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Abstract

Background Drug repurposing plays a significant role in providing effective treatments for certain diseases faster
and more cost-effectively. Successful repurposing cases are mostly supported by a classical paradigm that stems
from de novo drug development. This paradigm is based on the “one-drug-one-target-one-disease” idea. It consists
of designing drugs specifically for a single disease and its drug’s gene target. In this article, we investigated the use
of biological pathways as potential elements to achieve effective drug repurposing.

Methods Considering a total of 4214 successful cases of drug repurposing, we identified cases in which biological
pathways serve as the underlying basis for successful repurposing, referred to as DREBIOP. Once the repurposing cases
based on pathways were identified, we studied their inherent patterns by considering the different biological ele-
ments associated with this dataset, as well as the pathways involved in these cases. Furthermore, we obtained gene-
disease association values to demonstrate the diminished significance of the drug’s gene target in these repurposing
cases. To achieve this, we compared the values obtained for the DREBIOP set with the overall association values found
in DISNET, as well as with the drug’s target gene (DREGE) based repurposing cases using the Mann-Whitney U Test.

Results A collection of drug repurposing cases, known as DREBIOP, was identified as a result. DREBIOP cases exhibit
distinct characteristics compared with DREGE cases. Notably, DREBIOP cases are associated with a higher number
of biological pathways, with Vitamin D Metabolism and ACE inhibitors being the most prominent pathways. Addi-
tionally, it was observed that the association values of GDAs in DREBIOP cases were significantly lower than those

in DREGE cases (p-value <0.05).

Conclusions Biological pathways assume a pivotal role in drug repurposing cases. This investigation successfully
revealed patterns that distinguish drug repurposing instances associated with biological pathways. These identified
patterns can be applied to any known repurposing case, enabling the detection of pathway-based repurposing sce-
narios or the classical paradigm.
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gene expression [2]. Cells constantly receive chemical
signals to react, and biological pathways are used to send
and receive these signals [3]. These biological pathways
are involved in all the actions that occur in the human
body, giving rise to mechanisms and chains that perform
important roles in the functioning of the whole organism
[4]. For example, some pathways are involved in how the
human body reacts to drugs. However, biological path-
ways do not always perform perfectly; when a pathway
fails, it can trigger a certain problem in the organism,
even a specific disease such as cancer [5] or Alzheimer’s
[6, 7]. Within biological pathways, we can highlight those
involved in metabolic pathways, as well as in the regula-
tion of gene expression [8].

Systems biology approaches, such as the analysis of
drug actions at the pathway level, may reveal informa-
tion about the underlying drug-induced mechanisms [9].
Therefore, deepening the knowledge of biological path-
ways may help to understand how diseases arise, which
would accelerate the discovery of drugs to treat them [2].
Historically, drug development was based on designing
a selective drug for a specific target [10]. However, this
approach does not consider the physiological and cellular
contexts involved in the mechanism of drug action [11].
The use of systems biology approaches, which move away
from the one-drug-one-target concept, has consistently
increased in recent years [12].

Several studies have shown that drugs can perform
their functions because they act on the pathway itself
rather than targeting a single target [13]. This, coupled
with the fact that most complex diseases (such as neu-
rological disorders or heart disease) are caused by the
triggering of a set of dysfunctions in multiple biological
pathways as opposed to a limited number of individual
genes [14], opens the door to a new strategy for drug dis-
covery. This innovative approach involves discovering
new drugs based on biological pathways rather than tar-
gets [15].

However, the research and development of new drugs
using experimental methods requires high economic cost
and is time consuming [13]. For this reason, the purpose
of this work was to investigate the key role of biological
pathways in drug repurposing. The aim of this study was
to identify Drug REpurposing based on BIOlogical Path-
ways cases (DREBIOP) and to discover the distinctive
patterns of these drug repurposing cases.

