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Cardiovascular disease, which includes diseases that 
affect the heart, vasculature and blood, is the major cause 
of death1. Despite this alarming statistic, the pipeline for 
new cardiovascular medicines has been diminishing 
compared with drug development in oncology, neurol-
ogy and other major fields of medicine. For instance, 
in the 3 years from 2018 to 2020, the FDA’s Center for 
Drug Evaluation and Research approved record num-
bers of new medical entities (59, 48 and 53 in each year, 
respectively)2. However, only four new medical entities 
were approved during this period for cardiovascular 
indications, compared with 49 for cancer2. A primary 
driver of this disparity is the high cost of cardiovascular 
clinical trials3,4.

The diminished pipeline for new cardiovascular 
medicines has spurred interest in technologies that can 
be used to repurpose drugs to serve the unmet needs 
of patients. Drug repurposing (also called drug reposi-
tioning, re- profiling or re‐tasking) is the strategy used 
to discover new applications for approved, abandoned 
or investigational drugs that are outside the scope of the 
originally intended indication of the drug. The strategy 
has several advantages over developing entirely new 
drugs5. Notably, the time frame for development and the 
risk of failure are lower because the existing compound 
will have been shown to be safe in preclinical models and 
in humans (if clinical testing is sufficiently advanced). 

Although drug repurposing will not reverse the decline 
in the cardiovascular drug pipeline, this approach could 
potentially decrease the cost of a new drug, depending 
on the stage of clinical development and regulatory 
approval.

The fundamental premise of repurposing is that 
drugs have pleiotropic effects beyond their known mech-
anism of action. Although this phenomenon is apparent 
from the clinical off- target effects of drugs, it has also 
been confirmed at the transcriptional level by the NIH 
Library of Integrated Network- Based Cellular Signatures 
(LINCS) Program by profiling changes in gene expres-
sion induced by drug treatment. A drug is matched to 
a disease not only by its known drug–target interaction 
but also by its diverse effects on multiple genes, mRNAs 
and proteins. A fascinating manifestation of this prin-
ciple is that some medications are of clinical benefit 
contrary to expectations based on their known mecha-
nism of action. For example, angiotensin- converting 
enzyme inhibitors increase survival in patients with 
hypertension even though angiotensin levels return to 
their pre- medication levels after 18 months of ongoing 
treatment6.

Although drug repurposing as a concept is not new, 
this approach has historically been largely opportunis-
tic rather than deliberate5, but owing to technological 
advances, the effects of drugs can now be prospectively 
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matched to new indications. The new strategies rely 
on extensive phenotyping of a drug’s effect at the level 
of patient care gleaned from electronic health records 
and, increasingly, on the identification of drugs on the 
basis of their effects on proteins, cell signalling and gene 
expression and their inverse relationship with molecu-
lar phenotypes of disease (Box 1). Complementing these 
approaches, high- throughput screening using realistic 
model systems can be used to identify compounds that 
ameliorate disease phenotypes, without prior know-
ledge of the intended targets of the drugs. Given that 
both strategies match drugs to the underlying patient 
genetics and/or molecular mechanisms of disease, they 
comprise a systematic and mechanism- based approach 
to drug repurposing.

The emphasis on therapeutic mechanisms increases 
the precision of drug discovery, just as mechanism- based 
diagnosis and treatment has influenced clinical practice. 
Moreover, matching compounds to molecular mecha-
nisms is likely to expand the number of indications that 
can be treated and increase the precision of clinical care. 
The mechanistic focus should help to address rare cardio-
vascular indications, for which the return on investment 
has often been insufficient motivation to develop a 
drug from concept to bedside. In aggregate, rare cardio-
vascular diseases are estimated to affect up to 3% of the 
population7,8, making the lack of drug development for 
this population a major health problem. Rare diseases 
often have monogenic aetiologies7,8, for which the clear 
genetics make them well suited to new computational 
and experimental drug discovery technologies.

In this Review, we provide background on conven-
tional approaches to drug repurposing and summarize 
newly developed techniques for systematic drug repur-
posing. Given that the new technologies can be used not 
only to repurpose drugs, but also to guide their medic-
inal chemistry refinement to suit their new roles, drug 
re- engineering is also discussed. Our view is that the  
adoption of these new tools will greatly accelerate 
the pace of drug repurposing and increase the efficiency 
of drug discovery for the treatment of cardiovascular 
disease.

Observation- driven drug repurposing
Historically, the most common approach to drug repur-
posing has been on the basis of astute observations made 
by practitioners during clinical trials or routine clinical 
practice. TaBle 1 lists examples of drug repurposing for 
cardiovascular and other indications9. A well- known 
example is the use of minoxidil to promote hair growth5. 
Although increased hair growth might initially have 
been considered an unwanted effect of treatment with 
minoxidil for arterial hypertension, the drug had an esti-
mated annual worldwide sale of US $860 million in 2020 
(predicted to reach more than $1 billion by the end of 
2024) as a treatment for baldness10.

Perhaps the earliest examples of drug repurposing 
relate to applications of aspirin11. Salicylate- containing 
willow bark was known to have medicinal qualities long 
before 1000 B.C.E. The active ingredient was purified 
and then manufactured synthetically in the nineteenth 
century, primarily to be used as an antipyretic and 
analgesic. The effect of acetylsalicylic acid on platelet 
aggregation was observed in 1950, and its role in the 
inhibition of prostaglandin synthesis was defined in 
1969. In the ensuing years, these observations led to 
the repurposing of aspirin to be used to inhibit plate-
let aggregation. Aspirin was also used to slow the pro-
gression of thrombosis in myocardial infarction and  
in patients with Kawasaki disease accompanied by  
coronary artery aneurysms11.

Over the past 20 years, elucidation of the role 
of inflammation — and mast cell degranulation in  
particular — in heart disease has prompted the explo-
ration of other anti- inflammatory medications. For 
example, retrospective analyses and clinical trials sug-
gest that histamine receptor blockade is beneficial in 
the context of heart failure12–14. For similar reasons, the 
anti- inflammatory agent colchicine has been explored 
as a treatment for coronary artery disease and myocar-
dial infarction, including two sizeable clinical trials with 
mixed results15–17.

Assessing other important features of heart patho-
physiology has led to drug repurposing efforts beyond 
inflammation. For example, hydralazine has antioxidant 
effects and reduces apoptosis, in addition to antihyper-
tensive and afterload- reducing effects. Understanding 
that these processes have important roles in reperfu-
sion injury after myocardial infarction led to the evalu-
ation of hydralazine for the treatment of myocardial 
injury after infarction, with promising results in in vivo 
models18. Other cardiovascular drugs that have been 
studied as therapies for other diseases include diuretics 

Key points

•	Contemporary technologies are expected to make drug repurposing large- scale, 
systematic and deliberate rather than opportunistic.

