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Abstract

In recent decades, the development of new drugs has become increasingly expensive and inefficient, and the molecular mechanisms of most

pharmaceuticals remain poorly understood. In response, computational systems and network medicine tools have emerged to identify potential
drug repurposing candidates. However, these tools often require complex installation and lack intuitive visual network mining capabilities. To
tackle these challenges, we introduce Drugst.One, a platform that assists specialized computational medicine tools in becoming userfriendly,
web-based utilities for drug repurposing. With just three lines of code, Drugst.One turns any systems biology software into an interactive web
tool for modeling and analyzing complex protein-drug-disease networks. Demonstrating its broad adaptability, Drugst.One has been successfully
integrated with 21 computational systems medicine tools. Available at https://drugst.one, Drugst.One has significant potential for streamlining
the drug discovery process, allowing researchers to focus on essential aspects of pharmaceutical treatment research.

Graphical abstract
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Introduction software such as Cytoscape (13) visualizes biological net-

In recent years, rapid technological advancements and unmet
medical needs have fueled the development of computational
tools that leverage systems biology methodologies to decipher
complex biomedical data (1). These tools frequently target
the identification of specific proteins or genes in a given dis-
ease context, such as marker genes indicative of disease pro-
gression (2,3). The visualization of these results in a biomed-
ical network context can greatly improve their interpretabil-
ity, allowing us to better understand the underlying disease
mechanisms and the interrelationships among the identified
entities (4). This principle applies to a variety of biomedi-
cal fields, including oncology (5,6), virology (7) and disease
subtype identification and patient stratification through dif-
ferential gene expression analysis (8,9). Rendering these in-
tricate cellular processes as graphs aids researchers in tai-
loring more precise pharmaceutical treatments, minimizing
side effects (10,11) and opening prospects for novel ther-
apeutic and diagnostic strategies, such as mechanistic drug
repurposing (12).

Key challenges in the development of systems biology plat-
forms include the integration of comprehensive biomedical
data and the creation of flexible graphical user interfaces for
data analysis, prioritization, and visualization. Stand-alone

works but necessitates local installation for each user. To cir-
cumvent this, developers often provide online solutions depen-
dent solely on browser compatibility. However, this presents
additional hurdles for researchers who may lack sufficient
web-development skills and need to establish and maintain
an infrastructure, including a server hosting a database and a
website. Beyond network visualization, the collection, harmo-
nization, integration, and incorporation of diverse biomedical
data demand a significant time investment (14). Moreover, the
database should be maintained and regularly updated, a chore
that is often not addressed by bioinformatics tools that pri-
marily provide a result overview with a limited set of features.
Thus, if network exploration is not neglected due to the ad-
ditional workload, unique solutions are being developed from
scratch, resulting in network visualizers and explorers of vary-
ing quality (7,8,15).

We developed Drugst.One to reduce software engineering
overhead, bundle development capacities, and to standard-
ize and simplify network analysis and visual network explo-
ration for biomedical web tools. With minimal programming
effort, Drugst.One can turn any gene or protein-based sys-
tems biology tool into a powerful online toolkit for network
integration and visualization, as well as mechanistic drug
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repurposing. Drugst.One is a customizable plug-and-play so-
lution for web-application developers in need of a feature-
rich network explorer coupled with a biomedical protein-
drug-disease network data warehouse. With as little as three
lines of code, Drugst.One can be added to any biomedi-
cal web tool, highlighting opportunities for drug repurpos-
ing and elucidating disease mechanisms. Incorporating mul-
tiple state-of-the-art databases (Supplementary Table S2) to
complement visualized data, Drugst.One provides an intuitive
interface for applying algorithms for exploratory network
analyses, drug target, and drug repurposing candidate iden-
tification and prioritization. Weekly updates guarantee the
relevance of its database for frequently changing data. Cur-
rently, Drugst.One is integrated into 21 systems medicine soft-
ware resources (Supplementary Table S1), including mirDIP
(Supplementary Figure S5) (16), pathDIP (17) and WikiPath-
ways (18). In this article, we describe the functionality of
Drugst.One and demonstrate its utility on the basis of two
studies — on drug repurposing for inflammatory bowel dis-
ease (IBD) and on exploring the smooth muscle cell (SMC)
proliferation pathway.

