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Abstract 

One challenge in the de v elopment of no v el drugs is their interaction with potential off-targets, which can cause unintended side-effects, that can 
lead to the subsequent withdra w al of appro v ed drugs. At the same time, these off-targets may also present a chance for the repositioning of 
withdra wn drugs f or ne w indications, which are potentially rare or more se v ere than the original indication and where certain adverse reactions 
may be avoidable or tolerable. To enable further insights into this topic, we updated our database Withdrawn by adding pharmacovigilance data 
from the FDA A dv erse Ev ent R eporting Sy stem (FAER S), as w ell as mechanism of action and human disease pathw a y prediction features f or 
drugs that are or were temporarily withdrawn or discontinued in at least one country. As withdra w al data are still spread o v er doz ens of national 
w ebsites, w e are continuously updating our lists of discontinued or withdrawn drugs and related (off-)targets. Furthermore, new systematic entry 
points f or bro wsing the data, such as an ATC tree, were added, increasing the accessibility of the database in a user-friendly w a y. Withdra wn 
2.0 is publicly a v ailable without the need for registration or login at ht tps://bioinformatics.c harite.de/ withdrawn _ 3/ index.php . 
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he process of drug discovery has consistently been marked
y a quest for efficacy, yet the drug discovery pipeline often
xperiences setbacks due to unanticipated adverse drug re-
ctions (ADRs), and a significant amount of effort goes into
heir prediction and analysis ( 1 ). While some of these reactions
an indeed be attributed to the modulation of primary thera-
eutic targets, unintended off-target interactions pose a sig-
ificant challenge, often culminating in market withdrawals
r the introduction of stringent black-box warnings for pre-
cription drugs. One classical instance is the modulation of
he hERG channel, which, when unintentionally inhibited, led
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to the withdrawal of the antihistaminic drug terfenadine due
to severe arrhythmias. Such cases have historically resulted in
the financial onus on pharmaceutical industries, with a signif-
icant number of new chemical entities (NCEs) facing recalls
after regulatory approval, as highlighted in our earlier paper
( 2 ). 

However, amid these challenges lies a potential silver lin-
ing. The very off-target interactions leading to ADRs might
also present opportunities for drug repositioning. Drugs with-
drawn for certain adverse effects in one context might find re-
newed applications in more severe indications, where the ther-
apeutic benefits might outweigh the risks, potentially making
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to FAERS at different times for the same adverse reaction. 
re-approval feasible. This avenue not only offers hope for drug
repurposing but also opens a cost-effective and time-saving al-
ternative compared to the de novo development of novel drugs
( 3 ). Especially for rare and neglected conditions that might
otherwise not justify the research cost, finding novel therapeu-
tic interactions for known drugs, including withdrawn, and
abandoned candidates, may provide a hopeful path ( 4 ). 

With the evolving drug discovery landscape and the in-
creasing emphasis on repositioning, we present an updated
version of the WITHDRAWN database. This novel iteration
explores the potential new uses for withdrawn drugs, with a
sharp focus on understanding the side effects and the under-
lying reasons for withdrawal. Extending our earlier focus on
withdrawal reasons and potential drug toxicity, the current
version now integrates data from the FDA Adverse Event Re-
porting System (FAERS, https:// open.fda.gov/ data/ faers/ ), of-
fering a comprehensive perspective on ADRs ( 5 ). FAERS pro-
vides a vast corpus of post-market drug safety surveillance and
captures a broad spectrum of real-world scenarios. However,
known challenges of pharmacovigilance systems are the pos-
sibility of under-reporting and a varying level of quality, detail
and insight ( 6 ), as well as issues establishing direct cause-and-
effect relationships without additional data. Nonetheless, it
is a valuable supporting data source that often remains un-
tapped, and can give significant insight regarding ADRs with
proper analysis ( 6 ). 

In addition to adverse effect data, the updated database is
now enriched with detailed mechanisms of action and path-
way features, offering further insights into possible drug repo-
sitioning avenues. Recognizing the multifaceted reasons for
ADRs, from off-target interactions to genetic polymorphisms,
this feature enables researchers to unravel potential new ther-
apeutic applications for withdrawn drugs by elucidating how
they might interact in the biological milieu. 