•	New experimental and computational tools harness patient genomics for drug 
repurposing.

•	Discovery of repurposed drugs on the basis of patient genomics has implications for 
precision prescribing of medicines to treat individual patients.

•	The treatment of rare, monogenic diseases, which often provide too little return on 
investment to incentivize conventional drug discovery, might benefit because the 
molecular aetiologies of these diseases are well suited to the discovery of drug 
repurposing candidates.

Box 1 | Strategies for systematic drug repurposing

Clinical data mining
•	Side effect reporting

•	electronic medical records

•	regulatory agency labels

Computational strategies: signature matching
•	Genome- wide association studies

•	Phenome- wide association studies

•	Association by chemical structure

•	Association by transcriptomic profiling

Experimental strategies: realistic disease models
•	Phenotype- driven drug refinement

•	Induced pluripotent stem cell models

•	Zebrafish models

www.nature.com/nrcardio

R e v i e w s

752 | November 2022 | volume 19 



0123456789();: 

Table 1 | Examples of drug repurposing

Drug Original 
indication

Repurposed 
indication

Approval 
for original/
repurposed 
indication

Repurposing strategy Results Refs

General drug repurposing

Aspirin Analgesia Colorectal cancer 1899/2015 Retrospective clinical and 
pharmacological analysis

FDA- approved indication to 
prevent colorectal cancer

110

Atomoxetine Depression 
and Parkinson 
disease

Attention deficit 
hyperactivity 
disorder

–/2002 Pharmacological analysis In clinical use for the repurposed 
indication

111

Dapoxetine Analgesia and 
depression

Premature 
ejaculation

–/2012 Pharmacological analysis Approved in the UK and various 
EU countries; pending approval  
in the USA

112

Duloxetine Depression Stress urinary 
incontinence

2004/2004 Pharmacological analysis Approved by the EMA for the 
repurposed indication; application 
withdrawn in the USA; approved 
for the treatment of depression 
and chronic pain in the USA

113

Fingolimod Transplantation 
rejection

Multiple sclerosis –/2010 Pharmacological and 
structural analysis

First oral, disease- modifying 
therapy for multiple sclerosis  
to be approved

114

Ketoconazole Fungal infections Cushing syndrome 1981/2014 Pharmacological analysis Approved by the EMA for 
Cushing syndrome in adults and 
adolescents aged >12 years

115

Minoxidil Hypertension Hair loss 1979/1988 Retrospective clinical 
analysis based on side 
effects

Global sales for minoxidil were  
US $860 million in 2016

10

Raloxifene Osteoporosis Breast cancer 1997/2007 Retrospective clinical 
analysis

Approved by the FDA for invasive 
breast cancer

116

Rituximab Cancers Rheumatoid 
arthritis

1997/2006 Retrospective clinical 
analysis (remission of 
coexisting rheumatoid 
arthritis in patients with 
non- Hodgkin lymphoma 
treated with rituximab)

Approved by the FDA for 
rheumatoid arthritis

117

Sildenafil Angina Erectile 
dysfunction

–/1998 Retrospective clinical 
analysis

Market- leading treatment for 
erectile dysfunction, with global 
sales of US $2.05 billion in 2012

118

Thalidomide Morning sickness Erythema nodosum 
leprosum and 
multiple myeloma

–/1998 and 
2006

Off- label usage and 
pharmacological analysis

Thalidomide derivatives in use  
to treat multiple myeloma

119

Topiramate Epilepsy Obesity 1996/2012 Pharmacological analysis Topiramate used in combination 
with phentermine to treat obesity

120

Zidovudine Cancer HIV/AIDS –/1987 In vitro screening of 
compound libraries

Zidovudine was the first drug 
to be FDA- approved for the 
prevention and treatment of  
HIV/AIDS

121

Drug repurposing for cardiovascular indications

Canakinumab 
(IL-1β antibody)

Rheumatoid 
arthritis; 
approved for 
CAPS by the FDA

Acute coronary 
syndrome

2009/– Subgroup analysis RCT indicated a reduction 
in hospitalizations for HF or 
HF-related mortality in patients 
with previous myocardial infarction

122,123

Colchicine (anti- 
inflammatory)

Gout Acute coronary 
syndrome

2009/– Cross- sectional analysis RCT showed a reduction in MACE 
after myocardial infarction

124,125

Dapagliflozin, 
empagliflozin 
(SGLT2 inhibitors)

Type 2 diabetes 
mellitus

HF 2014/2020 Subgroup analysis Reduction in HF or related events 
in patients with HFrEF (approved 
in the USA and Europe in 2020) or 
HFpEF; molecular mechanism of 
action uncertain

27,28

Donepezil (acetyl-
cholinesterase 
inhibitor)

Alzheimer 
disease

HF and coronary 
outcomes

2010/– Subgroup analysis Only ideation; retrospective data 126
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as antiparasitic agents (tested in vitro)19, statins as adju-
vant therapy for cancers (reviewed previously20) and 
antihypertensive agents for bipolar disorder21.

The preceding strategies focused largely on exploit-
ing similarities between a drug’s effect and a desired 
outcome in a specific disease. Exploiting the clinically 
observed effect on patients is a major strength but con-
trasts with the challenge of systematization (TaBle 2). 
Another approach is to find diseases with similar 
pathophysiological or pathogenic features and then to 
explore crossover of therapies from one disease to the 
other. This approach was taken to identify nintedanib, 
an FDA- approved treatment for idiopathic pulmonary 
fibrosis, as a potential therapy to reduce pathological 
fibrosis and remodelling of the heart after myocardial 
infarction22. Although preclinical in vivo studies were 
promising22, clinical efficacy has yet to be validated.

The discovery of synergistic drug combinations 
can lead to novel therapeutic strategies using existing 
approved drugs. Analyses can take the form of in vitro 
screening of drug targets cross- referenced to known sig-
nalling pathways contributing to disease. This approach 
was used to identify the combination of allethrin and 
menthol as a potential therapy for heart failure, a finding 
that has been validated in vitro23.

