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COMPENDIUM ON COVID-19 AND CARDIOVASCULAR DISEASE

Repurposing Drugs for the Treatment of 
COVID-19 and Its Cardiovascular Manifestations
Rui-Sheng Wang, Joseph Loscalzo

ABSTRACT: COVID-19 is an infectious disease caused by SARS-CoV-2 leading to the ongoing global pandemic. Infected 
patients developed a range of respiratory symptoms, including respiratory failure, as well as other extrapulmonary 
complications. Multiple comorbidities, including hypertension, diabetes, cardiovascular diseases, and chronic kidney diseases, 
are associated with the severity and increased mortality of COVID-19. SARS-CoV-2 infection also causes a range of 
cardiovascular complications, including myocarditis, myocardial injury, heart failure, arrhythmias, acute coronary syndrome, and 
venous thromboembolism. Although a variety of methods have been developed and many clinical trials have been launched 
for drug repositioning for COVID-19, treatments that consider cardiovascular manifestations and cardiovascular disease 
comorbidities specifically are limited. In this review, we summarize recent advances in drug repositioning for COVID-19, 
including experimental drug repositioning, high-throughput drug screening, omics data-based, and network medicine-
based computational drug repositioning, with particular attention on those drug treatments that consider cardiovascular 
manifestations of COVID-19. We discuss prospective opportunities and potential methods for repurposing drugs to treat 
cardiovascular complications of COVID-19.
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COVID-19, caused by the SARS-CoV-2, spread rap-
idly from Wuhan, China in 2019 to over 200 coun-
tries and territories world-wide, leading to millions of 

infected individuals and numerous mortalities. Infected 
patients develop a range of symptoms, from mild to 
severe.1 Although some targeted therapies have been 
developed that show benefit, there is an urgent need 
for definitive therapies against SARS-CoV-2 from which 
patients would greatly benefit.2

Many clinical studies have reported that multiple 
comorbidities, including rheumatic diseases, hyper-
tension, diabetes, cardiovascular diseases (CVD), and 
chronic kidney diseases, are associated with the sever-
ity and mortality of COVID-19.3 Systematic reviews and 
meta-analysis studies have shown that a high burden 
of cardiovascular events is significantly associated with 
mortality and intensive care among patients with COVID-
19.4 The estimated mortality rate of COVID-19 in the 

general population is about 3.4%, whereas the comor-
bidity of CVD may result in a 10.5% mortality rate. A 
large-scale study that focused on independent clinical 
risk factors associated with a composite outcome of 
COVID-19 found that arterial hypertension was the most 
prevalent comorbidity (16.9%).5,6

Although the most common symptoms that COVID-
19 causes are fever and dry cough, hospitalized patients 
can develop a range of cardiovascular complications, 
including myocarditis, heart failure, arrhythmia, acute 
coronary syndrome, and venous thromboembolism.7–10 A 
long-term observational study on a cohort of 153 760 
individuals with COVID-19 indicated that the risk and 
1-year burden of CVD in survivors are substantial (hazard 
ratio, 1.52, and burden, 4.03, for stroke; hazard ratio, 1.71 
and burden, 10.74, for atrial fibrillation; hazard ratio, 1.72 
and burden, 5.35, for acute coronary syndrome).11 Post-
COVID-19 myocarditis may be caused by viral infection 
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of the myocardium and associated cytokine storm; yet, 
the underlying pathophysiology of other COVID-19–
associated cardiovascular complications has not been 
fully delineated.12

De novo development of new drugs for an infec-
tious disease like COVID-19 in a short time frame is 
typically not realistic, for which reason patients would 
greatly benefit from the availability and repurposing of 
existing drugs. Drug repositioning or drug repurposing, 
which aims to find new indications for known drugs, 
can narrow drug candidates under consideration, avoid 
drug safety issues, and thereby shorten the develop-
ment time, offering a promising alternative to de novo 
drug discovery. A variety of in vitro and in silico methods 
have been developed, and many resulting clinical trials 
have been launched for drug repositioning for COVID-
19.13–16 Given the cardiovascular complications caused 
by SARS-CoV-2 infection, drug repurposing for COVID-
19 should consider targeting the pathobiology underly-
ing the cardiovascular manifestations and comorbidities 
of the infection. In this review, we summarize recent 
advances in repositioning drugs for COVID-19 and 
highlight prospective opportunities for repurposing 
drugs for the treatment of cardiovascular complications 
of COVID-19.

EPIDEMIOLOGY OF COVID-19 AND 
CARDIOVASCULAR COMORBIDITIES
COVID-19 spread rapidly from Wuhan, China, in the 
late fall of 2019 to other countries and territories 
world-wide. The confirmed cases grew exponentially 
at the outset with an early estimated growth rate r of 
0.1 to 0.2 per day. The outbreak reached an epidemic 
peak by late February 2020. By March 2020, a global 
SARS-CoV-2 pandemic had begun to unfold. Initial 
nonpharmaceutical interventions, such as lockdowns, 
social distancing, and the use of face masks, flattened 
the growth curve, which was, unfortunately, followed 
by subsequent waves due to evolution of the virus and 

changes in host immunity and behavior.17 By December, 
2020, vaccines against SARS-CoV-2 had been devel-
oped and approved for emergency use; the durability of 
protection and new variant-specific protection, however, 
remain uncertain.