To ensure a seamless user experience and to facilitate sys-
tematic analyses, the updated database now incorporates sys-
tematic entry points, such as the Anatomical Therapeutic
Chemical (ATC) classification tree. This aids in categorizing
drugs and understanding their broader pharmacological roles.
Moreover, users can now identify drugs based on their asso-
ciated targets, making the database an indispensable tool for
professionals interested in drug development and reposition-
ing. 

Materials and methods 

Server architecture 

The database is hosted as a relational MySQL database on the
Charité IT system. The back-end of the database consists of
a lab-based LAMP (Linux / Apache / MySQL / PHP) server, and
as the back-end language, PHP is used. The connection to the
database server is established via a MySQL interface, whereas
front-end data is delivered by a mixture of AJAX requests and
HTML form submission responses. 

For the handling of chemical information on the website,
and during the preprocessing of the data and creation of
the database, the Python package RDKit ( http://www.rdkit.
org/) was used. Website functionalities are implemented us-
ing JavaScript and its plugin jQuery ( https:// jquery.com/ ), as
well as the CSS framework Bootstrap 4 ( https://getbootstrap.
com/). Tables on the website are displayed with the jQuery
plugin DataTables ( https:// datatables.net/ ), additionally using
the absolute sorting extension ( https:// datatables.net/ plug-ins/ 
sorting/absolute ). For the chemistry interface of structural 
search options, the JavaScript library ChemDoodle Web com- 
ponents ( 7 ) was used. 

As security measures, Fail2Ban ( https://www.fail2ban.org/ 
wiki/ index.php/ Main _ Page ) and an App-Firewall are acti- 
vated on the server, which protect the database from possi- 
ble attacks such as automated mass scans, session hijacking,
MySQL injection and more by adding bans for perpetrators.
Incorrectly using the website can, in rare cases, lead to the 
block of users by these security mechanisms. Such a block will 
prevent the website from loading for a short period for this 
specific IP address. 

The use of a JavaScript-capable browser is essential for 
the correct functionality, and the website was tested on the 
most recent version of Google Chrome. No user registration 

or email address is necessary to access all functionalities of the 
webserver. 

Data collection 

• Mechanism of action 

The mechanism of action prediction for withdrawn drugs 
and chemical structures is based on the ChEMBL 29 database 
( 8 ), which was filtered and standardized to retain only highly 
accurate, direct interactions between human proteins and 

small molecule compounds. To compare user-entered struc- 
tures of interest to ChEMBL structures, Morgan fingerprints 
of length 128 from the Python library RDKit are used. 

• Pathways 

Pathway evaluations are based on different data attributes,
which were extracted from the ChEMBL database. Filtering 
for human targets was done by mapping all human UniProt- 
IDs ( 9 ) to the ChEMBL datasets, as well as mapping relations 
to different databases such as KEGG ( 10 ). Optimal binders 
were filtered as described in Peon et al. ( 11 ) with regard to 

binding strengths, confidence scores and IC 50 / EC 50 values.
The data concerning pathways for human diseases and in- 
fections and the selected human genes / pathways was derived 

from KEGG as well. Information about druggable genes was 
extracted from IDG ( https:// druggablegenome.net/ ) and fur- 
ther enriched by 43 additional genes from the Therapeutic 
Target database TTD ( 12 ), which are targets of approved 

small molecule drugs. Lastly, the KEGG mapper was used to 

derive a table containing all information for KEGG pathways 
related to human genes and diseases. 

• FAERS side effect data 

To include the data from FAERS, all quarterly reports un- 
til June 2023 were downloaded and integrated as a MySQL 

database. Data filtering was done by only retaining reports 
that were submitted by medical professionals. Data cleaning 
steps included the deletion of report primary IDs, that were 
marked as ‘deleted’ in further FAERS reports. Additionally,
for primary IDs that are combined with different case IDs,
only one was kept, and only the last primary ID for a case ID 

was used. This ensures that counts of drugs or outcomes of the 
same case are not counted twice if there were several reports 

https://open.fda.gov/data/faers/
http://www.rdkit.org/
https://jquery.com/
https://getbootstrap.com/
https://datatables.net/
https://datatables.net/plug-ins/sorting/absolute
https://www.fail2ban.org/wiki/index.php/Main_Page
https://druggablegenome.net/
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Reported outcomes were matched to MedDRA ( https://
ww.meddra.org/) lowest-level terms and further mapped to
referred terms. A case is only counted for a preferred term if
t least one lowest-level term is present in the FAERS reaction
eport. 