Health- care centres globally are rapidly accumulat-
ing massive amounts of clinical data in their electronic 
health record systems. To the extent that security and 

privacy concerns permit, these repositories enable the 
validation of drug repurposing candidates by means of 
in silico clinical trials. Although this term is sometimes 
used to refer to the computational simulation of patients 
and/or disease processes, we are referring to the compu-
tational analysis of outcomes for one disease in response 
to drugs being used to treat another. Suitable cohorts of 
‘treated’ and ‘control’ patients with a disease of interest 
can be identified in the electronic health record sys-
tem, making it possible to determine whether the novel 
drug–disease pairing has beneficial effects on that dis-
ease. These in silico trials have obvious limitations, such 
as their retrospective nature, the possibly confounding 
influence of multiple diseases in an individual patient, 
and technical challenges inherent to data mining (for 
example, non- standardized terminology and difficulties 
in querying free- text data elements). Machine- learning 
techniques of natural language processing algorithms 
are an important technology being applied to over-
come these difficulties24. Despite these challenges, the 
approach is a useful step towards full clinical validation 
of novel indications for existing drugs.

In addition, formal clinical trials can yield seren-
dipitous results. Given that diabetes mellitus is a well- 
established risk factor for cardiovascular disease, it was 
not surprising when large clinical trials of diabetes- 
controlling medications showed a favourable effect on 
cardiovascular disease. What was surprising, however, 

Drug Original 
indication

Repurposed 
indication

Approval 
for original/
repurposed 
indication

Repurposing strategy Results Refs

Drug repurposing for cardiovascular indications (cont.)

Exenatide  
(GLP1R agonist)

Type 2 diabetes 
mellitus

Acute coronary 
syndrome

2005/– Retrospective analysis RCT showed that exenatide 
increases myocardial salvage 
index in patients with STEMI 
after PCI, even in those without 
diabetes

127,128

Losartan (AT1 
antagonist)

Hypertension Marfan syndrome 1995/– Hypothesis that off- target 
activity of losartan as a 
TGFβ inhibitor might be 
beneficial in preventing 
aortic aneurysm

RCT showed that losartan 
combined with β- blocker 
treatment has a long- term clinical 
benefit in patients with Marfan 
syndrome

129,130

Sildenafil, tadalafil 
(PDE5 inhibitors)

Pulmonary 
arterial 
hypertensiona

Congestive HF 
(HFrEF)

2005/2017 Meta- analysis Cohort study showed that 
treatment with sildenafil improves 
survival after acute myocardial 
infarction; approved by the FDA 
for HFrEF in 2017

131,132

Trametinib (MEK 
inhibitor)

Malignant 
melanoma with 
BRAFV600E variant

Lymphatic anomaly 
and arteriovenous 
malformations

2018/– Hypothesis based on 
activated BRAF–RAS–
MAPK axis in human 
tissue and efficacy of 
pathway antagonism in 
zebrafish genetic models

Ongoing phase II trial for 
extracranial arteriovenous 
malformation

97,99,100

Tocilizumab 
(IL-6 receptor 
antibody)

Rheumatoid 
arthritis

Acute coronary 
syndrome

2009 (EU), 
2010 (USA)/–

Subgroup analysis RCT showed that tocilizumab 
increases the myocardial salvage 
index after PCI in patients with 
acute coronary syndrome

133,134

AT1, angiotensin II receptor type 1; CAPS, cryopyrin- associated periodic syndrome; GLP1R, glucagon- like peptide 1 receptor; HF, heart failure; HFpEF, heart failure 
with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; MACE, major adverse cardiovascular events; PCI, percutaneous coronary 
intervention; PDE5, phosphodiesterase type 5; RCT, randomized clinical trial; SGLT2, sodium–glucose cotransporter 2; STEMI, ST- segment elevation myocardial 
infarction; TGFβ, transforming growth factor- β. aSildenafil citrate was first approved by the FDA for the treatment of erectile dysfunction in 1998.

Table 1 (cont.) | Examples of drug repurposing
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was that some of these trials showed an additive bene-
ficial effect on cardiovascular disease that was indepen-
dent of the degree of glucose control25. This finding has 
led to extensive efforts to explore the utility of drugs such 
as metformin, glucagon- like peptide 1 receptor (GLP1R) 
agonists and sodium–glucose cotransporter 2 (SGLT2) 
inhibitors as treatments for hypertrophic cardiomyopa-
thy, heart failure and coronary artery disease. Although 
consensus has yet to emerge about metformin and 
GLP1R agonists, results from numerous smaller clinical 
trials are promising25, indicating the need for large- scale 
clinical trials. Two SGLT2 inhibitors, dapagliflozin and 
empagliflozin, have been approved in Europe and the 
USA for the treatment of heart failure with reduced 
ejection fraction (TaBle 1). Interestingly, the increase in  
global revenue for SGLT2 inhibitors is predicted to 
grow immensely, spurred in part by the approved indi-
cation for heart failure, from US $7.2 billion in 2020 to 
$12 billion in 2026 (ref.26).

Drugs under evaluation in phase III clinical trials 
represent major investments, and the clinical effects 
have to be thoroughly characterized. Therefore, when 
a primary end point is met, prespecified secondary end 
points are analysed, often for outcomes beyond those 
related to the primary end point. Moreover, the delin-
eation of effect modifiers, which can be apparent from 
differential effects in particular subgroups, can reveal 
effects that are hidden in the whole cohort. The effect 
of statins on cancer20 and the effect of SGLT2 inhibitors 
on heart failure27,28 are examples of drug repurposing 
based on secondary analyses of phase III clinical trials. 
Both have taught us the importance of well- designed 
secondary analyses in clinical trials, in particular mak-
ing them broad enough to generate hypotheses beyond 
those that might be anticipated. In addition, using clin-
ical trial databases as a resource, even ad hoc analyses 

of the results can generate hypotheses about alternative 
uses for the tested drugs. The resulting drug candidates 
can then be investigated for repurposing.

Clinical data, even when registered in modern elec-
tronic health records or electronic case report forms, 
tend to contain fields of free- text information, which are 
a challenge for comprehensive analysis, even with emerg-
ing technologies in artificial intelligence. Moreover, the 
data tend to be incomplete and to be prone to informa-
tion bias. For example, information that is not required 
in defined text fields is less likely to be reported, even if 
there are free- text fields in which to report it. The lack 
of standardized and complete information also makes 
the data less useful for an agnostic approach to find a 
completely new target for a drug. In addition, the lack 
of completeness of the data makes retrospective analyses 
prone to confounding and false predictions (positive as 
well as negative).

Other biases exist. Electronic case report forms and 
data from randomized clinical trials come with inher-
ent problems of generalizability because of disparities 
between the study population and patients treated in real 
life and patient selection bias. The latter is of particular 
concern in studies with run- in phases, which exclude 
poorly adherent or intolerant patients and can there-
fore bias outcomes in favour of a positive drug effect 
compared with what might be achieved in routine care. 
Furthermore, differences between real- life care and the 
care provided while patients are part of the trial can 
also bias findings (positively as well as negatively), with 
potential implications for drug repurposing.

