidocaine 646 3800 1185
Doxycycline 633 3058 977
Acetylcysteine 627 2324 534
Adrenocorticotropic hormone 627 4149 266
Propranolol 622 7079 1895

? Count of diseases occurring with the drug in ReprofileSet drug-disease pairs.
P Count of articles total in which the drug occurs with any disease in ReprofileSet.
€ Count of articles describing clinical trials.

disease with a clear connection to prednisolone was pemphigus,
described in an article published in 1955 [15]. Since then, pred-
nisolone was tested against many diseases and conditions and
research continues to the present day. In 2015, the drug was
tested against 16 new diseases, including such ailments as hear-
ing loss [16].

Most of the diseases treated by prednisolone have an inflamma-
tion component that is the targeted physiological endpoint of the
drug. The repurposing in these cases is straightforward and does
not redirect the drug to a new therapeutic area. We see similar
patterns with cancer drugs: when successful in treating one type of
cancer the drugs are used for other cancer types. There are,
however, less obvious repurposing examples with prednisolone.
For example, the drug was tested successfully against restless legs
syndrome in 2010 [17]. These data suggest that redirecting a drug
for a disease in the same therapeutic area is a common phenome-
non. This is understandable, because taking a drug that works on
one type of cancer or inflammation and trying it on another type is
an obvious step. Repositioning a drug to a completely new thera-
peutic area happens less often and is ultimately more interesting,
because the motivation is less obvious. This kind of repurposing
could ultimately be more valuable because it could extend the
drug to a new market and, from a scientific point of view, it could
offer further understanding of the disease physiology and the
mechanism of action. It is also likely to be the riskiest repurposing
approach. To look for examples for repurposing over a large
therapeutic distance we will examine in-depth two drugs with a

long history of use: the antipsychotic chlorpromazine and the
antimalarial chloroquine.

Chlorpromazine

Chlorpromazine is a relatively old drug in the modern pharma-
copeia. It was originally synthesized by scientists at Rhone-
Poulenc as one of a group of phenothiazine derivatives with
the hopes that it would be an effective antimalarial [18]. In 1950,
the Rhone-Poulenc scientist Paul Charpentier gave a sample of
chlorpromazine he had synthesized to a surgeon-anesthesiolo-
gist, Henri Laborit, who administered the drug to patients before
surgery. Laborit found that his patients went into surgery less
anxious and more relaxed. Recognizing these sedative effects
from Laborit’s trials, another colleague successfully tried the
compound as an adjunct therapy to barbiturates on an individ-
ual diagnosed with acute mania; and, shortly afterwards, the
drug was used to treat mania and similar conditions. The
results were remarkable and the publications describing the
clinical effects of chlorpromazine sparked enormous interest
[18,19].

The first publications included in PubMed date from 1952 but
the first articles that fit the criteria for inclusion in ReprofileSet
appeared in 1954. By that time the drug had attracted widespread
attention evidenced by the 60 articles published in that year
alone (data not shown), and there had already been efforts to
reprofile the drug. In 1954, chlorpromazine was studied as a
treatment for 22 diseases. Table 4 shows a partial list of those
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TABLE 3

Diseases treated by prednisolone: selection of first diseases co-occurring with the drug and a selection of the more recent ones
Disease First publication year® Article count® Clinical article count®
Pemphigus 1955 51 1
Adrenogenital syndrome 1956 3

Anemia, hemolytic 1956 13

Arthritis 1956 33

Arthritis, rheumatoid 1956 262 63
Asthma 1956 343 120
Celiac disease 1956 10 1
Eye diseases 1956 37 4
Hematologic diseases 1956 12 1
Hepatitis 1956 51 10
Hodgkin disease 1956 26 4
Hypersensitivity 1956 30 1
Inflammation 1956 42 1
Jaundice 1956 5 0
Leukemia 1956 50 4
Liver cirrhosis 1956 32 2
Multiple sclerosis 1956 34 6
Periarthritis 1956 5 0
Rheumatic diseases 1956 52 6
Rheumatic heart disease 1956 20 0
Rheumatoid nodule 1956 1 0
Skin diseases 1956 71 4
Tuberculosis 1956 12 0
Tuberculosis, pulmonary 1956 60 8