To map withdrawn drugs to FAERS drugs, a collection
f drug names, synonyms, products, and brands was cre-
ted and mapped to its ingredients (in the case of combina-
ion drugs). Synonym data was collected from TTD (single
rugs and drugs identified as combinations), DrugBank ( 13 )
drugs, synonyms, external identifier, products, mixtures, in-
ernational brands), NDA ( https:// www.fda.gov/ drugs/ types- 
pplications/new- drug- application- nda , tradenames) and a
AERS list of explicit combinations of drug names that often
ccur in FAERS data. 

atabase features 

rug search 

earching for a specific withdrawn drug is possible by either
sing its withdrawn ID or the drug name, which displays a
electable dropdown menu containing all relevant entries of
he database. 

Additionally, it is possible to search for withdrawn drugs
hat have a similar molecular structure as a user-submitted
tructure of interest. These can be entered by using its Pub-
hem ( 14 ) name or a SMILES (Simplified Molecular-Input
ine-Entry System) string of the compound, or by upload-

ng a standard molecule file. Once a valid structure is entered,
t will be displayed in the ChemDoodle structure viewer ( 7 ),
here it can be further modified, such as deleting or adding

ingle atoms or substructures. Alternatively, it is also possible
o draw a molecular structure completely from scratch using
he provided drawing tools. The finished structure is trans-
ated to a Morgan fingerprint using RDKit and compared to
ll structures in the database. As a result, the ten most similar
ithdrawn drugs are displayed, sorted by Tanimoto similar-

ty ( 15 ) to the query structure, with a Tanimoto similarity of
 indicating identical structures. 
Searching for withdrawn drugs that contain a specific sub-

tructure works completely analogous, with the difference
hat only a small substructure of interest is entered, and the
esult page displays all withdrawn drugs that contain the spe-
ific substructure. 

rowse by name / ATC code 

n addition to searching for specific drugs or molecular struc-
ures, it is also possible to gain a general overview of the With-
rawn database by browsing the contained drugs, either ac-
ording to their name or their assigned code from the Anatom-
cal Therapeutic Chemical (ATC) classification system ( 16 ).
ince its first publication in 1976, it has been continuously up-
ated to account for new findings and is still prevalently used
o classify approved drugs according to their anatomical, ther-
peutic, pharmacological, and chemical properties. The five
ierarchical levels contain groups of drugs with similar prop-
rties, and the ATC tree of all withdrawn drugs in the database
an be browsed to gain insights into broader pharmacological
ategories. 

arget search 

s an alternative to starting from a drug / molecular com-
ound, the option to search for targets of withdrawn drugs
was newly implemented. By entering (part of) a target name,
a substring search is performed over all targets of withdrawn
drugs in the database, and all human protein targets that fit the
required query are reported back, along with their assigned
withdrawn drugs. 

Mechanism of action 

A mechanism of action prediction can be done for both
withdrawn drugs contained in the database, and user-entered
molecular structures, which can be submitted as described for
the drug search option. For the submitted structures, Morgan
fingerprints are calculated and compared to the fingerprints
of compounds from the ChEMBL database. Subsequently, the
five most similar small-molecule compounds (according to the
Tanimoto coefficient) are displayed, along with their filtered
interactions with human protein targets and UniProt informa-
tion. 

Pathways 

To give insights into the involvement of withdrawn drugs in
human disease pathways, a pathway enrichment analysis was
performed, evaluating the number of distinct druggable tar-
gets on KEGG disease pathways. Additionally, the number
of distinct druggable KEGG-IDs for each molecule, the num-
ber of distinct druggable KEGG-IDs for each pathway, and
the number of distinct druggable KEGG-IDs appearing in any
disease-related pathway were assessed and used to evaluate
the probability of a specific compound to act on the evaluated
pathways. 

Entering a query structure finds all structurally similar
ChEMBL compounds (ranked by the Tanimoto coefficient)
that act on human disease pathways, along with the P - and
e -values, which were calculated using the cumulative hyper-
geometric distribution. The P -value represents the probability
that one has at least as many interactions within the given
pathways only by chance. This way, a binding within a path-
way containing only two druggable genes is ranked up, com-
pared to a few bindings within pathways with a lot of drug-
gable genes, and a single binding in one pathway of a com-
pound with a lot of interactions is ranked down. The e -value
gives the probability that an interaction will be found within a
pathway by chance if you search within several pathways, for
which the total number of pathways with druggable targets is
taken into account. 