The increasing power of information technology, 
including natural language processing, allows searches 
and analyses not only of randomized clinical trial data-
bases but also of published literature in a systematic 
way and can thereby identify new correlations that 

Table 2 | Approaches to drug repurposing: challenges and strengths

Approach Challenges Major strengths

Clinical observation  
or data

Systematization of free text; information bias Direct effect on patients

Systematic matching 
with side effect of drugs

Systematization of free text; information bias Unbiased search for indication (agnostic 
approach)

Genome- wide 
association studies

Cost; need for large datasets from multiple 
cohorts

High- throughput

Chemical structure- based 
matching

High power computation Up to 70% success for identified matches 
from in vitro screening

Transcriptomic matching High power computation; high false discovery 
rates in silico

High- throughput screening and unbiased 
search for indication (agnostic approach); 
has potential for a high rate of success 
when matched with in vitro model

Phenotypic screening Large- scale platforms with fairly high costs; 
non- human model

Has been proven to work in the discovery 
of PCSK9 inhibitors69

Zebrafish screening Relevance to human biology Opportunity to model disease in a whole 
organism

Induced pluripotent  
stem cells

Potential differences from fully differentiated, 
multicellular organs in vivo

Amenable to high- throughput screening; 
complementary to in silico screens to 
reduce false discovery rate

Drug re- engineering A targeted approach for a given indication and 
therefore not a systematic approach; costly 
because the new drug requires safety profiling

Can optimize pre- existing drugs for new 
indications
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can generate new hypotheses. This literature- based 
discovery29 relies on the assumption that two facts A and 
C might have a relationship to each other if they share a 
link, identified in the literature, with a third concept B. 
The term ‘ABC model’ has been coined to describe this 
mode of scientific discovery through inference. A prac-
tical example of this approach is the suggested use of tha-
lidomide to treat chronic hepatitis C30. In this example, 
the literature search algorithm revealed that thalidomide 
(A) is associated with an anti- inflammatory shift in the 
balance of T helper (TH) cells from TH2 cells towards 
TH1 cells (B) and, secondly, that a bias in the opposite 
direction (TH1 towards TH2) occurs in chronic hepatitis 
C (C). The predicted therapeutic efficacy of A to C was 
later found to be consistent with the results from a small 
clinical trial31. A substantial drawback of this approach 
is false discoveries resulting from publication bias (the 
under- reporting of negative findings in the scientific 
literature).

Systematic drug repurposing
The ability to systematically identify novel applications 
for existing drugs has been greatly increased by the 
establishment of large- scale genomic, proteomic, tran-
scriptomic and functional screening technologies. The 
fundamental tenet of these efforts is that the established 
mechanism of action of a given drug is potentially one 
of many biological effects induced by that drug. Other 
effects can manifest as side effects or go unnoticed in 
the absence of systematic assessment of the complete 
repertoire of effects of a given drug. Therefore, modern 
drug repurposing takes advantage of technologies to  
comprehensively match these effects to potentially 
therapeutic mechanisms. The methodological aspects 
of these computational approaches have been reviewed 
previously5.

Association by side effect profiles. One of the more 
common drug repurposing strategies has been the 
association of beneficial side effects of one drug with a 
desired outcome in another context. An example in the 
cardiovascular field is the use of aspirin in the context 
of coronary artery disease and myocardial infarction to 
reduce platelet aggregation, for which aspirin was not 
initially indicated. Furthermore, aspirin has antifibrotic 
effects after myocardial infarction32. However, the clin-
ical applicability of this finding is limited by adverse 
effects such as bleeding and gastric ulcers that accrue 
with prolonged use at the dosages required for the ben-
eficial effect. Nonetheless, the observation led to the 
exploration of mesalazine, which has a similar structure 
to that of aspirin and a better adverse effect profile, with 
promising in vitro results33.

The identification of beneficial side effects can be 
pursued systematically. One strategy has been to use the 
Unified Medical Language System (UMLS) ontology to 
match beneficial side effects to novel purposes. Applied 
to 746 approved drugs, researchers found 1,018 associ-
ations with strong side effects, and >25% of these could 
be caused by two or more chemically dissimilar com-
pounds34. Large regulatory databases, such as the FDA 
Adverse Event Reporting System (FAERS), the EMA  

EudraVigilance and the WHO VigiBase, would be  
tremendous resources for further exploration in this field.

Electronic health records provide an opportunity to 
access large cohorts for drug effect searches, but accessi-
bility is limited by information bias and incompleteness. 
For instance, the focus of a physician on one disease 
might lead to under- reporting of findings that seemed to 
be unrelated at the time of data entry. Despite these con-
straints, electronic health records were used to identify a 
reduction in cancer- related mortality in patients with dia-
betes who received treatment with metformin compared 
with those who did not receive this drug35. Observational 
studies have suggested that patients with diabetes and 
using metformin have a decreased risk of incident cancer 
and cancer- related mortality compared with patients not 
using metformin (reviewed previously36,37), and several 
clinical interventional studies have indicated the benefi-
cial effect of metformin in the treatment of colorectal and 
ovarian cancers38,39. Importantly, however, these findings 
have not been confirmed in prospective, random ized  
trials. Although the experience with metformin has 
demonstrated the feasibility of this approach, it has not 
yet (to our knowledge) been applied to drug repurposing 
in the cardiovascular field.

Genome- wide association studies. The complete 
sequencing of the human genome enabled strategies 
to connect genomic sequences to phenotypic traits and 
diseases, with opportunities for drug repurposing40. 
Genome- wide association studies (GWAS) link single- 
nucleotide polymorphisms throughout the genome 
to traits by assessing linkage disequilibrium. Unlike 
Mendelian genetic studies, which identify rare variants 
with large effect sizes, GWAS take advantage of large 
cohort populations to link common genetic variants 
with relatively small effect sizes to traits. However, small 
effect sizes do not necessarily translate into low efficacy 
of a drug targeting the corresponding protein. For exam-
ple, statins are highly effective, whereas the effect sizes of 
single- nucleotide polymorphisms in HMGCR (encoding 
the protein inhibited by statins) are fairly small41,42. Using 
GWAS, researchers showed that 92 genes encoding pro-
teins targeted by drugs were in linkage disequilibrium 
with diseases other than those for which they had regula-
tory approval, suggesting that genes identified via GWAS 
can, in principle, be matched to novel targets for drugs43. 
Although this technology is a potential opportunity to 
repurpose drugs, and several have been suggested for 
coronary artery disease44,45, we are unaware of a clinical 
trial for a cardiovascular indication based on this strat-
egy. A related approach involves mapping quantitative 
trait loci for circulating proteins to disease and subse-
quently identifying regulatory networks involving these 
proteins, followed by the identification of drugs that 
target those proteins and pathways46. To date, this type 
of analysis has identified multiple pathways related to 
cardiovascular disease that are targets of existing drugs47, 
but the relationships have not yet been validated.