>1000 diseases

Anemia, iron deficiency 2015 1 0

Blepharoptosis 2015 2 0

Bulbar palsy, progressive 2015 1 0

Eosinophilic esophagitis 2015 1 0

Hearing loss, central 2015 1 0

Hypocalcemia 2015 1 0

Lymphatic abnormalities 2015 1 0

Multiple pulmonary nodules 2015 1 0

Neoplasms, muscle tissue 2015 1 0

Palatal neoplasms 2015 1 0

Pharyngeal neoplasms 2015 1 0

Plaque, atherosclerotic 2015 1 1

Precursor T cell lymphoblastic leukemia-lymphoma 2015 1 0

Psoas abscess 2015 1 0

Pulmonary alveolar proteinosis 2015 1 0

Vascular malformations 2015 1 0

?Year of first occurrence in ReprofileSet for this disease with prednisolone.

P Count of articles in which the drug occurs with this disease in ReprofileSet.

€Count of articles describing clinical trials.

diseases, starting with the earliest reports and ending with the Most of the early efforts to find new uses for chlorpromazine did
most recent ones. Figure 1a shows the growth of cases for chlor- not stray far from its original uses: pre-operative relaxation and
promazine repurposing starting with the first publication in control of mental disorders. On the premise that chlorpromazine
ReprofileSet in 1954. controlled autonomic responses, the drug was tried for treatment
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TABLE 4

Diseases treated by chlorpromazine: of the total list with 394 diseases, a selection of the earliest and the most recent is included here

Disease First publication year® Article count® Clinical article count®
Schizophrenia 1954 581 192
Mental disorders 1954 271 18
Psychotic disorders 1954 181 23
Bipolar disorder 1954 63 25
Hypertension 1954 43 3
Depression 1954 40 18
Neurotic disorders 1954 34 7
Vomiting 1954 26 8
Neoplasms 1954 13 3
Hallucinations 1954 1 3
Nausea 1954 11 4
Movement disorders 1954 1 1
Tuberculosis, pulmonary 1954 8 0
Radiation injuries 1954 5 0
Parkinson’s disease 1954 5 0
Chorea 1954 4 0
Angina pectoris 1954 4 0
Infant nutrition disorders 1954 3 0
Peripheral vascular diseases 1954 2 0
Neuralgia 1954 2 0
Alopecia 1954 1 0
Rabies 1954 1 0
>500 diseases

Neonatal abstinence syndrome 2008 1 0
Otitis media 2008 1 0
Jaundice, obstructive 2008 1 0
Central nervous system protozoal infections 2008 1 0
Staphylococcal infections 2009 1 0
Breast neoplasms 2009 1 0
Cadmium poisoning 2010 1 0
Infarction, middle cerebral artery 2014 1 0
Stroke 2015 1 0

?Year of first occurrence in ReprofileSet for this disease with chlorpromazine.
P Count of articles in which the drug occurs with this disease in ReprofileSet.
€ Count of articles describing clinical trials.

of coughs, particularly whooping cough, and over the following
decades chlorpromazine was tried in the treatment of many un-
wanted movements of the body such as chorea, nausea, vomiting,
labor, epilepsy, pre-eclampsia, the muscle spasms associated with
tetanus and intractable hiccups; for example, see Refs [20-25].
In cancer treatment chlorpromazine was used to treat the symp-
toms of radiation treatment such as nausea, vomiting and loss of
appetite [26].

In a letter published in 1972, a physician noted the well-
established observation that cancer mortality was lower in
mentally ill patients than in the general population and, there-
fore, because most of these patients were on drugs like chlor-
promazine, these drugs could have antineoplasic effects.
Numerous studies were also cited regarding the in vitro and in

vivo effects of chlorpromazine on cancer and these called for
further controlled clinical trials [27]. Interest continued and
chlorpromazine has subsequently been studied in >30 types of
cancer. Many researchers have since studied chlorpromazine
and cancer at the molecular and cellular level, trying to deter-
mine whether the drug had an effect on tumorigenesis [28-30].
In 2009, chlorpromazine was found to enhance the cytotoxic
effect of tamoxifen on cancer cells [31]. The mechanism was
thought to occur through modifying the uptake properties of
membranes.