Many clinical studies have reported that multiple 
comorbidities are associated with the severity and mor-
tality of COVID-19. For example, Guan et al5 conducted a 
large-scale study that analyzed independent clinical risk 
factors associated with a composite outcome (admission 
to intensive care, invasive ventilation, or death) using a 
Cox regression model on data from 1590 hospitalized 
patients with COVID-19, and found that the most preva-
lent comorbidity was arterial hypertension (16.9%), fol-
lowed by diabetes (8.2%). Furthermore, analyses were 
performed to confirm the impact of cardiovascular 
comorbidities on the clinical outcomes of patients with 
COVID-19.6,18 A meta‐analysis of 22 studies based on 
a random-effects model revealed that the proportions of 
hypertension, diabetes, and cardiac disease in COVID‐19 
was 17.1%, 8.5%, and 4.5%, respectively.19 In a retro-
spective study based on a cohort of 8438 patients with 
COVID-19, Kuno et al20 found significantly higher rates 
of mechanical ventilation and mortality in patients with 
COVID-19 with coronary artery disease (CAD), periph-
eral artery disease, heart failure, or cardiac injury.

Although patients with preexisting CVD have been 
shown to be at higher risk of adverse COVID-19 out-
comes, it is unclear whether preexisting CVD are inde-
pendently important predictors for severe COVID-19. 
In a nationwide Danish cohort of hospital-screened 
patients with COVID-19, Phelps et al21 investigated 
whether preexisting CVD predict the 30-day risk of com-
posite outcome of severe COVID-19 and all-cause mor-
tality or not using a Cox regression model, incorporating 
some covariates. The results show that pre-existing CVD 
does have modest effects on an increased risk of poor 
COVID-19 outcomes. A systematic meta-analysis of 51 
studies with a total of 48 317 patients with COVID-19 
demonstrated that the relative risk of developing severe 
COVID-19 or death was significantly higher in patients 
with risk factors for CVD,4 suggesting that CVD comor-
bidity was closely related to fatal outcomes in COVID-19 
for patients across all ages.

CARDIOVASCULAR MANIFESTATIONS OF 
COVID-19
There is a mutual interaction between COVID-19 and 
the cardiovascular system: COVID-19 can also cause 
cardiovascular injury and a series of cardiovascular 
complications such as acute myocardial injury, myocar-
ditis, arrhythmias, cardiac arrest, etc (Figure 1). SARS-
CoV-2 binds the human membrane protein ACE2 

Nonstandard Abbreviations and Acronyms

ACE2 angiotensin-converting enzyme 2
CAD coronary artery disease
CVD cardiovascular diseases
FDA Food and Drug Administration
HIF1A hypoxia inducible factor 1 subunit alpha
JAK-STAT  janus kinase-signal transducer and 

activator of transcription
RUNX1 RUNX family transcription factor 1
TMPRSS2 transmembrane serine protease 2
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(angiotensin-converting enzyme 2) receptor via its 
spike (S) protein (see below), providing a point of viral 
entry into the cell.8,9,22,23 Single-cell RNA sequencing 
showed that ACE2 expression in the adult human heart 
is higher than that in the lung,24 which may mediate 
SARS-CoV-2 entry into cardiomyocytes and contribute 
to cardiovascular complications. Most of the 332 host 
proteins from the first SARS-CoV-2 virus-host pro-
tein interaction map,25 which we denote SARS-CoV-2 
targets, are connected with each other in the human 
protein-protein interactome (forming a distinct subnet-
work or covidome) and are expressed in CVD-related 
cell types, such as cardiomyocytes, pulmonary arterial 
endothelial cells, and pericytes (Figure 2).

Acute myocardial injury was observed even among 
early cases in China. In a study of 138 hospitalized 
patients with COVID-19, cardiac injury was present 
in 7.2% of patients and arrhythmias were present in 
16.7% of patients, both with higher prevalence among 
patients requiring intensive care.26 A population-based, 
observational study indicated that COVID-19 infection 
accounted for ≈one-third of the increase in out of hos-
pital cardiac arrest incidence during the pandemic.27 In 
a nation-wide Scotland cohort, Ho et al28 found that the 
risk of thromboembolism was significantly elevated over 
the whole risk period of COVID-19 but highest in the 7 
days following a positive COVID-19 test; the risk of deep 
vein thrombosis and pulmonary embolism remained sig-
nificantly elevated even 56 days following the test.

Long COVID or post-COVID refers to a condition in which 
patients continue to suffer from symptoms >3 months fol-
lowing acute infection. The cardiovascular manifestations of 

long COVID include stroke, chest pain, electrocardiographic 
abnormalities, postural tachycardia syndrome, atrial fibril-
lation, acute coronary syndrome, and chronic thromboem-
bolic pulmonary hypertension.29,30 A long-term observational 
study of a cohort of 153 760 infected individuals showed 
that patients with COVID-19 are at increased risk for and 
1-year burden of incident CVDs, including cerebrovascular 
disorders, arrhythmias, ischemic and nonischemic cardiac 
diseases, and thrombotic disorders.11 Thus, health care for 
those surviving acute COVID-19 should remain attentive to 
the potential for CVD.11 For more information on cardiovas-
cular manifestations caused by SARS-CoV-2 infection, the 
reader is referred to recent comprehensive reviews.8–10,12,29–31