Association by chemical structure. Candidate drugs for 
repurposing can also be identified by the similarity of 
their chemical structure to that of existing therapeutics. 
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This approach can take the form of computational 
analysis of large compendia of drug structures to find 
the most similar candidates or simply in vitro screen-
ing of relatively small numbers of drugs with similar 
structures. Databases of 3D structures were established 
as early as the 1970s, the largest being the Cambridge 
Structural Database (CSD) that comprises about 500,000 
structures48.

Structural matching is used to repurpose drugs by 
two primary means. The first is to query chemical com-
pounds for binding to a target structure and, thereafter, 
to screen for effect, as has been done to identify new 
antituberculosis agents49. A high- throughput version 
of this approach was named the Similarity Ensemble 
Approach (SEA). Investigators predicted 184 new drug–
target pairs, some with an even higher Ki than any drugs 
that were approved for that target50. The success rate of 
the predicted compounds that were tested in vitro was 
>70%50. A variant of this approach, the weighted ensem-
ble similarity (WES) approach, is an algorithm to handle 
predictions in a complex dataset, and was used to iden-
tify the β- blocker esmolol as an agonist of peroxisome 
proliferator- activated receptor- γ, a finding that could 
potentially guide the development of bifunctional drugs 
to reduce cardiovascular risk beyond that achieved by 
blood pressure and heart rate control alone51.

The opportunities of structural biology have expan-
ded tremendously with the increase in the spatial reso-
lution of cryogenic electron microscopy (cryo- EM). 
Cryo-EM can be used to visualize proteins bound to 
small molecules, lipids and antibodies, thereby aiding 
drug discovery programmes. Different conformational 
states can be identified within a single dataset. The 
technology comes with much lower requirements for 
purified proteins (microgram rather than milligram 
quantities) than for X- ray crystallography. Although 
the resolution of cryo- EM now allows the visualiza-
tion of detailed interactions, it still lags behind that of 
X- ray crystallography, and the technology is not condu-
cive to high- throughput screening. Although cryo- EM 
has been used for drug repurposing, such as in the 
search for severe acute respiratory syndrome corona-
virus 2 (SARS- CoV-2) blockers52, it has not led to the  
repurposing of drugs in routine clinical use.

Association by transcriptomic profiling. Analysis of tran-
scriptome datasets has emerged as an important method 
to link drug and disease signatures53. Databases such 
as the NIH LINCS transcriptional library capture the 
effects of existing drugs and/or perturbation of specific 
genes on gene expression across the genome and across 
various cell types. By matching these transcriptomic pro-
files with those of diseases — or specific disease- causing 
genetic variants — new treatments can be identified that 
reverse aspects of these disease signatures (fig. 1). When 
validated in vivo, advancement of FDA- approved com-
pounds to clinical testing can be fairly quick. One of the 
earliest examples identified was the antiseizure medi-
cation topiramate as a potential therapeutic agent for 
inflammatory bowel disease54. Although a subsequent 
report cast doubt on the clinical utility of topiramate 
for inflammatory bowel disease55, the initial study is of 

interest because it exemplified the concept of an in silico 
clinical trial (discussed above).

To date, few examples exist of leveraging large- scale 
transcriptomic databases to repurpose drugs for cardio-
vascular applications. One example is our unpublished 
work relating to application of the angiotensin receptor 
blocker olmesartan to treat heart failure secondary to 
a variant in LMNA. Leveraging the LINCS database, 
we have established the algorithms and software tools 
required to identify novel therapies targeting specific 
diseases related to genetic variants56. We applied this 
technology to familial dilated cardiomyopathy caused  
by haploinsufficiency of LMNA (encoding lamin A/C), 
and our preliminary findings indicate reversal of the 
pathological phenotype at the single- cell level57. Whether 
drug repurposing by transcriptome association can be 
applied to other cardiomyopathies, such as hypertrophic 
cardiomyopathy, remains to be understood.

Off- target profiling is a logical approach for drug 
repurposing. Whether elucidated by transcriptional 
responses (as outlined above), in silico predication 
or direct biochemical profiling, off- target profiling is 
routinely performed to reveal possible side effects of 
compounds during the drug development process58. By 
the time a drug candidate has been nominated for clin-
ical testing, knowledge of its preclinical pharmacology  
and its ADME (absorption, distribution, metabolism and  
excretion) and safety profiles can inform repurposing 
and provide an opportunity for clinical evaluation in 
unanticipated disease indications. Repurposing during  
the drug development process would maximize the 
potential value generated, not least through extension 
of the patent.

Association by metabolite likeness. Old drugs, such 
as aspirin and morphine, were originally discovered 
by their effect rather than their affinity for a particu-
lar target. Aspirin inhibits cyclooxygenase, and the 
compound (acetylsalicylic acid) can be endogenously 
generated in humans through the metabolism of ben-
zoic acid. As this example suggests, known drugs can 
be identified as repurposing candidates on the basis of 
their similarity to human metabolites. By using FDA- 
approved, small- molecule drugs and comparing their 
structural similarity with a list of human metabolites, 
researchers applied drug–target interaction tools, such 
as SwissTargetPrediction59, to create an atlas of similar-
ities between approved drugs and human metabolites60. 
Miglustat is an inhibitor of glucosylceramide synthetase 
(also known as ceramide glucosyltransferase) and is 
used to reduce the synthesis of glucosylceramide, which 
accumulates in patients with Gaucher disease, who have 
a defect in the enzyme β- glucosidase (also known as lys-
osomal acid glucosylceramidase), which converts glu-
cosylceramide into ceramide and glucose. Based on its 
structural similarity to glucosylceramide, miglustat was 
found to perform a chaperone function that increased 
the activity of β- glucosidase61, which inspired a search 
for novel analogues with similar activity62. Although 
this approach is promising, no examples currently exist 
of drugs that have been repurposed in this way to treat 
cardiovascular diseases.
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Experimental methods of drug repurposing
Phenotypic screening. Historically, most drugs were 
discovered based on their effects on phenotype; how-
ever, in the 1970s, target- based drug discovery driven 
by the systematic screening of large chemical libraries 
became the primary source of identifying new drug 
candidates63. Nevertheless, phenotypic drug discovery  
is again being commonly used in drug discovery but, 
unlike historical discovery based on observation, 
modern phenotypic discovery involves systematic 