As stated above, chlorpromazine was originally synthesized as a
potentially effective treatment for malaria [19]. The drug was not
found to be effective against malaria but did find a use early on to
treat the psychoses associated with the high fever accompanying
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FIGURE 1

Growth of repurposing over time for (a) chlorpromazine and (b) chloroquine. Although both drugs have been tried in nearly 400 diseases, the rate of growth and

the number of diseases for which studies progressed to clinical trials differ.

malaria. In more recent years, the relationship of chlorpromazine
to malaria has become more complex. It was found to have some
antimalarial activity but its potency was too low to be clinically
effective [32]. However, in more recent studies, chlorpromazine
has been found to enhance the potency of the antimalarial drug
chloroquine against chloroquine-resistant strains of the parasite
[33]. In a turn of fortune, chlorpromazine could have a place in the

antimalarial arsenal after all. A very early observation of the effects
of chlorpromazine showed it lowered body temperature [34] while
inhibiting shivering. Recently, this old observation was put to new
use in a rat model for stroke where the drug was administered as a
combination therapy with induced hypothermia [35]. Thus, al-
though repurposing of chlorpromazine has slowed it certainly still
continues.
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TABLE 5

Diseases treated by chloroquine: of the total list of 392 diseases, a selection of the earliest and the most recent is included here

Disease First publication year® Article count® Clinical article count®
Malaria 1948 902 70
Typhoid fever 1951 1 0
Dysentery, amebic 1951 18 0
Amebiasis 1951 28 0
Cestode infections 1951 2 0
Hepatitis 1951 5 0
Giardiasis 1952 12 2
Trichomonas infections 1952 2 0
Liver abscess, amebic 1953 31 2
Lupus erythematosus, systemic 1953 104 8
Rheumatic fever 1954 8 1
Arthritis 1954 13 2
Pemphigus 1954 2 0
Arthritis, rheumatoid 1955 152 19
Erythema 1955 9 0
Lichen planus 1955 6 0
Vitiligo 1955 2 0
Dermatitis 1955 1 0
Clonorchiasis 1955 6 0
Rosacea 1955 2 0
Hookworm infections 1955 2 0
Acrodermatitis 1955 1 0
Miliaria 1955 1 0
Liver diseases, parasitic 1955 5 0
Neurosyphilis 1956 1 0
Atrial fibrillation 1956 5 0
>500 diseases

Carcinoma, non-small-cell lung cancer 2013 5 0
Liver neoplasms 2013 2 0
Reperfusion injury 2013 2 0
Spinal cord diseases 2013 1 0
Bone neoplasms 2013 1 0
Skin neoplasms 2013 4 0
Acute lung injury 2013 1 0
Hypertension, pulmonary 2013 1 0
Multiple sclerosis 2013 2 0
Osteosarcoma 2013 1 0
Familial primary pulmonary hypertension 2013 1 0
Encephalomyelitis, autoimmune, experimental 2013 3 0
Feline infectious peritonitis 2013 1 0
Huntington disease 2014 1 0
Melanoma, experimental 2014 2 0
Bone resorption 2014 1 0
Bipolar disorder 2014 1 0
Hemochromatosis 2014 1 0
Osteoporosis 2014 1 0
Colorectal neoplasms 2014 1 0
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TABLE 5 (Continued)

Disease First publication year® Article count® Clinical article count®
Pancreatic neoplasms 2014 2 0
Hyperglycemia 2014 1 0
Simian acquired immunodeficiency syndrome 2014 1 0
Lupus vasculitis, central nervous system 2014 1 0
Liver cirrhosis, experimental 2014 1 0
Neovascularization, pathologic 2014 2 0
Prostatic neoplasms, castration-resistant 2014 1 0
Pelizaeus—Merzbacher disease 2014 1 0
Triple-negative breast neoplasms 2014 1 0
Carcinoma, pancreatic ductal 2014 1 0
Scleroderma, diffuse 2014 1 0
Inflammatory bowel diseases 2014 1 0
Esophageal neoplasms 2014 1 0
Acute kidney injury 2014 1 0
Musculoskeletal pain 2014 1 1
Reoviridae infections 2015 1 0
Kidney neoplasms 2015 1 0
Hypopharyngeal neoplasms 2015 1 0
Stomach neoplasms 2015 1 0
Brain edema 2015 1 0
Aortic aneurysm, abdominal 2015 1 0
Endometrial neoplasms 2015 1 0
Alzheimer’s disease 2015 1 0
Carcinoma, hepatocellular 2015 1 0
Cholangiocarcinoma 2015 1 0
Brain injuries 2015 1 0
Carcinoma, renal cell 2015 1 0

@ Year of first occurrence in ReprofileSet for this disease with chloroquine.
P Count of articles in which the drug occurs with this disease in ReprofileSet.
€Count of articles describing clinical trials.