Use case 

An interesting case of a withdrawn drug that has gotten re-
approved for other indications is Thalidomide. It was origi-
nally approved as a sedative drug and thought to be virtually
non-toxic ( 17 ). Only a few years after its launch in Germany
under the brand name Contergan, it was connected with a se-
ries of birth deformities in children of women who had taken
the drug during their pregnancy, and subsequently withdrawn
from the market in the 1960s ( 18 ). Three decades later, it was
approved again for the much more serious indications of Ery-
thema nodosum leprosum (ENL), and in 2006 for the treat-
ment of patients suffering from multiple myeloma, a form of
blood cancer ( 19 ). 

Due to its comparatively recent re-approval, an extensive
amount of FAERS reports is available, showing a high number
of adverse reactions that were unknown at the time of its orig-
inal approval but became apparent with ongoing treatments,

https://www.meddra.org/
https://www.fda.gov/drugs/types-applications/new-drug-application-nda
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Figure 1. Example outputs for Thalidomide (Withdrawn ID w136). ( A ) Adverse effects extracted from the FAERS database; ( B ) extracted and filtered 
human ChEBML targets of Thalidomide (B) and its S-enantiomer ( C ) and reported human disease pathways ( D ) of Thalidomide S -enantiomer, obtained 
by enriched pathway analysis using KEGG pathways and druggable targets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

such as peripheral neuropathy ( 20–22 ) and thrombosis ( 23 )
(Figure 1 A). 

A mechanism of action analysis shows Bloom syndrome
protein as the most active human protein target of Thalido-
mide from the filtered ChEMBL data (Figure 1 B), which was
recently discovered to potentially play a role in the treatment
of multiple myeloma ( 24 ). 

At the same time though, it shows Thalidomide S -
enantiomer with a high affinity to the Thyrotropin receptor,
which might play a role in cases of severe hypothyroidism
after the treatment with Thalidomide ( 25 ) (Figure 1 C). The
enriched human disease pathway analysis further underlines
this, by reporting a potential involvement in the autoimmune
thyroid disease pathway and thyroid hormone synthesis path-
way (Figure 1 D). 

This shows the crucial role of off-targets in both toxic ad-
verse reactions and potential drug repositioning opportuni-
ties, and further stresses the necessity to keep an eye on po-
tential risks when searching for new areas of indication. 
Conclusions and future prospects 

To facilitate the analysis of withdrawn drugs regarding their 
adverse effects and withdrawal reasons, but also potential 
new areas of indication, the Withdrawn database has been re- 
worked to give a higher focus to side effects and human target 
analysis, while at the same time enhancing the accessibility of 
the database systematically. 

The new ATC tree of withdrawn drugs enables users to 

quickly gain an overview of the drug categories that with- 
drawn drugs fall into, and the ability to not only start from 

a compound but also from a human target further facilitates 
looking into (off-)targets of withdrawn drugs, that were po- 
tentially responsible for adverse reactions, leading to the with- 
drawal of the compound. 

The inclusion of FAERS data and the collection of more 
detailed drug withdrawal reasons offers further insights into 

potential harmful side effects. The connection with pharma- 
covigilance data and mechanisms of action enables surveil- 
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ance approaches using the prediction of withdrawals ( 26 ).
dditionally, the mechanism of action prediction and path-
ay enrichment analysis can be used to discover new areas of

ndication for withdrawn drugs, where the therapeutic ben-
fits might outweigh the potential treatment risks, while still
etaining a cautious look at potentially harmful effects. 

To ensure the relevance of these features, the database will
e regularly updated and the analyses, such as FAERS map-
ing, pathway enrichment analysis and mechanism of action
rediction, will be re-done for the most recent version of the
nderlying databases every year. 

ata availability 

he Withdrawn 2.0 database is publicly available via: https://
ioinformatics.charite.de/ withdrawn _ 3/ index.php , and com-
letely accessible to all users without the need for a login or
egistration. Furthermore, results are displayed immediately
n the website without the need to provide an e-mail address.
dditionally, the general information on all drugs contained

n the database is available as a bulk download in the website
AQs as a CSV file. 
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