screening of molecules for disease- modifying activity64. 
Phenotypic discovery has been shown to be a reliable 
method for the discovery and development of first- in- 
class drugs65 and is arguably more effective than target- 
based drug discovery in identifying compounds that 
succeed in clinical development66,67. Given that pheno-
typic drug discovery is a target- agnostic approach, 
phenotypic screening of approved and investigational 
drugs is highly appropriate for the discovery of drug 
repurposing candidates.
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Fig. 1 | Drug repositioning by transcriptomic profiling. Publicly available datasets, such as the NIH LINCS transcriptomic 
library, facilitate the matching of gene variant effects with drug effects. In the example depicted, defining the transcriptomes 
of cells treated with short hairpin RNAs to knockdown the activity of a gene of interest generates a putative signature. Cross- 
referencing against the transcriptional signatures of drug treatments catalogued in the database allows the identification  
of drugs that might reverse the gene- knockdown signature. When restricted to FDA- approved drugs, this in silico screening 
leads to drug repurposing candidates that can be validated via in vitro and/or in vivo models. Depending on the current 
indications and use of the drug in humans, the pathway to a clinical trial and clinical use might be streamlined compared 
with that for a completely new drug. Another avenue is to perform additional medicinal chemistry work to further optimize 
the activity of the drug and/or to develop novel compounds. KS, Kolmogorov–Smirnov.
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One of the more advanced compounds repurposed 
for a cardiovascular indication that originated from 
in vitro phenotypic screening is REC-994, which is now 
in clinical development for the treatment of cerebral 
cavernous malformations. These malformations are 
collections of enlarged and irregular capillaries in the 
brain that alter blood flow and cause severe symptoms, 
such as seizures, vision and hearing loss, paralysis and 
haemorrhagic stroke. Initiated by a phenotypic primary 
assay that evaluated the normalization of cellular fea-
tures detected by image analysis in human microvas-
cular endothelial cells deficient in cerebral cavernous 
malformations 2 protein (CCM2; encoded by CCM2, 
one of at least three genes associated with these mal-
formations), active compounds were then triaged by 
functional studies in the same in vitro model and sub-
sequently in inducible Ccm2- knockout mice68. Using the 
open- source Cell Painting algorithm as an assay, the pri-
mary screen quantified the reversal of machine- learned 
features indicative of CCM2 loss of function in the 
endothelial cells, yielding two hits (out of 2,100 known 
drugs screened) — cholecalciferol (vitamin D3) and tem-
pol (designated REC-994) — that reduced lesion burden 
in the Ccm2- knockout mice68.

The target- agnostic nature of phenotypic screen-
ing can be a valuable entry point into the discovery of 
novel mechanisms. Illustrative of this concept is the 
programme to develop small- molecule inhibitors of 
proprotein convertase subtilisin/kexin type 9 (PCSK9) 
for the treatment of dyslipidaemia. PCSK9 inhibitors 
were inspired by the realization that individuals car-
rying loss- of- function variants in PCSK9 have low 
serum levels of LDL cholesterol and unusually good 
cardiovascular health69. A phenotypic screen measur-
ing PCSK9 secretion led to the identification of a com-
pound that was refined to yield potent compounds that 
bind to the human 80S ribosome and stall the trans-
lation of PCSK9 mRNA. Remarkably, the effect is selec-
tive for PCSK9 and a few other proteins in the cell70. 
Small- molecule- directed, selective ribosome stalling 
was completely unanticipated and could potentially be 
directed to other therapeutic target proteins.

The major shortcoming of using phenotypic assays 
for drug repurposing is that the targets and mech-
anisms of action responsible for the new indication 
might be different from those that are responsible for 
the known effects of a drug. Small molecules are never 
absolutely selective, making it a challenge to define tar-
gets and mechanisms of action de novo. Target infor-
mation is useful because it can help to identify safety 
risks (less of a concern for repurposed drugs than for 
new chemical entities) and inform the development of 
tests to monitor efficacy during clinical development63. 
Although lack of knowledge about the direct targets is 
not an absolute impediment to advancing a compound, 
it can nonetheless be perceived as a serious obstacle 
to further development in pharmaceutical companies 
and by regulatory authorities63. Various strategies for 
target identification are available, including affinity 
chromatography and mass spectrometry, as reviewed 
previously63. Particularly powerful are mass spectro-
metry approaches that quantify chemical binding based  

on altered thermostability (for example, the cellular 
thermal shift assay)71. Given that the target information 
is useful for clinical advancement and might also pro-
vide new mechanistic insights, target identification is a 
logical adjunct to drug repurposing studies.

iPSC models of heart disease. Numerous induced pluri-
potent stem cell (iPSC) models have been developed 
for drug screening because they reproduce clinical fea-
tures of genetic, electrophysiological, myopathic and 
metabolic disorders as well as clinically relevant drug 
responses72,73. For example, treatment of iPSC- derived 
cardiomyocytes (iPSC- CMs) with known drugs evokes 
the expected physiological effects on cardiac action 
potentials, intracellular calcium transients and cellular 
contractility72,74.

Given that iPSCs reflect the genetics of the individ-
ual donor, they offer an unprecedented opportunity to 
focus drug screening on congenital heart disease and 
have been widely used to explore therapeutic strat-
egies (fig. 2). For example, iPSC- CMs derived from 
patients with idiopathic hypertrophic cardiomyopathy 
revealed that Pyr3, an inhibitor of the short transient 
receptor potential channel 3 (TRPC3), attenuates the 
upregulated diastolic calcium levels and decreases car-
diomyocyte hypertrophy across diverse aetiologies of 
hypertrophic cardiomyopathy75. Using patient- derived 
and CRISPR- mediated gene- edited iPSC- CM mod-
els, we found that small- molecule activators of the 
unfolded protein response and RBM20 transcriptional 
upregulation can normalize the contractile deficits that 
are characteristic of dilated cardiomyopathy associ-
ated with variants in PLN and RBM20, respectively76,77. 
iPSC- derived cardiac cells are well- suited to modelling 
inherited cardiovascular diseases because these diseases 
often have a cell- autonomous aetiology, are early- onset 
(which facilitates modelling in monocultures) and 
are also often monogenic (enabling the generation of 
isogenic control lines by gene editing)73. Diseases with 
these traits tend to be rare, so the use of iPSC models 
to investigate drug repositioning could help to address 
the deficit in new therapeutics for rare cardiovascular 
diseases.