Chloroquine

Chloroquine was developed to treat malaria but, unlike chlor-
promazine, chloroquine has had many years of successful use as an
antimalarial. Chloroquine was originally synthesized as Reso-
chin® in 1934 by Hans Andersag, a scientist at IG Farben. Thought
to be too toxic, chloroquine was shelved by IG Farben and even-
tually licensed to Winthrop Chemical Company in the USA, where
it was eventually resurrected, in part by the war effort; and from
1946 the drug was widely available for use [36,37]. The first article
in PubMed about chloroquine is dated April 1946 and describes the
drug as a treatment for malaria [38].

The fact that chloroquine was successful in treating the disease
it was targeted for has not kept the drug from being redirected at
many other diseases. Table 5 contains a sampling of the diseases
that chloroquine has been studied in and the growth trajectory is
plotted in Fig. 1b. The first records that made it into the Repro-
fileSet were published in 1948. Since then, there have been nearly
400 diseases linked to chloroquine in the literature. Because of the
effectiveness of chloroquine in counteracting the malarial para-
site, the drug was redirected early on to other parasitic diseases. As

Table 5 shows, chloroquine was tried as a treatment against a
variety of parasitic diseases before 1960, including amebic dysen-
tery, giardiasis, clonorchiasis, hookworm and trichomonas.

Observing the effects of other antimalarials spurred the earliest
repurposing of chloroquine [39]. The antimalarial drug quinine
was known to reduce fever, thereby restoring pallor, and probably
for that reason in 1894 a physician used quinine to treat a patient
with lupus skin rash and noted improvements in the patient’s
condition [40]. When synthetic antimalarials became available,
this study was followed with more-successful studies on lupus
erythematosus [39,40]. During WWII observations of large groups
of soldiers taking quinacrine for prevention or treatment of ma-
laria showed that the drug ameliorated symptoms of lupus erythe-
matosus as well as inflammatory arthritis. These observations were
followed by clinical studies with quinacrine in 1951 [41], and later
chloroquine in both diseases [42,43].

It is generally understood that chloroquine is mainly active in
lysosomes [39,44]. Chloroquine, a weak base, diffuses easily into
lysosomes, where it becomes protonated and loses its ability to
diffuse out of the vesicle. In the context of malaria, chloroquine
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invades the lysosomes of the parasite and prevents the digestion
of heme, effectively killing the organism. In human cells, the
accumulation of chloroquine in the lysosomes results in inhibi-
tion of certain enzymes such as phospholipase A2, thereby ham-
pering the breakdown of proteins and cell signaling pathways.
Chloroquine buildup in the vesicles changes the intracellular pH,
increasing it slightly, and, as a consequence, cellular processes
requiring a specific pH are thwarted. Chloroquine also has activi-
ties unrelated to its lysosomotropic mechanisms of action. These
include DNA intercalation or the tendency of the drug to occupy
the minor groove of DNA and disrupt transcription and transla-
tion, and inhibition of tumor necrosis factor (TNF-a — an activity
thought to be central to the anti-inflammatory effects of the drug
in lupus erythematosus and rheumatoid arthritis [39,45]. The
full picture of the downstream effects of the drug is still being
elucidated [46].

With so many potentially useful mechanisms, chloroquine has
been investigated for use in cancer, viral and bacterial infections.
The use of chloroquine in cancer, for instance, is a growing area of
repositioning [8,47], as seen in the uptick of the line in Fig. 1b. The
rationale behind using the drug in cancer is based on a variety of
known (and suspected) mechanisms. Chloroquine and glioblasto-
ma provide an interesting example. In a study published in 2000,
researchers were testing a form of the diphtheria toxin called Tf-
CRM107 to treat brain tumors in mice [48]. They knew the toxic
form of the diphtheria toxin was produced by breakdown of the
original substance in the cell lysosomes and that chloroquine
accumulated in lysosomes and prevented many of the normal
breakdown processes. They showed that adding chloroquine to
the regimen allowed them to give the mice higher doses of Tf-
CRM107 without an increase in toxicity.