Pathway-based drug repurposing approach is quite
novel and has been developed in recent years. An impor-
tant study developed a new computational method for
predicting possible drug-pathway relationships through
network-based approaches, where seven potential mod-
els were obtained to identify such associations in can-
cer [16]. Another pathway-based study, also focused
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on cancer, performed an exhaustive review of the
importance of pathways in drug repurposing and con-
cluded that it is a field yet to be discovered for which a
great development of new mechanisms that give rise to
novel cases of pathway-based drug repurposing is fore-
casted [17]. Moreover, a further specific study based on
breast cancer achieved a more personalized medicine
for patients with this disease using pathway-based drug
repurposing. The results of that study showed that differ-
ent molecular subtypes of breast cancer were associated
with novel molecular pathways and potential therapeutic
targets [18]. Another study was based on exploring the
pharmacological mechanisms of Enzastaurin to inhibit
the progression of colorectal cancer as a new therapeu-
tic approach based on biological pathways of colorectal
cancer [19]. Also, a study has been conducted that cre-
ated a metabolic pathway-targeted screening system
that is able to identify compounds that control glyoxa-
lase metabolism in living cells. This led to the discovery
of compounds that can directly or indirectly inhibit the
activities of this metabolic pathway in small cell lung
carcinoma cells [20]. One study proposed Gene2drug as
a computational tool for pathway-based drug repurpos-
ing. This approach combines transcriptomic data with
previous understanding in the form of pathway databases
and provides an efficient alternative to methods based
on protein interaction networks [21]. A further impor-
tant study performed modelling to identify systemic gene
networks in specific drug pathways. The results showed
five different pathways for five different drugs, suggesting
that network-based detection of drug efficacy through a
specific pathway may offer an opportunity to use a previ-
ous drug for a new disease with the same pattern in the
selected pathway [22]. Following the network methodol-
ogy, one study performed a multi-layer network repre-
sentation to model the interaction between genes, drugs,
diseases, and their associations. Through it, they visual-
ized that the genes that form the communities extracted
from the multilayer network regulate the activity of the
protein metabolism pathway related to adverse or normal
drug responses [23]. These studies open the door to focus
our research on pathways since they indicate that choos-
ing pathways as a key factor can lead us to discover addi-
tional cases of drug repurposing.

The current study is focused on the data contained
within the DISNET! platform [24], which aims to pro-
vide a better understanding of diseases and to repurpose
drugs by integrating biomedical data on a large scale
[25—-27]. Through this work, we provide several analytical
approaches to demonstrate the importance of biological

! https://disnet.ctb.upm.es/
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pathways in the generation of drug repurposing hypothe-
ses. Our goal is to uncover an alternative paradigm to the
original one based on target genes and focus on biological
pathways instead, deciphering shared structures between
known pathway-based repurposing scenarios. Relevant
at this point is the definition of the concepts DREGE and
DREBIOP, which refer to these two types of repurpos-
ing discussed above. DREGE (Drug REpurposing based
on GEnes) represents the original paradigm where drug
repurposing is performed throughout the drug’s target
gene. DREBIOP (Drug REpurposing based on BIOlogi-
cal Pathways) represents the alternative proposed in this
research, where drug repurposing is performed through
the drug’s biological pathway. For this purpose, several
patterns will be provided throughout this study that will
allow us to identify DREBIOP cases within any set of
repurposing cases, as well as optimize the prioritization
of potential new cases of pathway-based repurposing.

Materials

DISNET knowledge

DISNET is a biomedical knowledge platform that inte-
grates data extracted from heterogeneous public sources.
The data collected are related to diseases including char-
acteristics such as genes, symptoms, or related drugs.
This heterogenous information is organized in three
layers: (i) the phenotypical layer which mainly contains
disease-symptoms associations; (ii) the biological layer
which contains the associations of diseases with genes,
proteins, and pathways among others; and (iii) the drugs
layer which stores drug-related data, including their asso-
ciations to diseases and the drugs targets.

The extraction and integration of the data that make
up this platform were carried out through the web ser-
vices and APIS of the different data sources consulted.
In the biological layer, as discussed in Table 1, informa-
tion on diseases and genes, as well as their relationship,
was obtained from DisGeNET.? Information on biologi-
cal pathways was obtained from WikiPathways.> Also
included are the proteins that encode the genes whose
information is extracted from UniProt.* For their extrac-
tion, SPARQL queries were used using Python through
its SPARQL wrapper module. In the phenotypic layer,
symptom data and their associations to diseases were
obtained by combining text mining and natural language
processing techniques applied to Wikipedia and Pub-
Med. This process is developed in the paper by Lagunes-
Garcia et al. [24] in more depth. In the pharmacological
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layer, DrugBank® is used as a data source where the rel-
evant XML files are mined for integration.