iPSC- based screening has not yet resulted in a repur-
posed or re- engineered drug that has progressed to 
clinical use in cardiovascular disease, although iPSC 
modelling has led to clinical testing of repurposed drugs 
for amyotrophic lateral sclerosis78–80. A few examples 
exist of iPSC- CMs being used for large- scale discovery 
re- engineering. In one instance, researchers develo ped an 
iPSC- CM model of diabetic cardiomyopathy and iden-
tified molecules that blunted disease features and revealed 
aberrant protein homeostasis as a potential disease mech-
anism and therapeutic target81. In a second example, 
investigators developed an iPSC- CM model of oxidative 
stress and used the system to optimize novel inhibitors of 
mitogen- activated protein kinase kinase kinase kinase 4 
(MAP4K4) that were subsequently shown to reduce 
ischaemia–reperfusion injury in mice82. A third example 
was the use of patient- derived iPSC- CMs to re- engineer 
a small- molecule antiarrhythmic drug83,84, as described in 
the re- engineering section below.
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A limitation of iPSC- CMs is that they are physio-
logically immature and resemble fetal rather than adult 
cardiomyocytes. Given that iPSC- CMs lack certain elec-
trophysiological, structural and mechanical properties 
that arise postnatally, their use in drug discovery could 
inadvertently lead to the identification of drug actions 
relevant to the fetal rather than the adult heart. Efforts 
to overcome physiological immaturity include the use 
of electrical stimulation, patterned surfaces and culture 
media supplements73. Another limitation is that most 
systems for drug screening favour throughput over 
realism and, therefore, tend to be 2D sheets of conflu-
ent cells (such as cardiomyocytes). Although extremely 
useful, these systems are limited in their capacity to 
mimic tissue- level or organ- level physiological functions 
involving multiple cell types. Substantial progress has 
been made in developing 3D tissue and microphysio-
logical systems that can be used to detect drug and 
genetic effects85,86.

Zebrafish as screening tools. The development of zebraf-
ish models of human cardiovascular disease and their 
validation by recapitulating expected pharmacological 
responses laid the groundwork for their popularity as a 
screening tool87. The advantage of using zebrafish is that 
they model the complexity of disease in the context of 

the whole organism, but can still be used for moderate- 
throughput screening, exemplified by chemical screens 
that identified compounds that could rescue develop-
mental cardiac defects88,89. Subsequent studies identified 
disease- modifying compounds that shorten the ven-
tricular action potential in zebrafish models of long QT 
syndrome type 2 (ref.90) or inhibit ocular angiogenesis91. 
Although most chemical screens have used larval zebra-
fish, transgenic lines carrying fluorescent sensors have 
made it possible to screen for drugs that modulate car-
diac function in juvenile and adult zebrafish92. Several 
drugs identified for repurposing as a result of screening 
in zebrafish entered clinical development in the early 
2010s, including compounds to improve the engraft-
ment of donor haematopoietic stem cells in patients with  
leukaemia93,94 and the use of clemizole in patients  
with Dravet syndrome95,96, although none has progressed 
to clinical approval.

Trametinib, a mitogen- activated protein kinase kinase 
(MEK) inhibitor, was found to rescue the lymphatic pheno-
type in a larval zebrafish model of a gain- of- function  
variant in ARAF identified in a patient with advanced 
anomalous lymphatic disease that was unresponsive 
to conventional sirolimus therapy97. Treatment of the 
patient with trametinib for 1 year yielded nearly com-
plete regression of lymphoedema, allowing the child to 
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Fig. 2 | iPSCs in drug repurposing. a | Induced pluripotent stem cells (iPSCs), derived from healthy donors or donors carrying 
genetic variants that predispose them to cardiovascular disease, are directed to differentiate into cardiovascular cell types 
with the use of protocols that mimic mechanisms of early development. Depending on the presence of gene variants and/or 
the culture conditions, the differentiated derivative cells can display phenotypes that are consistent with a genetic or 
acquired disease. b | These iPSC models are used to screen drug repurposing candidates, resulting in the identification of 
drugs for preclinical and clinical testing. c | If the drug candidates have remediable limitations for their new indication, they 
can be refined through iterative cycles of medicinal chemical optimization and in vitro testing, aided by iPSC- based assays.
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return to school97. Subsequently, trametinib was used 
to treat lymphatic anomaly in a second patient with a 
variant in SOS1, which encodes a protein acting on the 
MEK–MAPK pathway98. Of note, the effect of treatment 
seemed to be comprehensive in both patients, with sys-
temic remodelling of the entire central lymphatic sys-
tem. No information on toxicities was reported, and 
additional studies are warranted to explore durability, 
reversibility and adverse effects of these drugs.

Similar zebrafish models of arteriovenous malforma-
tions caused by variants in BRAF or MAP2K1 (which act 
upstream in the RAF–RAS–MAPK cascade) provided 
proof- of- concept that vemurafenib, a BRAF inhibitor, 
could improve blood flow, mimicking results seen in 
mouse models99. Interestingly, trametinib is now under 
evaluation in a phase II clinical trial for extracranial 
arteriovenous malformations100, with completion of 
the trial expected in 2022. Although the pace of drug 
repurposing and new- entity discovery using zebrafish 
screening seems to have lost ground relative to the use of 
iPSCs, zebrafish occupy a unique niche as a ‘screenable’ 
vertebrate.

Drug re- engineering
Some of the same computational and experimental tools 
that can be used to repurpose drugs can also be applied 
to refine the chemical composition of existing drugs to 
improve their pharmacological or therapeutic properties. 
Drug refinement is likely to become a valuable adjunct to 
drug repurposing, for example when an existing drug has 
been repurposed because of a molecular mechanism of 
action or polypharmacology that is distinct from that for 
which it was originally developed. In this case, the newly 
repurposed ‘hit’ might have limitations (such as low 
potency) that limit its usefulness for the new indication. 
If the previously unknown targets that mediate the new 
function can be identified, a conventional, target- driven 
approach to hit optimization could be used in part to 
drive the medicinal chemistry refinement of the com-
pound. Conversely, phenotypic assays might be useful 
to guide refinement when the candidate functions in its 
new context through unknown or complicated mecha-
nisms. For example, iPSC- based models of cardiometa-
bolic disease have been used in high- throughput studies 
to refine new chemical entities81,82. However, detailed 
structure–activity relationship studies are necessary 
because subtle chemical modifications can profoundly 
alter biological activity. Numerous strategies can be 
used to help to ensure the in vivo efficacy of compounds 
identified by in vitro phenotypic screening64. Relevant 
to refining repurposed compounds, these approaches 
include assays that track molecular signatures (such as 
the transcriptome- matching studies described above) to 
verify engagement of disease- modifying mechanisms  
to improve the likelihood of in vivo efficacy.