TABLE 6

More recently, chloroquine has been described as an autophagy
inhibitor. Autophagy is a cell process that involves shipping
damaged organelles to lysosomes for degradation and recycling
the energy from the process. It is thought to be a way that cancer
cells survive when put under stress. Inhibiting autophagy, there-
fore, is a strategy to fight cancer [49]. Because of the known effects
of chloroquine on lysosomes, it has been considered that the drug
inhibits autophagy in cancer cells. There is still uncertainty about
the exact relationship between autophagy, cancer and chloro-
quine [50], and studies continue.

The same reasoning thatled to positive results in cancer motivated
the attempts to find synergy between chloroquine and HIV treat-
ments. Viruses evidently use autophagy to recover energy for survival
and HIV is known to survive by hiding out latently in parts of the cell
(reservoirs) where antiviral drugs cannot find it [51]. This new area of
study is not yet providing success stories, but it continues [52,53].
Each attempt to repurpose chloroquine results in learning more
about the drug and, often, more about the disease it is used against.
The pleiotropic activity of chloroquine probably means it will con-
tinue to be directed at other diseases beyond malaria.

Disease-specific repurposing
We also examined repurposing from the disease perspective to see
whether trends and patterns could be observed. To obtain an
overview of the relationships between diseases and drugs, we
looked at the number of drugs tried in the treatment of each of
the 4,333 diseases in the ReprofileSet. Table 6 contains the diseases
with the most associated drugs.

The general term ‘neoplasms’ tops the list with 4,709 chemicals.
Seven of the top ten diseases are forms of cancer. Inflammation
and pain also occur in the top ten. At the other end of the spectrum

Diseases associated therapeutically with the most drugs

Disease Count of drugs® Count of drugs studied in clinical trials®
Neoplasms 4709 1897
Breast neoplasms 3373 1080
Lung neoplasms 3052 994
Inflammation 2985 727
Pain 2392 1290
Neoplasms, experimental 2285 127
Colonic neoplasms 2206 320
Adenocarcinoma 2200 809
Prostatic neoplasms 2120 678
Hypertension 1921 1100
Edema 1799 342
Liver neoplasms 1797 589
Diabetes mellitus, experimental 1723 26
Melanoma 1695 632
Asthma 1669 985
Ovarian neoplasms 1586 573
Myocardial infarction 1575 740
Brain ischemia 1485 331

@ Count of drugs occurring in drug-disease pairs with the disease in ReprofileSet.

P Count of drugs occurring in drug-disease pairs with the disease in ReprofileSet where the article described a clinical trial.
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(not shown), 176 diseases are linked therapeutically to only one
drug. To examine repurposing trends more closely on the disease
level, we will focus on migraine.

Migraine

To determine which drugs were repurposed for migraine we
searched ReprofileSet for the year the drug was first associated
therapeutically with any disease. If that year was earlier than the
drug was associated therapeutically with migraine then we con-
sidered the drug to be repurposed. Using these measures (which
should be taken as a rough estimate only) we found 109 drugs for
which migraine was the first disease linked therapeutically, with
sumatriptan and the follow-on triptan drugs at the top of the list.
Nearly 500 drugs, by contrast, were tried in another disease before
migraine. These drugs are considered repurposed based on our
definition. A selection of these drugs is listed in Table 7.

The reprofiled drug with the most articles is ergotamine. Ergot-
amine is a very old, naturally occurring chemical. PubMed does
not accurately capture its archaic history because its therapeutic
use predates its appearance in PubMed by well over 100 years and
its overall therapeutic use perhaps by several centuries. Ergota-
mine is an alkaloid produced by a fungus that, over recorded
history, has periodically infected cereal crops [54]. At some point,
people observed that eating infected rye initiated labor [55]. This
observation led to using an extract from the infected grain to
trigger labor deliberately through initiating some kind of contrac-
tion mechanism. However, difficulties in getting the dosage cor-
rect led to complications and use of ergotamine was limited to
stopping postpartum bleeding, another area where contraction
(presumably of blood vessels) had been observed. The first written
record of ergotamine use in migraine therapy was published in
Italy in 1862 [56]. In England, successful use of ergotamine against
migraine and other neuralgia was published by Woakes in 1868
[56]. The combination of knowledge and reasoning that led
Woakes to try ergotamine on migraine patients started with his