In addition, the data processing consisted of unifying
the data through common identifiers that allowed us to
relate all the information extracted from different data
sources. Table 1 details each of these identifiers and their
source.

DISNET was a crucial framework for conducting our
research, as it provided us with all the biological insights
needed to identify possible characteristic patterns of
pathway-based repurposing cases. Since this platform
provides all the diseases and drugs associated with a spe-
cific ID, it is particularly easy to relate different biological
elements to each other and to obtain the whole network
of information about a biological entity such as a disease.
This represents highly valuable information for studies
related to the repurposing of drugs based on biological
similarities or, as in the present study, to be able to estab-
lish characteristic patterns of a particular dataset.

The data extracted from the DISNET platform date
back to September 2022. Table 1 shows the data typology
and the relationships between the different biological ele-
ments, and the information available on the platform at
that date. The entire code developed during this research
is available online at: https://medal.ctb.upm.es/internal/
gitlab/b.otero/drebiop_dr_pathways-based.

Drug repurposing cases: RepoDB and scientific literature

The baseline data for this study are the successful cases
of drug repurposing gathered from two data sources:
RepoDB and the scientific literature. RepoDB [28] is
a web-based platform that offers a dataset comprising
both successful and unsuccessful drug repurposing cases.
This resource can be leveraged to compare and evaluate
computational drug repurposing methods. RepoDB data
were extracted from DrugCentral® and ClinicalTrials.
gov.” RepoDB enables users to search for drug repurpos-
ing cases on the bases of their specific interests, whether
it is the drug or disease in question. Additionally, the
data contained within the platform are readily available
for download, providing convenient access to the data-
set for further analysis and research. In this study, only
approved drug repurposing cases were considered, with
a total of 3757 drug-disease connections retrieved from
this data source. When scientific literature is mentioned,
references to successful cases of drug repurposing are
collected in a set of papers. The selection and filtering of
these papers were carried out in a previous study [27].

2 https://www.disgenet.org/home/
3 https://www.wikipathways.org/index.php/WikiPathways

4 https://www.uniprot.org/

> https://go.drugbank.com/
6 https://drugcentral.org/
7 https://clinicaltrials.gov/
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Table 1 A description of the available data in the DISNET platform used in this study

Description DISNET layer Count Identifiers Sources Access date
Entities Diseases Data representing Phenotypical 15415 DISNET own identi-  Wikipedia February 2018 -
diseases fiers Mayo Clinic ~ September 2022
PubMed (twice a month)
Biological 24314 UMLS CUIs DisGeNET May 2020
Drugs 8366 UMLS CUIs CTD May 2020
Symptoms Data representing Phenotypical 26,257 UMLS CUIs Wikipedia February 2018 -
symptoms and phe- Mayo Clinic ~ September 2022
notypical effects PubMed (twice a month)
Drugs 3944 UMLS CUIs ChEMBL May 2020
Genes Data representing Biological 20,610 NCBI identifiers DisGeNET May 2020
genes
Pathways Data representing Biological 1105 WikiPathways WikiPathways May 2022
pathways
Proteins and Data representing Biological 18,521 UniProt Accession UniProt May 2020
Targets proteins and drug Numbers
targets Drugs 13382 ChEMBLidentifiers ~ ChEMBL May 2020
Drugs Data representing Drugs 3944 ChEMBL identifiers ChEMBL May 2020
drugs of different 2540 DrugBank identifiers  DrugBank May 2020
molecular types
Relationships Disease - Gene Associations Biological 358209 - DisGeNET May 2020
between diseases
and their related
genes
Disease - Symptom  Associations Phenotypical 201,541 - Wikipedia February 2018 -
between diseases Mayo Clinic ~ September 2022
and their related PubMed (twice a month)
symptoms
Disease -Pathway Associations Biological 664 - WikiPathways  Jun 2022
between diseases
and their related
pathways
Pathway-gene Associations Biological 11,732 - WikiPathways May 2022
between pathways
and their related
genes
Gene - Protein Associations Biological 15,770 - DisGeNET May 2020
between genes
and the proteins they
encode
Drug - Disease Associations Drugs 1,218,607 - CTD May 2020
between diseases
that are indications
for drugs and drugs
Drug - Target Associations Drugs 7902 - ChEMBL May 2020
between targets DrugBank May 2020

to which drugs are
directed and drugs

The data from each of the entities under consideration are described in detail, as well as the data on the relationships that exist between them.