Evidence suggests that iPSC- based phenotypic 
models of heart disease have the potential to drive 
re- engineering for cardiovascular indications (fig. 2). In 
the case of the MAP4K4 inhibitors for myocardial ischae-
mia discussed above, the researchers used the iPSC- CM 
model to select potent analogue compounds on the basis 
of increased survival after exposure to oxidative stress82. 

In addition, we described the use of iPSC- CMs derived 
from patients with long QT syndrome type 3 (with vari-
ants in SCN5A, encoding the Nav1.5 channel) to guide 
the medicinal chemistry refinement of the antiarrhyth-
mic drug mexiletine83,84. By improving the potency and 
selectivity for blocking the cardiac late sodium current, 
the new analogues might be useful to block the patho-
logical rise in intracellular sodium and calcium levels 
and the activation of calcium/calmodulin- dependent 
protein kinase II that promote ventricular tachycardia 
and ventricular fibrillation in these patients101.

A re- engineered drug or a repurposed drug with 
regulatory approval for its original indication will 
need to demonstrate an acceptable benefit–risk ratio 
in the new indication. New regulatory approval will be 
required, usually necessitating a clinical study for the 
new indication.

Future directions
Modern drug repurposing takes advantage of electronic 
health records, genomics and iPSC models that recapit-
ulate disease. Each of these resources embodies individ-
ual patient genetics and disease to a highly personalized 
degree and, as such, the use of these technologies in the 
discovery phase has two major implications for repur-
posed drugs. The first is that the highly detailed and 
personal knowledge of the patient population that the 
repurposed drug is intended to benefit can be consol-
idated and used to aid clinicians in precisely prescrib-
ing the drug. Realizing this benefit might require the 
development of diagnostic tools that can discriminate 
between patients who might benefit and patients who 
might not benefit. The second implication is that drug 
repurposing via these patient- focused technologies 
might have a disproportionate effect on rare cardiovas-
cular diseases, for which the financial returns on invest-
ment are often insufficient to support drug development 
from concept to bedside.

Repurposed drugs might need to be optimized 
for their new indications, and we discussed the use of 
iPSCs and other phenotypic strategies to guide medic-
inal chemistry re- engineering. In principle, the same 
cardiovascular assays could be applied to re- engineer 
existing drugs to decrease any cardiovascular liabili-
ties. Oncology therapeutics are one such opportunity. 
For example, vascular and cardiomyopathic effects of 
oncology therapeutics have been modelled in iPSC- CM 
and zebrafish models102,103, establishing the groundwork 
to explore the chemical basis for the cardiotoxic effects 
of oncology therapeutics.

With ever- increasing computational power, the 
efforts described above that match drugs to new indi-
cations could possibly be extended to predict the use 
of drugs to treat subgroups of patients within already 
approved indications or to stratify patients for recruit-
ment into clinical trials104. However, time will tell if 
either of these possibilities will be realized.

Finally, we have only touched on the technical chal-
lenges of defining disease signatures from omics and 
clinical data or from complex phenotypic screening. 
Increasing attention is being given to the use of machine 
learning to define signatures of disease105. Although the 
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greatest effect of artificial intelligence has been in dis-
ease diagnosis and gleaning information from electronic 
health records, machine- learned features of highly com-
plex datasets have the potential to associate drug repur-
posing candidates or their effects with complex disease  
phenotypes that are apparent in histopathology or electro-
physiology datasets, which could be applied to drug 
screening and repurposing. The use of machine learning 
in drug discovery has been reviewed previously106,107.

Conclusions
Systematic drug repurposing has created a new land-
scape of opportunities. To date, however, few clinical suc-
cesses have been reported in cardiovascular medicine. To 
some extent, this situation reflects the recent emergence 
of systematic drug repurposing, but it also suggests that 
substantial barriers might have to be overcome. Some 
are inherent to the discovery of any new drug, such as 
failure to demonstrate an acceptable benefit–risk ratio 
in clinical trials, although toxicity is less likely to be a 
problem for repurposed drugs. Other barriers are more 
specific to drug repurposing and include the protection 

of intellectual property, which diminishes the finan-
cial incentive for repurposing108,109. Compounding  
this issue is that the powerful iPSC (and zebrafish) techno-
logies are most readily suited to modelling monogenic  
diseases. Given that monogenic diseases tend to be rare, 
the small market size for the eventual therapeutic agent 
can be a disincentive. To address intellectual property 
barriers, schemes that allow second medical use patents 
have been introduced in some markets; however, this 
remedy might not sufficiently incentivize repurposing 
because of the need to demonstrate non- obviousness and 
avoid potential competition from pre- existing generics108 
as well as market concerns in the case of rare diseases. 
Therefore, reforms that incentivize drug repurposing 
programmes and create an adequate return on invest-
ment that is sufficient to motivate the effort might accel-
erate systematic drug repurposing and re- engineering. 
Specific recommendations have been made to realize the 
potential of drug repurposing109 (Box 2).

In summary, we have entered a new era of delib-
erate drug repurposing driven by the convergence of 
computational and experimental technologies. The 
computational tools build on the ability to generate 
and manipulate large multiparametric datasets describ-
ing molecular and phenotypic features of disease and 
similar datasets of drug effects, while the experimen-
tal tools comprise realistic disease models capable of 
high- throughput testing of drug repurposing candidates. 
From the perspective of precision medicine, these tools 
make it possible to match the mechanisms of action of an 
existing drug to the molecular dysfunctions that cause 
disease and, if needed, optimize the drug on the basis 
of disease- modifying effects. With support and incen-
tivization, the new computational and experimental 
technologies could increase the effectiveness of cardio-
vascular drug discovery and the range of diseases that 
can be treated.

Published online 23 May 2022

Box 2 | Realizing the potential of drug repurposing

•	better integrative platforms are needed to curate different classes of omics data and 
clinical datasets.

•	Public initiatives, such as the medical research Council in the uK and the NIH 
National Center for Advancing Translational Sciences in the uSA, and public–private 
partnerships are needed to connect the pharmaceutical industry to academic 
institutions that develop cutting- edge technologies (such as artificial intelligence) 
but often have little experience in or infrastructure for drug repurposing.

•	Greater access to clinical trial results is needed to allow researchers to mine for 
unanticipated findings.

•	Increased funding is needed, especially for academic efforts and those involving rare 
disease foundations.

•	Incentives are needed to address the intellectual property, regulatory and market 
barriers discussed in this review.
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