Materials and methods

Database

Drugst.One integrates 14 data sources, forming a large, het-
erogeneous database (Supplementary Table S2). Basic entities
in Drugst.One are proteins/genes, drugs, and diseases. The
available ID spaces for gene or protein entities are HGNC
(19), UniProt (20), Ensemble (21), and Entrez (22). For drugs
Drugst.One uses DrugBank and for disorders MONDO (23)
identifiers. To describe links between the different entities
Drugst.One integrates four different relational layer types,
namely protein-protein, protein-drug, protein-disorder, and
drug-disorder data.

Using the secondary database NeDRexDB (6), which is up-
dated on a weekly basis, all datasets from NeDRexDB are
automatically updated weekly. While all protein-protein and
drug-target interaction datasets included in NeDRex are avail-
able individually, the NeDRex datasets represent a combina-
tion of all individual data sources. Some data sources have
restrictive reuse licenses attached, e.g., for use in a commer-
cial scenario. In Drugst.One, we provide both, licensed and
openly available datasets, but the access to licensed data has
to be unlocked with a configuration parameter.

Input and output

The required input is a list of proteins or genes in HGNC,
UniProt, Ensembl or Entrez ID space. On demand, these en-
tities are integrated into the interactome and automatically
annotated with clinically relevant information, e.g. targeting
drugs or known disease associations. Exploratory functions
allow the visualization of known drug indications and dis-
ease associations as well as an overlay for tissue-specific ex-
pression information. For most information-enriching func-
tions, Drugst.One provides several data sources to choose
from (Supplement 3.1). Additionally, network algorithms al-
low to find and rank directly and indirectly associated drugs.

Algorithms

Drugst.One originates from the network-based drug repur-
posing platforms CoVex (7) and CADDIE (5), developed for
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the application in SARS-CoV-2 and cancer, respectively. While
they provide disease-specific information, both tools share un-
derlying principles and algorithms (Supplementary Table S3).
These tested and published methods form the Drugst.One al-
gorithmic toolkit (Supplement 3.2). Module identification al-
gorithms provide means to identify additional potential drug
targets from the interactome to enrich the mechanistic con-
text. In a second step, drugs that are directly or indirectly
linked can be ranked. This allows the assessment of the com-
pound’s potential to be repurposed using network-based al-
gorithms. Although both steps work automatically, users can
infuse their expert knowledge by adjusting input gene sets.
Users can choose among seven drug prioritization and drug
target identification algorithms to rank small molecules di-
rectly or indirectly targeting disease proteins, thus serving as
potential drug repurposing candidates (Supplement 3.2). In-
formation on the execution time scaling behavior of module
identification and drug prioritization algorithms can be found
in supplementary material (Supplementary Figure S3 and S4,
respectively). Overrepresentation analysis using g:Profiler (24)
or functional coherence validation using DIGEST (25) on all
loaded proteins in the network can be run with one click.

Results

Integration and customization

The Drugst.One ecosystem is a multi-component platform
consisting of a website, the web plugin, a server, a content de-
livery system (CDS) and a Python package (Figure 1, Supple-
ment 1). Drugst.One is free and open to all users and no login
is required.