The underlying mechanisms of COVID-19–associ-
ated cardiovascular complications are yet to unfold. 
SARS-CoV-2 may directly infect human cardiomyocytes 
and exert cytotoxic effects, triggering severe cellular 
and organ-wide pathology and dysfunction.9 Hypoxia-
induced myocardial injury due to hypoxic respiratory fail-
ure and hypoxemia, or acute right ventricle failure due 
to pulmonary embolism are indirect pathophysiological 
mechanisms. Cardiac injury may also stem from dys-
functional (excessively robust) inflammatory or immune 
responses.9 Post-COVID myocarditis may be caused 
by direct viral infection of the myocardium and associ-
ated cytokine storm.12 A recent study from our group 
uncovered common regulators and pathways common to 
COVID-19 and pulmonary arterial hypertension by inte-
grating omics data and the human protein-protein inter-
actome, viz., HIF1A (hypoxia inducible factor 1 subunit 
alpha), RUNX1 (RUNX family transcription factor 1), and 
JAK-STAT (Janus kinase-signal transducer and activator 

Figure 1. The mutual interaction and injury between COVID-19 and the cardiovascular system.
Cardiovascular comorbidities are significantly correlated with the severity and mortality of COVID-19; likewise, COVID-19 can cause 
cardiovascular injury and a series of cardiovascular complications. Illustration Credit: Sceyence Studios.
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of transcription) pathways.32 Independent studies dem-
onstrated that RUNX1 inhibition can reduce the expres-
sion of ACE2 which is critical for SARS-CoV-2 infection 
and may also be beneficial for pulmonary fibrosis and 
pulmonary hypertension.33,34 Identification of such over-
lapping pathways between COVID-19 and CVD is criti-
cal for designing treatments that consider cardiovascular 
manifestations of COVID-19.

REPURPOSING DRUGS FOR TREATING 
CARDIOVASCULAR MANIFESTATIONS OF 
COVID-19
Hospitalized patients with COVID-19 would greatly 
benefit from therapies against SARS-CoV-2 infec-
tion, some of which have been developed during the 
pandemic. Yet, definitive therapy and therapies that 

prevent long-term extrapulmonary and cardiovascular 
manifestations remain elusive. De novo development 
of new drugs for a rapidly spreading disease such as 
COVID-19 in a short period of time is not realistic. In 
contrast, patients may benefit from drug repositioning, 
which allows fast-tracking of existing drug candidates 
into human clinical trials for testing as COVID-19 
therapies. Although many drug repurposing meth-
ods have been developed for COVID-19, treatments 
should consider targeting the pathobiological mecha-
nisms underlying the cardiovascular manifestations 
and comorbidities. We highlight such prospective 
opportunities in this section.

Experimental Drug Repositioning for COVID-19
Understanding the cell entry mechanisms of SARS-
CoV-2 is one key to deciphering a potential drug 

Figure 2. The COVID-19 disease module.
SARS-CoV-2 targets are not randomly scattered over the human interactome, but form a densely connected module (covidome). The majority of 
the SARS-CoV-2 targets are expressed in cardiovascular tissues, potentially serving as a basis for SARS-CoV-2 infection-induced cardiovascular 
manifestations.
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target and inhibiting infection. Cell entry of SARS-CoV-2 
depends on binding of the viral spike (S) protein to its 
receptor human ACE2 and on S protein priming by the 
host cell protease TMPRSS2 (transmembrane serine 
protease 2).22 In addition to ACE2, this main protease of 
SARS-CoV-2 is an attractive drug target because of its 
central role in the SARS-CoV-2 life cycle and its con-
servation among different variants. A TMPRSS2 inhibitor 
camostat mesylate can block the entry of SARS-CoV-2 
and might be a viable treatment option.23 Using a Fluores-
cence Resonance Energy Transfer (FRET)-based enzy-
matic assay, Ma et al35 discovered 4 compounds including 
boceprevir, GC-376, and calpain inhibitors II and XII that 
target the SARS-CoV-2 main protease and inhibit SARS-
CoV-2 viral replication in cell culture. Using phosphopro-
teomics to study signaling changes in permissive human 
cells after SARS-CoV-2 infection, Klann et al36 found that 
inhibition of growth factor receptor downstream signal-
ing by 5 compounds, pictilisib, omipalisib, RO5126766, 
lonafarnib, and sorafenib, can prevent SARS-CoV-2 rep-
lication in cells at clinically achievable concentrations. In 
addition, an orally bioavailable SARS-CoV-2 main prote-
ase inhibitor, PF-07321332 (Nirmatrelvir) was discovered 
and characterized as having in vitro pan-human coronavi-
rus antiviral activity and excellent off-target selectivity and 
in vivo safety profiles.37 Recently, using the Ugi 4-compo-
nent reaction, an α-ketoamide-containing main protease 
inhibitor Y180 with oral bioavailability was shown to pro-
tect against infection by wild-type SARS-CoV-2 and its 
variants including omicron.38

Although many studies concentrated on discovering 
SARS-CoV-2 inhibitors, few targeted the cardiovascu-
lar manifestations caused by COVID-19. This limitation 
is partly a consequence of our limited understanding of 
the underlying pathobiology. With the unfolding of the 
physiological mechanisms of COVID-19-associated car-
diovascular complications,39,40 we envision there will be 
more research focused on this important topic.