A total of 457 successful drug repurposing cases were
selected from Xue et al. [29], Jarada et al. [30], and Li
etal. [31].

Being able to obtain successful cases of drug repurpos-
ing from these two data sources represents an important
insight for this study. It was necessary to have this infor-
mation to initialize the research and use these data as a

starting point. Through these repurposing cases, in com-
bination with all the biological information available in
DISNET, it has been possible to search for characteristic
patterns of repurposing cases by pathways.

Before starting with the drug repurposing analysis, it
is relevant to introduce the concepts of Drug REpurpos-
ing based on GEnes (DREGE), and Drug REpurposing



Otero-Carrasco et al. BMC Genomics (2024) 25:43

A. DREBIOP (Drug REpurposing based on BlOlogical Pathways)

Disease 2
Pathway - based
treated disease

st

Target

‘., Gene

Disease 1

B. DREGE (Drug REpurposing based on GEnes)
lase arget gene - baseq
ase eat

Target

Gene

Page 5 of 13

A. DREBIOP (Drug REpurposing based on BlOlogical Pathways)

Vitamin B 12 Anaemia

Deficiency Cyanocobalamin Pernicious

Vitamin B12
Metabolism
Pathway

B. DREGE (Drug REpurposing based on GEnes)

Ulcerative Colitis

Prednisolone Asthma

Fig. 1 Description of the two types of triples and a real case for each of them. In the left part, we can observe the description of the components
that constitute the two different types of drug repurposing triples A) DREBIOP B) DREGE. On the right part, we can observe a real case

of repositioning found in our results for both A) DREBIOP and B) DREGE

based on BIOlogical Pathways (DREBIOP). DREGE is
the classical repurposing method, it focuses to use an
existing drug for another disease through its drug’s tar-
get gene. When a drug is designed to act on a certain
gene product (for instance, a protein), we say that this
gene is the drug’s target gene. In other words, when we
know the drug’s target gene for a specific disease, we
can explore other diseases where this gene plays a cru-
cial role in their development. Consequently, the drug
could be utilized to treat those diseases too. DREBIOP
focuses on the biological pathway. In this method, the
goal is to find an association with the pathway and
both: 1) the drug’s target gene and 2) the new disease to
repurpose the drug for.

Upon understanding the two different methods of drug
repositioning, DREGE, and DREBIOP, we will now elabo-
rate on the procedure involved in creating both datasets.

DREGE cases are composed of “Disease 1 - Drug - Dis-
ease 2” triples (Fig. 1). In both the “Disease 1 - Drug”
and “Drug - Disease 2” relationships, the diseases must
contain the drug’s target gene associated with them. This
type of relationship between the disease and the drug
will be referred to throughout the study as “Target gene-
based treated disease”. Triples registered in RepoDB and
in the scientific literature that satisfy this criterion will be
selected as part of the DREGE (970 triples) dataset.

DREBIOP cases also consist of “Disease 1 - Drug -
Disease 2” triples (Fig. 1). In this case, it is of utmost
importance and mandatory that Disease 2 satisfies the
following requirements:

1) Disease 2 is directly associated with at least one path-
way. The direct pathway-disease association was
obtained from Wikipathway.

2) Disease 2 must not contain the drug’s target gene. In
this point, Disease 2 is not considered to contain the
drug’s target gene when the association of this dis-
ease with the gene has a GDA score of less than 0.9
according to DisGeNET.

3) The pathway associated with Disease 2 must have the
drug’s target gene.

It is necessary to obey these 3 conditions because the
goal is to find pathway-based repurposing cases where
the drug’s target gene does not intervene in the repur-
posing process. All those cases collected in the two pre-
viously mentioned data sources that meet these criteria
will be selected for the DREBIOP dataset (46 triples). We
will refer to this new relationship between disease 2 and
drug as a “ Pathway-based treated disease” No conditions
are imposed on the “Disease 1 - Drug” relationship.