The web plugin can be added to any webpage by import-
ing one JavaScript and one stylesheet file from the https:
/lcdn.drugst.one distribution server, and by adding the ‘drugst-
one’ HTML tag to the source code of any system medicine
tool’s website (Supplementary Figure S2). Features can be cus-
tomized to a high degree through JSON configuration strings
that are passed as attributes. This includes default states of
on/off toggles, the network, and the node and edge groups
that define the network style. The plugin is responsive to
changes during runtime, allowing developers to add buttons
or other controls to the host page, for example switching
between networks. For seamless integration of the rendered
plugin into any website, styling and coloring are control-
lable by adding specific CSS variables to the website stylesheet
(Supplementary Figure S1). To assist developers in the integra-
tion process, the Drugst.One website provides conclusive doc-
umentation of available parameters, features, and styles. It fur-
ther offers an interactive configuration page at https:/drugst.
one/playground where configuration options are categorized,
and the replication of a configured Drugst.One instance is
achieved by simple copy-pasting of the generated code snip-
pets to the developers” websites. This low-code approach al-
lows bioinformatics researchers to provide the community
with an interactive mechanism mining web tool within hours
or even minutes instead of days. The lightweight Drugst.One
JavaScript library connects to the Drugst.One data warehouse
server, which handles all the computationally expensive work
like data annotation, mapping, and asynchronous algorithm
execution.

Alternatively, a standalone integration of Drugst.One
is provided at https://drugst.one/standalone, which can be
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Figure 1. The Drugst.One ecosystem: the Drugst.One server (A) updates weekly from online databases (B), executes computationally demanding tasks,
and provides data to the Drugst.One plugin (D i and D ii). The frontend is loaded from the content delivery system (CDS), (C), receives the network data
from the developer integrating Drugst.One (E) and presents it to the user. Drugst.One can also be accessed programmatically through a Python

package (F).

accessed and customized using URLs or POST-based requests.
This way, results from any website or even a command line
tool can be redirected to Drugst.One through a simple web
service request (Supplement 2). Detailed documentation about
all Drugst.One integration options can be found at https:
/ldrugst.one/doc.

Integration examples
Drugst.One plugin integration with BiCoN

BiCoN (8) is a systems medicine tool for simultaneous
patient stratification and disease mechanism identification,
i.e. network-based endotyping. BiCoN uses a molecular in-
teraction network as input and identifies two subgroups of
patients along with a subnetwork that is enriched for differ-
entially expressed genes between the two groups. These sub-
networks can serve as composite biomarkers but may also be
enriched for putative drug targets. Since BiCoN also features a
web version (https://exbio.wzw.tum.de/bicon), we integrated
the Drugst.One plugin for enhancing the result presentation
by interactively visualizing the identified subnetworks. This
allows users to explore possible drug repurposing candidates

targeting the newly identified disease mechanisms, which can
subsequently be experimentally validated.

Drugst.One link-out from WikiPathways

WikiPathways (26) is a widely used, community-driven plat-
form for exploring molecular pathways. It allows users to up-
load, edit, browse, and download a constantly growing pool
of pathway datasets. Pathway data can be used to identify
and understand key players in metabolism, which is critical
for understanding rare or common diseases such as COVID-
19 (26). Thus, pathways allow for the prediction of drug tar-
get and drug repurposing candidates and are commonly used
in the development of new disease treatments (27). When in-
specting individual pathways on the WikiPathways platform,
users now have the option to forward the pathway genes
to the Drugst.One standalone version by clicking a ‘Query
Drugst.One’ link now provided by WikiPathways, located in
the search menu of the ‘Participants’ table. The link redi-
rects the user to the Drugst.One website, visualizing pathway
genes, drugs directly targeting them, and offering the complete
toolset of Drugst.One. In the following, we give an example
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of the Drugst.One usage for exploration of the smooth muscle
differentiation and proliferation pathway (WP1991).