High-Throughput Drug Screening for COVID-19
The most critical step in drug repurposing is the devel-
opment of in vitro assays that can evaluate the efficacy 
of drug candidates in an efficient way. Although indi-
vidual experiments have been used to reposition drugs 
for COVID-19 through mechanistic exploration (as 
described above), a number of high-throughput screen-
ing assays have been developed to reposition approved 
and investigational drugs for SARS-CoV-2 infection in 
an unbiased, quantitative way, such as the ACE2 activ-
ity assay, 3CL protease activity assay, multitarget assays, 
spike-ACE2 protein–protein interaction assay, pseudo-
typed particle entry assay, and phenotypic antiviral effi-
cacy assays.41 These high-throughput screens facilitate 
the rapid assessment of many drug candidates that may 
be repurposed for COVID-19.

A representative study is the high-throughput immu-
nofluorescence-based screening of 6710 clinical and 
preclinical compounds from the Broad Institute’s drug 
repositioning repository that aimed to identify potent 
inhibitors of SARS-CoV-2 infection.42 Computational 
analysis of primary screen outcomes classified the com-
pounds into 4 different categories (no-effect, strongly 
active, weakly active, and cytotoxic compounds), and 
prioritized the best candidates for follow-up in mecha-
nistic assays. A cellular network integrating relation-
ships between small molecule structure, dose-response 
antiviral activity, host target, and cell interactome was 
constructed, which provides important insights for 
SARS-CoV-2 infection. Some representative drugs were 
evaluated for mechanism of action in human cell mod-
els with SARS-CoV-2 variants. One promising candi-
date, obatoclax, was found to reduce the SARS-CoV-2 
viral load significantly in the lungs of mice engineered to 
express the human ACE2 protein in their pulmonary epi-
thelial cells. This work illustrates a rigorous approach for 
future pharmacological and computational identification 
of potential drug treatments for viral diseases in general, 
and for SARS-CoV-2 in particular.

Repurposing, Focused Rescue, and Accelerated Med-
chem, a best-in-class drug repurposing library consisting 
of 12 000 compounds,43 has been used widely in high-
throughput drug screening for COVID-19. For example, 
the library was screened against 2 human cell lines (HeLa-
ACE2 and Calu-3) using high-content imaging assays of 
SARS-CoV-2 infection.44 Among over 40 promising hits 
from each assay, the antivirals nelfinavir and the parent or 
prodrug molnupiravir were found to reduce SARS-CoV-2 
replication in an orthogonal human differentiated primary 
cell model. The library was also screened for therapeu-
tic agents to treat SARS-CoV-2 infection in Vero E6 
cells45 and identified 21 drugs that inhibit viral replica-
tion of SARS-CoV-2 with dose–response relationships, 
including the kinase inhibitor apilimod. In a recent study, 
≈18 000 drugs were screened for antiviral activity using 
live virus infection in human epithelial cells and 122 
drugs were validated with antiviral activity and selectivity 
against SARS-CoV-2,46 among which were included 16 
nucleoside analogues including the approved antivirals 
remdesivir and molnupiravir for use in COVID-19. In par-
ticular, this study identified a panel of host nucleoside 
biosynthesis inhibitors as effective antiviral agents which, 
when combined with antiviral nucleoside analogues, can 
synergistically inhibit SARS-CoV-2 infection in vitro and 
in vivo. In addition to high-throughput screening assays, 
virtual screening with predocking and postdocking phar-
macophore filtering has also been used for drugs for 
COVID-19.47 Most patients with COVID-19 only develop 
no or mild symptoms, but some patients develop a severe 
inflammatory response that can be fatal. Based on this 
observation, a high-throughput screening assay using a 
2560 small-molecule compound library was performed 
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to identify Food and Drug Administration (FDA)-approved 
drugs that function as pan-inflammasome inhibitors.48 In 
vitro and in vivo experiments validated that niclosamide 
effectively inhibits both inflammasome activation and 
SARS-CoV-2 replication.

Using a lung organoid model based on human 
pluripotent stem cells, Han et al49 performed a high-
throughput screen of FDA-approved drugs and iden-
tified inhibitors of SARS-CoV-2 infection, including 
imatinib, mycophenolic acid, and quinacrine dihydro-
chloride, demonstrating that this model infected with 
SARS-CoV-2 can serve as a relevant disease model 
for rapid screening. By screening ≈3000 compounds in 
hepatocyte Huh7.5 and respiratory Calu-3 cells against 
SARS-CoV-2, Dittmar et al50 found that SARS-CoV-2 
enters different cell types through different entry 
pathways, and uncovered only 9 compounds that are 
active in both Huh7.5 cells and Calu-3 cells including 
cyclosporine and cyclophilin inhibitors. A pipeline for 
quantitative, high-throughput, image-based screening 
of SARS-CoV-2 infection was created through which 
17 clinical drug candidates were identified, including 
lactoferrin, with in vitro antiviral activity across mul-
tiple cell lines from a library of 1425 FDA-approved 
drugs.51 In another study, a team of investigators devel-
oped a fluorogenic high-throughput in vitro screening 
assay through which a total of 6030 drug repurpos-
ing candidates from National Center for Advancing 
Translational Sciences (NCATS) annotated libraries 
were evaluated for inhibiting SARS-CoV-2 replication 
in Calu-3 cells.52 Next, a suite of subsequent assays, 
including a mass spectrometry-based detection assay 
and a cell-based SARS-CoV-2 pseudotyped particle 
entry assay, was developed to confirm and assess the 
hits from the biochemical screen, among which camo-
stat, nafamostat, PCI-27483, otamixaban, and 2 pepti-
domimetic inhibitors of TMPRSS2 were identified.