Figure 1 shows a summary of the two different types of
drugs repurposing we will consider in this research on
the left side and a real case for each type of repurposing
(DREBIOP and DREGE) on the right side. The DREGE
cases are configured as “Disease 1 - Drug - Disease 2”
triples. The triples are composed of two parts: in the left
part, referred to as “Disease 1’ we have the disease that
presents a connection with the drug through the target
gene (Target gene-based treated disease), and in the right
part,” Disease 2’, we find the same type of connection
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Disease 2
Pathway - based
treated disease

Drug repurposing

Search for patterns
between DREBIOP
pathways

Fig. 2 Summary of the different analyses used in this research to determine the importance of biological pathways in drug repurposing

(Target gene-based treated disease). The DREBIOP cases
are also formed by triplets containing two parts, but the
connections with the diseases are different. On the left
side of the triplet, we have “Disease 1” with no estab-
lished connection to the drug, while on the right side,
we have “Disease 2,” which is connected to the drug by
pathway (Pathway-based treated disease). As for the
right side of the figure, in the case of DREBIOP, we can
see the triple “Vitamin B 12 Deficiency” - “Cyanocobala-
min” - “Anaemia Pernicious” The relationship between
“Vitamin B 12 Deficiency” - “Cyanocobalamin” is estab-
lished through the drug’s target gene “MTR’ while the
relationship between “Cyanocobalamin” - “Anaemia Per-
nicious” is obtained through the “Vitamin B12 Metabo-
lism pathway”. In this selected case, there is a relationship
with the drug’s target gene although it is not required to
appear. This example clearly represents what was sought
to obtain in this paper. A successful case of repurposing
through pathways where the drug’s target gene is not
intervening in the relationship between “Cyanocobala-
min” - “Anaemia Pernicious” and yet there is a successful
repurposing through a pathway. In the case of DREGE,
the triple “Ulcerative colitis” - “Prednisolone” - “Asthma”
is observed. The relationship between both diseases and
the drug is through the drug’s target gene “NR3C1’, pre-
sent in all three entities.

Methods

To determine the role of pathways in drug repurposing,
two distinct data analyses were conducted. The analyses
are based on various biological characteristics or associa-
tions of the diseases and drugs under study. Figure 2 illus-
trates these approaches and the elements of the triples

that participate in each of them. The triples are com-
posed of two distinct parts: on the left side is the “Disease
1” part and on the right side is the “Disease 2” (Pathway-
based treated disease) part. In the following subsections,
each of the procedures will be detailed.

Pattern search based on DREBIOP triples’ configuration
DREBIOP aims to provide higher consideration to path-
ways in drug repurposing processes. Focusing on this
idea, we are looking for patterns that could contrib-
ute to the identification of cases of pathway-based drug
repurposing.

The first step was to observe the biological elements
that composed the triples based on pathway repurpos-
ing. Biological data related to each repurposing case were
obtained through the DISNET platform. We took these
triples and compared the DREBIOP left part, “Disease
17 with the DREBIOP right part, “Disease 2” (Pathway-
based treated disease) as a function of:

+ Number of genes: we counted the number of genes
related to the diseases found on both parts of the tri-
ple.

+ Number of gene-related pathways: we observed the
number of pathways associated with each part of the
triple through the genes.

+ Number of disease-related pathways: in this case,
only the pathways that had a direct association with
the diseases in both parts were selected.

+ Number of drugs: it was tested whether diseases con-
sidered as “Disease 1” had a higher number of drugs
associated with them than “Disease 2” (Pathway-
based treated disease).
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Fig. 3 Methodology applied to obtain patterns based on the GDAs values. In the first step, the GDA value of DREBIOP, DREGE and DISNET
is calculated. Then, a statistical comparison is carried out by means of a Mann-Whitney U Test between the DREBIOP repositioning cases

and the DREGE cases, and between DREBIOP and DISNET

+ Number of symptoms: we quantify the number of
symptoms assigned to the diseases found on both
parts of the triple.