TABLE 7

observations of pain. In shingles patients Woakes had noticed
exudation of fluid, apparently from tissues into the nerves, and
assumed the fluid was released by vasodilation. He reasoned that a
substance that counteracted vasodilation (i.e., a vasoconstrictor)
would ameliorate the pain and he chose ergotamine — a known
vasoconstrictor. The chemical was thought to accelerate childbirth
and stem postpartum bleeding through the constriction of uterine
arteries. With these two lines of evidence he reasoned that, if
ergotamine could constrict vessels in the head, pain would be
relieved. Woakes’ record of successful treatment of migraine did
not attract a lot of attention, possibly because of the difficulty
getting reliable dosing of the naturally occurring chemical. Once
ergotamine could be produced reliably, the drug received more
attention, and for many years thereafter it was the most effective
therapy for acute treatment of migraine [56].

Several classes of drugs have been routinely reprofiled for mi-
graine prevention. Antihypertensives such as propranolol and
metoprolol and several antiepileptic drugs (e.g., acetazolamide,
valproic acid, topiramate) are all prescribed to prevent attacks.
Despite the success of the long-standing ergotamine and newer
triptan drugs, these treatments do not bring relief to all patients,
and so the search for new therapies continues. Reasoning from the
knowledge that migraine has also been treated by mechanical
techniques, including cooling (i.e., ice packs) and compression,
researchers conducted a clinical trial on a cryotherapy agent
perflexane administered intranasally [57]. Perhaps reasoning in
a similar vein, the capsaicin or vanilloid receptors are thought to
play a part in the migraine pathway. In a recent study [58],
capsaicin was used to induce migraine in a mouse model and
vanilloid receptor antagonists originally thought to be useful in
irritable bowel syndrome [59] were tested to see whether they
could ameliorate the effects on the putative migraine pathway.
The connection from migraine to the vanilloid receptor introduces
an emerging line of reasoning that could bring a new set of future
therapies for migraine.

Drugs repurposed for migraine (counts are estimates)

Chemical Migraine article count® First publication year of treatment for any disease® Publication year of first migraine article®
Ergotamine 202 1964 1965
Dihydroergotamine 129 1973 1976
Topiramate 109 1987 2002
Propranolol 101 1965 1968
Aspirin 99 1951 1974
Metoclopramide 86 1970 1974
Valproic acid 77 1973 1993
Acetaminophen 72 1948 1972
Naproxen 63 1974 1985
Indomethacin 54 1964 1968
Amitriptyline 33 1963 1969
Prochlorperazine 29 1964 1973
Cinnarizine 28 1973 1977
Diclofenac 28 1975 1979

?Number of articles in which drug and migraine appear as drug-disease pair.
P Year of publication in which drug appears in drug-disease pair with any disease.
“Year of publication in which drug appears in drug-disease pair with migraine.
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Concluding remarks

Here, we have provided the first bibliometric overview of drug
repurposing. Our results show that the number of drugs that have
been repurposed for new indications is surprisingly high. Data
show that nearly two-thirds of all drugs annotated in MEDLINE
have been tried on at least one disease beyond the original use
and several hundred drugs have been used in scores of diseases.
Whereas many repurposing efforts can be regarded as obvious
(using the drug to treat a disease in a similar therapeutic area),
there are striking cases where a drug has been redirected to diseases
that would be considered therapeutically distant and far from
obvious.

Through the close examination of specific interesting examples
of repurposing, such as the history of ergotamine, we see consis-
tent evidence that humans observe the effects of chemicals and
reason from those effects toward new applications. Reasoning
from observations in a modern setting is part of a long lineage
stretching back through eons of practitioners of the healing arts:
observant mothers, herbalists, shamans, community healers and,
of course, doctors.

Today’s physician has much more evidence to reason with.
Observing the effects of chemicals on patients is no longer limited
to the bedside but can be performed on a larger scale through
analyzing patient databases, clinical trial data, chemical genomics
and systems chemical biology data, literature reviews, patient
online forums and even social media including tweets and blogs.
In addition, practitioners and researchers today are not limited to a
patient’s temperature and pulse; they can view human biology at
the molecular level. These observations of in vitro activity and
cellular mechanisms have become jumping off points to new lines
of reasoning. The mechanistic understanding that chloroquine
disrupts lysosome homeostasis, for instance, provided the link to
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