Although many high-throughput screening assays 
have been developed for drug repositioning for SARS-
CoV-2 infection, to the best of our knowledge, no assays 
have been developed in cardiovascular cells. We hypoth-
esize that large-scale drug screening using human car-
diomyocytes, in particular, may be critical for identifying 
drug candidates that may be used to treat the key cardio-
vascular manifestations of COVID-19.

Omics Data-Based Drug Repositioning for 
COVID-19
SARS-CoV-2 interacts with human host proteins 
and induces a series of molecular changes at dif-
ferent biological levels. Owing to the advances in 
high-throughput omics technologies, a large pool of 
SARS-CoV-2-induced transcriptomics, proteomics, 
and other omics data have been generated and 
accumulated. For example, a single-cell atlas of the 

peripheral immune response to severe COVID-19 was 
created based on single-cell RNA sequence profiling 
of peripheral blood mononuclear cells from 7 patients 
hospitalized for COVID-19.53 More recently, a molecu-
lar single-cell lung atlas of lethal COVID-19 was cre-
ated based on single-nucleus RNA sequencing of the 
lungs of nineteen individuals who died of COVID-19.54 
The SARS-CoV-2-induced transcriptome, proteome, 
ubiquitinome, and phosphoproteome of a lung-derived 
human cell line were integrated in a concurrent multi-
omics study to define the pathogenic properties of 
SARS-CoV-2 at different levels.55 These omics atlases 
enable the dissection of lethal COVID-19 and inform 
our understanding of long-term complications of 
COVID-19 survivors, providing an important resource 
for therapeutic development in general as well as 
opportunities for therapeutic development for the car-
diovascular complications of COVID-19 in particular.

In the integrated omics analysis of these data sets, 
SARS-CoV-2 targets represent causal layers, and 
differentially expressed genes or proteins caused by 
the infection represent the consequence layers. By 
integrating SARS-CoV-2 targets and differentially 
expressed genes into the human interactome and find-
ing the shortest paths (hidden layer) between them, 
a SARS-CoV-2–induced protein network was con-
structed in a recent study.56 Key proteins and disease 
pathways were uncovered from the hidden layer and 
drugs that target key proteins were ranked. After using 
an unsupervised self-organized map to cluster the pre-
dicted drugs and uncover drug mechanisms of action, 
SARS-CoV-2–induced omics data have benefited 
drug repositioning for COVID-19. Two drugs, proguanil 
and sulfasalazine, were validated as inhibitors of viral 
replication in cell assays. This unbiased omics data 
analysis proves the power of multi-omics integration, 
which opens new avenues for the rapid repurposing of 
approved drugs.

In a recent study, multi-omics profiling of peripheral 
blood mononuclear cells from patients hospitalized with 
severe COVID-19 was performed, including transcrip-
tomic profiling by single-cell RNA sequence and epi-
genetic profiling by an assay for transposase-accessible 
chromatin with high-throughput sequencing and whole-
genome bisulfite sequencing.57 Integration of the single-
cell transcriptomes and epigenomes revealed significant 
differential monocyte transcriptomic and epigenetic attri-
butes between those who would survive and those who 
would die from COVID-19. The study also showed that 
peripheral blood mononuclear cell omics composition 
is strongly correlated with disease progression. A sig-
nificant reduction of T cells and a significant increase 
of monocytes were observed in critically ill patients. 
Through data integration and Ingenuity pathway analysis, 
several promising drug candidates, including dexameth-
asone, baricitinib, tacrolimus, zotatifin, and nintedanib, 
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have been identified for further study. Nintedahib could 
be potentially useful for the treatment of post-COVID-19 
pulmonary fibrosis.58,59

Although there have not been methods proposed spe-
cifically designed for drug repurposing in the treatment 
of cardiovascular manifestations of COVID-19, SARS-
COV-2 infection-induced omics data combined with 
CVD gene signatures can potentially identify drug can-
didates for COVID-19 with cardiovascular complication 
(Figure 3). For example, the Connectivity Map and the 
Library of Integrated Network-Based Cellular Signatures 
Program provide a data repository that contains almost 
2 million gene expression profiles covering 72 human 
cell lines for thousands of small molecules and drugs.60,61 
Differentially expressed genes can be obtained from 
SARS-CoV-2-induced omics data. Overlapping analy-
sis between CVD-associated genes and SARS-CoV-2 
differentially expressed genes leads to disease gene 
signatures representing the underlying pathobiology of 
COVID-19-associated cardiovascular complications. 
Inverse signature correction between disease gene sig-
natures and drug gene expression signatures from the 
Connectivity Map and Library of Integrated Network-
Based Cellular Signatures can identify potential drug 
candidates for targeting cardiovascular manifestations 
for COVID-19. In addition, some strategies for cardio-
vascular drug repositioning can be used for treating car-
diovascular manifestation of COVID-19, as well.62

Network Medicine-Based Drug-Repurposing for 
COVID-19
Network medicine is an emerging interdisciplinary field 
that integrates systems biology and network science, 
focuses on the interaction between biological compo-
nents, and applies concepts and tools from network 
science to understanding, preventing, and treating dis-
eases.63 Network medicine approaches have been suc-
cessfully applied to the identification of disease pathways 
and molecular relationships between different patho-
phenotypes. They also offer important insights into the 
relationships between drugs, their targets, and diseases, 
including network-based drug repositioning.64 The first 
SARS-CoV-2 protein interaction map consisting of 332 
high-confidence protein–protein interactions between 
SARS-CoV-2 and human proteins provided opportuni-
ties for revealing therapeutic targets for drug reposition-
ing.25 In fact, drug repositioning for CVDs and COVID-19 
has benefited from network medicine approaches, as 
well, which paves the way toward the development of 
preventive and therapeutic solutions for COVID-19 with 
particular consideration of cardiovascular complications 
and cardiovascular comorbidities.