In addition, we compared both sides of the triplet to
determine whether there were statistically significant
differences between “Disease 1” and “Disease 2” (Path-
way-based treated disease). For this purpose, the Mann-
Whitney U test was used since the data compared did not
follow a normal distribution. Normality was tested by the
Lilliefors test.

Furthermore, the different pathways of the DREBIOP
triplets were classified according to their type. The objec-
tive of this study was to determine the type of biological
pathways that were most abundant in DREBIOP cases
and to establish a characteristic pattern. For this purpose,
we first obtained the direct relationship between diseases
and pathways from the WikiPathways [32] website. Once
this relationship was acquired, we searched for the clas-
sification of the pathways in Pathway Ontology [33] since
WikiPathways did not contain this information. This
ontology collects information about the different types
of biological pathways by capturing the relationships
between them within the hierarchical structure of a con-
trolled vocabulary.

Pattern search based on gene-disease associations (GDAs)
The measurement of gene-disease associations (GDAs)
is derived from the scores present in DisGeNET scores
[26]. The score indicates how well-established the asso-
ciation between the disease and the gene is. GDAs val-
ues range from O to 1, where higher values correspond
to those associations supported by multiple databases,
expert-curated resources, and scientific publications.
Through GDAs metrics, we have analyzed whether
the association between disease and drug’s target gene
is more robust in classical drug repurposing (DREGE) or
in cases where repurposing has been performed via bio-
logical pathways (DREBIOP). In addition, this measure
has been compared with the mean association between
all gene-disease associations currently catalogued in the
DISNET database. Figure 3 represents the methodol-
ogy implemented and the part of the triplets (“Disease
1”) considered for the study. In the case of DREBIOP,
all “Disease 1 - Drug” associations are considered even
though they are not related to the drug’s target gene. This
means that as in these types of repurposing no condition
was imposed on “Disease 1’ and there will be cases where
there is no GDA value for the drug’s “Disease 1 - Target
Gene” relationship, and, in these cases, a value of 0 will
be assigned. These cases are also considered because it is
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relevant for the study to include those triplicates in which
the repositioning occurs for another reason. DREGE
is different, in these cases there must be a relationship
between “Disease 1” and the drug’s target gene, so for all
records, there is an associated GDA value. Furthermore,
as this condition is also mandatory in the relationship
with “Disease 2, it was of great value to consider these
associations as well. Thus, to calculate this section of the
methodology, the DREGE triplets were considered in
both directions. In addition, GDA values were extracted
for the associations in DISNET.

After gathering the GDAs values, we checked if the dif-
ferences between the GDA value in classical repurposing
cases (DREGE), and the one in our pathway-based cases
(DREBIOP) were significantly different. In essence, we
examined if a stronger relationship existed between the
genes and the diseases when the repurposing was based
on the gene, as opposed to the pathway (DREGE Vs DRE-
BIOP). For this purpose, the Mann—Whitney U Test
[34] was used since the data examined did not conform
to a Gaussian distribution and the number of samples
within each dataset was noticeably dispersed. As previ-
ously noted, it was also of interest to further verify if this
association value differs from the overall mean present in
the DISNET database. Hence, the procedure mentioned
in the previous paragraph was also applied here, but for
comparing DREBIOP cases with the data in DISNET.
Given the non-normal distribution of the data and the
variability in the number of samples, the identical statisti-
cal test was used for this analysis.

Results and discussion
Biological pathways constitute a collection of processes
that are essential for the proper functioning of the organ-
ism. Each of these pathways is involved in different key
scenarios such as amino acid generation or gene tran-
scription. The failure of these biological pathways triggers
a series of events that may lead to a specific disease.
Bearing in mind the crucial role played by pathways in
the development of diseases, this work has highlighted
that biological pathways can also be employed to find
potential treatments for diseases through drug repurpos-
ing. Drug repurposing allows us to use existing drugs to
treat a new disease, thereby reducing the time and cost
involved in developing drugs from scratch. On this basis,
we selected Drug REpurposing based on BIOlogical Path-
ways (DREBIOP) cases to compare them with classic par-
adigm cases based on target genes (DREGE) to uncover
patterns that prove the importance of pathways. Based on
these premises, in the following subsection, we discuss
the findings of our research and the implications for drug
repurposing strategies based on biological pathways.
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Table 2 Statistical and descriptive analysis of the biological
components building both parts of the DREBIOP triples