WikiPathway WP1991 describes the mechanism behind
smooth muscle cell (SMC) differentiation and proliferation.
The WikiPathways web interface now incorporates a button
to export the pathway genes into Drugst.One (using the mag-
nifier glass in the table showing the proteins participating in
the pathway, state 29.01.24) and visualizing their interactions
with drugs in Drugst.One directly. To gain a general overview
of the complications (symptoms, comorbidities, etc.) associ-
ated with dysfunctional SMC development and their drivers,
Drugst.One allows for extending the WikiPathways-exported
network by the corresponding disorders and their associated
pathway genes. Several disease nodes appear in the network,
mainly representing various cardiovascular disorders (CVDs),
e.g. cardiomyopathy, coronary artery disease, and aortic valve
disease (Figure 2). Further, genes with a strong link to vas-
cular function are present: NKX2-5 is associated with heart
and cardiac muscle development (28); KLF4 is involved in
cytoskeletal stabilization of vascular SMCs (29); MYOCD is
critical for cardiovascular development and vascular SMC au-
tophagy regulation (30). This leads to the assumption that
the mechanism vascular SMC proliferation at least partially
overlaps with WP1991, the pathway of SMC. The impor-
tance of SMCs for proper vascular functionality (31,32) and
thus to atherosclerosis, hypertension, myocardial infarction,
and other cardiovascular diseases was reported before (33—
35). An isolated subnetwork community of proteins is formed
by the three myocyte enhancer factors MEF2A, MEF2C, and
MEF2D. Besides their obvious cardiovascular implications,
these factors play a role in neurological processes (36). An
impact of SMCs on status epilepticus was shown in mouse
models (37), and a connection between migraine and SMC
dysfunction was suggested as well (38,39).

Drugst.One allows for the projection of (gene) expression
data from GTEx on the proteins in the network. The relative
expression of these genes appears to be quite high in arteries,
indicating again a relevancy of these genes in vascular SMC.
Further, the expression also seems to be elevated in organs that
have to perform physical motion, like heart, lung, bladder and
skeletal muscles, but with observable fluctuations between the
tissues in the relative expression of genes like CCND2.

With one mouse click, we import drug target infor-
mation for drug repurposing candidate prediction. Despite
SMCs relation to cardiovascular diseases, no corresponding
CVD drugs have been identified. Mainly anti-cancer drugs
(e.g. sunitinib, erlotinib, midostaurin and ruxolitinib) tar-
geting calcium/calmodulin-dependent protein kinase II delta
(CAMK2D), which is associated with cancer growth (40), are
found. Notably, however, CAMK2D also plays a role in cal-
cium signaling, which is essential for the upkeep of SMC func-
tion (41,42). Hence, this may explain the observed cardio-
vascular side effects of CAMK2D-targeting drugs. According
to SIDER (43), sunitinib may cause hypertensive symptoms
and corresponding studies suggest that midostaurin has car-
diotoxic effects (44). Algorithms integrated in Drugst.One can
extend the search space by looking for indirectly connected
drugs. The selection menu offers a function to automatically
add all displayed proteins to the selection, serving as the start-
ing point (seeds) of subsequent searches. The harmonic cen-
trality algorithm (Supplement 3.2.3) was used to extend the
network by the ten drugs with the highest score, including
indirectly (transitively) connected drugs from the NeDRex
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database. Through this search, the tyrosine kinase inhibitor
nintedanib, which has shown promising effects in pulmonary
arterial smooth muscle cells and intestinal smooth muscle cells
(45,46), can be identified.

This shows the identification potential of mechanism-
associated drugs through the network-based drug repurpos-
ing functions Drugst.One incorporates. Whereas before only
drugs primarily used in cancer were present through direct
association with SMC pathway participants, Drugst.One sug-
gested more relevant options for this context.

Due to the weekly automatic updates of the Drugst.One
data warehouse, analyses performed on the Drugst.One web-
site may not always be fully reproducible. For instances where
long-term reproducibility is prioritized over the most cur-
rent data, we offer an alternative at https://stable.drugst.one/,
which receives updates only on the first day of each year. Sim-
ilarly, a Drugst.One plugin is available that connects to this
stable database.

More Drugst.One use cases

Other exmplary case studies using Drugst.One on more dis-
eases can be found in the supplementary material section 4.
We recreated a drug repurposing example case proposed
by Sadegh et al. 2021 on inflammatory bowel disease (6)
using the same seed genes (Supplementary Table S4) and
matching algorithms (Supplementary Table S5) and through
Drugst.One we were able to identify even more promising
treatment options than the original study did (Supplementary
Table S6). Using the integrated version of Drugst.One in the
web tool mirDIP, we explored the IBD case from the angle
of microRNA targets. A short report about ROBUST-Web, a
web application for module detection, that uses Drugst.One
as primary tool for visualization can be found in section 5 of
the supplementary material.