In our research group, we have developed a network 
module-based method for illuminating the mechanisms 
of drug action for myocardial infarction by constructing 

drug-target-disease modules,65 which suggested a list 
of potential drug repurposing candidates for myocardial 
infarction, for example, valproic acid, minocycline, and 
tetracycline. A similar approach was adopted for drug 
repositioning for pulmonary arterial hypertension and 
identified a number of drug candidates that were either 
verified by the curated literature or included in (ongoing) 

Figure 3. A potential scheme for repositioning drug 
candidates to target cardiovascular manifestations of 
COVID-19.
Differentially expressed genes can be obtained from SARS-CoV-
2-induced omics data. Overlapping analysis between cardiovascular 
disease-associated genes and SARS-CoV-2 differentially expressed 
genes leads to disease gene signatures. Inverse signature correction 
between disease gene signatures and drug gene expression 
signatures from the Connectivity Map (CMap) and Library of 
Integrated Network-Based Cellular Signatures (LINCS) can identify 
potential drug candidates for targeting cardiovascular manifestation 
for COVID-19. The drug candidates are then subject to in vitro and in 
vivo validation through animal models and clinical trials in patients with 
COVID-19. Illustration Credit: Sceyence Studios.
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clinical trials.66 Unlike machine learning-based black 
box methods, such network module-based approaches 
can provide insights into the mechanisms of action of 
drugs. This method could further be expanded for drug 
repositioning for treating cardiovascular manifesta-
tions of COVID-19 by integrating SARS-CoV2 targets 
(covidome), CVD genes, and drug targets into the inter-
actome, constructing network modules consisting of 3 
types of nodes and identifying drugs that target both the 
covidome and CVD modules.

Previous studies have demonstrated that disease pro-
teins tend to cluster in the same network neighborhood 
within the human protein–protein interactome and form 
a subnetwork called the disease module.67 For drugs to 
have on-target therapeutic effects on a disease or off-
target adverse effects, their targets have to be in the vicin-
ity of disease modules in the human interactome.68 Based 
on this principle, network proximity has been demon-
strated as a powerful tool for predicting drug efficacy. This 
method quantifies the closeness relationship between 
disease modules and drug targets in the human interac-
tome (Figure 4). For example, we used a network proxim-
ity approach to systematically repositioning FDA-approved 
drugs for many diseases and hundreds of new drug-dis-
ease associations have been identified as a result.69 In 
particular, CVDs were chosen as a test case of this princi-
ple owing to their high prevalence, morbidity, and mortality 
in the population. Nine hundred eighty-four FDA-approved 
drugs (including 177 FDA-approved cardiovascular drugs 
defined by Anatomical Therapeutic Chemical (ATC) clas-
sification codes) and 22 types of CVDs were investigated. 
In this work, we demonstrated a population-based valida-
tion approach using electronic medical records from large 
administrative healthcare databases to test the predicted 
drug-disease relationships. Two drugs, carbamazepine 
and hydroxychloroquine, were validated using propensity 
score matching in the patient-level data: carbamazepine 
is associated with an increased risk of CAD and hydroxy-
chloroquine is associated with a decreased risk of CAD. 
Of course, this validation only verifies drug-disease asso-
ciations, not real causal relationships. In vitro and in vivo 
experimental validation is necessary to confirm the roles 
of these drugs in CVDs. These studies demonstrate that 
a unique integration of human interactome and large-
scale patient-level data complemented by mechanistic in 
vitro studies can facilitate drug repurposing, which can be 
adapted for COVID-19 drug repositioning with consider-
ation of CVD comorbidity and complications, as well. The 
drugs whose targets are significantly proximate to both 
the covidome and CVD modules may be good candidates 
for experimental validation.

In a recent study, we created a human calcification 
endophenotype module by mapping vascular calcification 
proteins to the human vascular smooth muscle-specific 
protein-protein interactome.70 Network proximity analy-
sis demonstrated that the cardiovascular calcification 

module significantly overlaps with endophenotype mod-
ules governing inflammation, thrombosis, and fibrosis in 
the human interactome and identified 3 drugs, evero-
limus, temsirolimus, and pomalidomide, targeting the 
module. The efficacy of these drugs in reducing vascular 
calcification was confirmed experimentally by treating 
human coronary artery smooth muscle cells in an in vitro 
calcification assay, demonstrating that the integrative 
network analytical approach followed by experimental 
validation has broad applicability to other diseases.

By incorporating SARS-CoV-2 virus-host protein-
protein interactions, transcriptomics, and proteomics 
into the human interactome, Zhou et al71 used a network 
proximity metric to reveal the underlying pathogenesis 
for broad COVID-19-associated disease manifesta-
tions and explored a potential treatment, melatonin, for 
COVID-19 by combining network-based predictions 
and a propensity score matching observational study of 
26 779 individuals from a COVID-19 registry. They also 
used network proximity analyses of drug targets and 
human coronaviruses host interactions in the human 
interactome to prioritize potential anti-human coronavi-
ruses drugs.72 Pulmonary fibrosis is one of the long-term 
complications that appears in some COVID-19 survivors. 
In a recent study, novel gene signatures of post-COVID 
pulmonary fibrosis were revealed through network analy-
ses combined with the SARS-CoV-2-induced transcrip-
tome at single-cell resolution. Several potential drug 
candidates have been proposed for targeting pulmonary 
fibrosis caused by COVID-19 by quantifying the network 
proximity between the drug targets and the pulmonary 
fibrosis signatures in the human interactome.73

A recent breakthrough in discovering potential host 
therapeutic targets for SARS-CoV-2 infection was 
made through generating a comprehensive SARS-
CoV-2–human protein–protein network of 739 high-
confidence interactions using a high-throughput yeast 
2-hybrid screening experiment.74 In this network, many 
known SARS-CoV-2 host factors were validated and 
361 novel ones were revealed. Network-based screens 
of FDA-approved or investigational drugs using network 
proximity analysis identified 23 candidates for COVID-
19. One of these drugs, carvedilol, was validated to show 
clinical benefits for patients with COVID-19 in an elec-
tronic health records analysis and antiviral properties in 
a human lung cell line infected with SARS-CoV-2. Simi-
larly, Kim et al75 created another proteome-scale map of 
the SARS-CoV-2–human interactome through which 
the human genetic architecture for COVID-19 sever-
ity was revealed, offering an important data resource 
for discovering potential therapeutic targets. Although 
SARS-CoV-2-host interactomes are great resources 
for understanding viral replication, knowledge of down-
stream pathways, including all potential viral receptors, 
host cell proteases, and cofactors, is necessary for the 
validation of critical host machineries. For this purpose, 
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Liu et al76 applied both affinity purification mass spec-
trometry and the complementary proximity-based label-
ing mass spectrometry method on 29 viral open reading 
frames and 18 host proteins with potential roles in viral 
replication to map the interactions relevant to viral pro-
cessing. Some drug candidates identified through this 
approach, including methotrexate, were validated to have 
antiviral effects using an image-based drug screen assay.

A potential limitation of network proximity is that it 
cannot distinguish on-target therapeutic effects from 
off-target adverse effects until further experimental vali-
dation is performed. Nevertheless, it can be empowered 
by inclusion of other methods such as machine learn-
ing. In Gysi et al,77 we assembled algorithms relying on 
graph convolutional network-based machine learning, 
network diffusion, and network proximity to rank 6340 
drugs for their expected efficacy against SARS-CoV-2 
infection. We used as ground truth 918 drugs experi-
mentally screened in VeroE6 cells to test the predictions. 
Importantly, no single predictive algorithm offers consis-
tently reliable outcomes across all data sets and metrics, 
suggesting the complexity and challenge of the drug 
repositioning task and the necessity of integrating dif-
ferent methods for optimization. This work offers a useful 
methodological pathway to identify repurposable drugs 
for other infectious diseases or treating other disease 
manifestations of COVID-19, including cardiovascular 
manifestations.

Despite different methods that have been developed 
for drug repositioning, few of them consider potential 
side effects that could worsen the condition of patients. 
Although FDA-approved drugs have passed safety 
assessment, minimizing the side effects of repurposed 
drugs for a disease is still beneficial. This issue is impor-
tant to consider because unique drug-by-disease inter-
actions may occur that would not have been predicted 
(or excluded) based on prior clinical trials in which the 
drug was used to treat a different illness. Focusing on 9 

cardiovascular disorders, we have developed an adjusted 
network-based similarity measure implemented by the 
algorithm originally applied to COVID-1978 to reposition 
drugs for CVDs while, at the same time, considering 2 
side effects of drug candidates—long QT syndrome and 
drug-induced asthma.79 This method formulated both dis-
ease disorders and side effects as network modules in 
the human interactome and considered those drug can-
didates that are proximal to disease modules but far from 
side-effects modules as ideal. A list of drug candidates 
for CVDs that are unlikely to produce common, adverse 
side-effects was provided in this work. This study dem-
onstrated the possibility of incorporating side effects in 
drug repositioning and paved a way towards identifying 
drug treatments with lower risks of adverse effects. This 
approach could be adopted to the identification of drugs 
repurposed that have therapeutic effects for COVID-19 
with minimal adverse effects.

CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES
The COVID-19 pandemic has been challenging to 
address using conventional drug development meth-
ods. For this reason, drug repositioning, or the applica-
tion of approved drugs for new purposes, has been used 
to accelerate drug discovery. Experimental approaches 
based on cell entry mechanisms of SARS-CoV-2 provide 
drug candidates that could potentially inhibit viral infec-
tion and replication. High-throughput screening assays 
offer an unbiased, efficient way to identify approved 
and investigational drugs for COVID-19. High-through-
put omics technologies have generated significant of 
SARS-CoV-2-induced transcriptomics, proteomics, 
and other omics data, which facilitate drug reposition-
ing for COVID-19, as well. Using a combination of rig-
orous computational and network medicine approaches 

Figure 4. A network proximity approach for repositioning drugs to treat cardiovascular manifestations of COVID-19.
A, COVID-19 disease module and cardiovascular disease module in the human interactome. B, For each target of a drug, a disease protein in 
the module closest to the target is identified and shortest path length is calculated. The average shortest path length from the targets of a drug 
to a disease module defines the network proximity d from the drug to the disease module. The significance is evaluated by the null distribution 
generated through a defined number of random modules. Illustration Credit: Sceyence Studios.