Discussion

Biomedical research generates a wealth of data that could in-
form the development of novel therapies or treatments. How-
ever, despite this potential, a significant portion of the analy-
ses conducted in this field fail to translate into clinical trials,
leading to major issues in the effectiveness of public health
research (47). To this end, Drugst.One has the potential to
help transform specifically omics-based research results into
actionable hypotheses with potential clinical impact by clos-
ing the gap between disease mechanism mining and hypoth-
esis generation for drug repurposing. Drugst.One offers a
community-driven solution to streamline the knowledge dis-
tributed over many online resources for multi-omics analyses
and other biomedical tools (48) to turn the results of biomed-
ical analyses into concrete candidate drug targets and drug
repurposing hypotheses. Still, we emphasize that the drug tar-
get and drug repurposing predictions are merely candidates
and supervision with expert knowledge is still required before
experimental validation. Drugst.One delivers explainable in-
dications based on established biological data like expression
and known disease associations or drug indications, however,
the interpretation of their application in the case-specific con-
text is up to the user. Therefore, we designed Drugst.One to be
operated with maximal transparency and allow optional user
input for every step of the analysis.

With the infrastructure and the resources being provided,
Drugst.One helps to find a community-wide solution for
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Figure 2. Participants of WikiPathway WP1991 displayed in Drugst.One. Adjacent diseases and drugs are enabled, as well as diseases linked to drugs
targeting this smooth muscle cell (SMC) and differentiation pathway. To investigate if there is the chance that WP1991 also represents vascular SMC
proliferation, normalized median expression values for ‘Artery - Aorta’ are overlaid as pie charts, where 360° represent the maximum observed
transcripts per million (TPM) in the selected tissue and all other TPMs are exponentially scaled.

standardization and streamlining the visualization of explain-
able disease modules and their pharmacological implications.
Drugst.One provides various interfaces to be highly accessi-
ble and customizable by all members of the community while
maintaining up-to-date database information and network
analysis algorithms. Smooth integration into most biomedical
websites and tools is confirmed by 21 resources already inte-
grating Drugst.One. For future developers who wish to cus-
tomize Drugst.One before its integration, an interactive web
interface provides copy-paste-able code for customized plugin
integration with their own website. An endpoint for develop-
ers who want to link out from any of their websites, apps,
or command line tools is provided by Drugst.One as well. By
default, all endpoints connect to the database that is updated
weekly. However, we provide adjusted versions or configura-
tion options to use the stable database, which is updated only
once a year, to facilitate long-term reproducibility of results.
Drugst.One complies with community standards regard-
ing data management as defined by the FAIRness principles
(49). Download links for any data shown in Drugst.One are
provided at any step, whether it is a table with drug target
and drug candidates or the visualized network with all acti-
vated extensions like expression information. Export to cur-
rent community standards is supported via exporting compat-
ible .graphml files, which can be loaded directly into, e.g. Cy-
toscape (13). To further increase reproducibility and interop-
erability, concrete plans to implement community standards,
such as the export of Drugst.One networks to NDEx (50,51)
are made (Supplementary Table S7). In summary, Drugst.One
offers an important service to the systems medicine research
community to tackle the widely recurring problem of web-
based disease mechanism mining and drug repurposing candi-
date prediction by capturing the results of biomedical assays.

Data availability

The authors declare that all data supporting the find-
ings of this study are available publicly and their
integration is described accordingly within the pa-

per and its supplementary information file. All code
of the Drugst.One platform is available on GitHub
(https://github.com/drugst-one) and on Zenodo (plu-
gin:  https://doi.org/10.5281/zenodo.11073055, backend:
https://doi.org/10.5281/zenodo.11073096, Python package:
https://doi.org/10.5281/zenodo.11073116, integration ex-
amples: https://doi.org/10.5281/zenodo.11073112, Django
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