Wang and Loscalzo

COM
PENDIUM

 ON COVID-19 AND 
CARDIOVASCULAR DISEASE

Circulation Research. 2023;132:1374–1386. DOI: 10.1161/CIRCRESAHA.122.321879 May 12, 2023  1383

Repurposing Drugs for COVID-19

that rely on drug-target interactions and are guided by 
molecular interaction networks, especially the protein-
protein interaction network, potential therapies have 
been identified that are undergoing clinical testing. Table 
lists some repositioned drug candidates we discussed in 
this review which are now used for COVID-19 or with 
promising potential for COVID-19. Noted that some of 

these candidates do not have consistent anti-COVID-19 
therapeutic effects across different studies and need 
further large-population-based validations.

Despite these advances, designing an optimal, gen-
eralizable algorithm for drug repurposing in general and 
for SARS-CoV-2 and its cardiovascular manifestations 
in particular remains a challenge. More recently, attention 

Table. Select Drugs That Have Been or Can Potentially be Repositioned for COVID-19

Drug name Original indications References 

Drugs with antiviral activities

  Boceprevir A direct-acting antiviral medication used to treat hepatitis 
infection

Ma et al35 and Oerlemans et al81

  Lonafarnib An antiviral drug to treat in hepatitis Delta virus infection Klann et al36 and Ruan et al82

  Nirmatrelvir An oral antiviral medication acting as a 3C-like protease inhibitor Owen et al37 and Arbel et al84

  Nelfinavir An antiviral protease inhibitor used to treat HIV infection Bakowski et al44 and Ohashi et al86

  Molnupiravir An antiviral medication that inhibits the replication of certain RNA 
viruses

Riva et al,45 Jang et al,47 and Bernal 
et al87

  Apilimod A potential antiviral and anticancer drug Riva et al45 and Kang et al88

  Remdesivir An antiviral prodrug used to treat acute viral infection. A currently 
accepted treatment for COVID-19

Schultz et al46 and Beigel et al89

  Niclosamide A medication used to treat tapeworm infections Almeida et al48 and Braga et al90

  Lactoferrin A protein found in the milk of mammals with potential antioxidant, 
antiviral, and antibacterial properties

Mirabelli et al51 and Campione et al93

  Nafamostat A synthetic serine protease inhibitor, with anticoagulant, anti-
inflammatory, mucus clearing, and potential antiviral activities

Shrimp et al52 and Takahashi et al94

  Proguanil A medication used to treat and prevent malaria Han et al56

Host-targeting drugs

  Camostat mesylate A serine protease inhibitor used primarily for treating 
postoperative reflux esophagitis

Hoffmann et al,23 Shrimp et al,52 and 
Hoffmann et al80

  Omipalisib A small molecule inhibitor of PI3K (phosphoinositide 3-kinase) 
with potential antineoplastic activity

Klann et al36 and Jang et al47

  Sorafenib A protein kinase inhibitor used to treat late-stage kidney, liver, and 
thyroid cancer

Klann et al36 and Meyer et al83

  Obatoclax An experimental Bcl-2 (B-cell lymphoma 2) inhibitor used to treat 
leukemias, lymphomas, myelofibrosis, and mastocytosis

Patten et al42 and Mao et al85

  Imatinib A tyrosine kinase inhibitor to treat leukemia and other 
malignancies

Han et al49 and Aman et al91

  Cyclosporine A calcineurin inhibitor used to prevent organ rejection after 
transplantation and in certain autoimmune diseases

Dittmar et al50 and Sauerhering et al92

  Otamixaban A direct factor Xa inhibitor that was investigated for the treatment 
for acute coronary syndrome

Shrimp et al52 and Hempel et al95

  Sulfasalazine An anti-inflammatory to treat ulcerative colitis and rheumatoid arthritis Han et al56

  Dexamethasone A corticosteroid used to treat inflammation Fava et al57 and The RECOVERY 
Collaborative Group96

  Baricitinib A Janus kinase inhibitor used for the treatment of rheumatoid 
arthritis and alopecia areata

Fava et al57 and Selvaraj et al97

  Tacrolimus A calcineurin inhibitor used to prevent organ rejection after 
transplantation and in certain autoimmune diseases

Fava et al57

  Zotatifin A selective inhibitor of the eukaryotic translation initiation factor 
4A with potential antineoplastic activity

Gordon et al25 and Fava et al57

  Nintedanib A tyrosine kinase inhibitor used for the treatment of idiopathic 
pulmonary fibrosis

Fava et al,57 Ogata et al,58 Vitug et al,59 
and Lamb et al60

  Melatonin A pineal gland hormone that regulates the sleep-wake cycle Zhou et al71

  Carvedilol A nonselective β-adrenergic receptor antagonist (β1, β2) and an 
α-adrenergic receptor antagonist (α1) used for the treatment of 
heart failure and hypertension

Zhou et al74 and Skayem et al98
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has turned to long-term post-COVID complications, 
including cardiovascular complications and lung dis-
eases,11,99 with drug treatments suggested for COVID-
19–induced pulmonary fibrosis,53,54,67 as well. With more 
evolving knowledge of the pathophysiological mecha-
nisms underlying post-COVID cardiovascular compli-
cations, the methodological approaches available to 
surmount this challenge are expanding with a promise of 
direct clinical application advancing rapidly. Coupled with 
a computational strategy for identifying potential adverse 
effects of repurposed drugs, this general approach to 
drug development offers a clear path forward for this 
and future epidemics requiring timely effective response.
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