Disease 1 Disease 2 P-value

Pathway-based

treated disease
Number of genes 105.13 423.66 <0.05*
Number of gene-related 391.04 1568.00 <0.05*
pathways
Number of disease-related 0.00 25.83 <0.05 ***
pathways
Number of drugs 3846 657.33 <0.05*
Number of symptoms 68.60 106.66 <0.05*

Data reported in the table correspond to the means obtained for each biological
component and part of the triples. The data highlighted in bold refer to the
most relevant data in this section since they are the differences in the number of
mean pathways between the two sides of the triplet. P-value annotation legend:
*1.00x1072<p<=5.00x10"2 **100x10™*<p<=1.00x10"3

Table 3 Classification and quantification of the different
pathways involved in DREBIOP cases

Pathway_id Pathway_name Pathway_type Count
WP1531 Vitamin D Metabolism  Classic metabolic 18
pathway

WP554 ACE Inhibitor Pathway  Drug pathway 18

WP4756 Renin Angiotensin Classic metabolic 9
Aldosterone System pathway
(RAAS)

WP2371 Parkinsons Disease Disease pathway 6
Pathway

WP3303 RACT/PAK1/p38/MMP2  Signaling pathway 6

WP1533 Vitamin B12 Metabo- Classic metabolic 3
lism pathway

Pattern search based on DREBIOP triples’ configuration

DREBIOP cases have several patterns. Table 2 shows a
comparative analysis of the target-based and pathway-
based parts of these repurposing cases. The data in this
table shows the mean of each of these biological ele-
ments calculated from the selected dataset for DRE-
BIOP. In these results, we can observe how the number
of associated pathways is higher in the pathway-based
part of the triple, both for the associations through
the genes and the direct disease-pathway associations
(we highlight the results in bold in the table). It was
also observed that the number of genes involved in
the DREBIOP right part “Disease 2” (pathway-based)
was substantially higher than in the DREBIOP left part
“Disease 1" This is an important revelation that could
enhance the identification of future potential cases to
be repurposed by pathways. Furthermore, we checked
whether these differences, which can be seen visually,
are also statistically significant. For this purpose, in the
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“P-value” column of Table 2 shows the results obtained
by applying the Mann-Whitney U test.

In addition, we identified the most characteristic path-
way categories among the considered DREBIOP cases.
Table 3 shows the names of the pathways involved, the
type of pathway to which they belong, and the number
of times they were present in these instances. It is note-
worthy that the most abundant pathways, in number and
type, belong to pathways related to metabolism. Moreo-
ver, despite the occurrence of more than 60 different
cases, only 6 different pathways were identified in DRE-
BIOP cases. The different pathways found in these cases
were classified into the following four groups: metabolic,
drug-related, signaling, and disease-related pathways.
Some biological pathways play crucial roles that suggest
that they are implicated in several diseases. A clear exam-
ple of this can be the ACE Inhibitor drug pathway which
is found in about 30% of repurposing cases. ACE inhibi-
tors prevent an enzyme in the body from producing angi-
otensin II, a substance that narrows blood vessels and can
cause hypertension. There is a multitude of drugs based
on these ACE inhibitors that are used to treat or palliate
symptoms of various diseases such as scleroderma, heart
failure, or diabetes [35]. In addition, new studies are indi-
cating that these inhibitors also play an important role in
certain autoimmune diseases [36].

To conclude the discussion of this work, we wanted to
prove through the scientific literature the biological rela-
tionship between the diseases and pathways involved in
DREBIOP cases. For this purpose, 6 different cases were
selected based on each of the pathways that have been
implicated in the DREBIOP cases studied. These cases
are shown below, divided by the type of pathway involved
(classical metabolic pathway, drug pathway, disease path-
way, signaling pathway).

Within the classic metabolic pathways, the selected tri-
ple is the one formed by the disease’s anaemia pernicious
and vitamin b12 deficiency, in which anaemia perni-
cious is related to the drug Cyanocobalamin through the
pathway-based part of this triple. The pathway involved
in this case is vitamin b12 metabolism. Several studies
have found that anaemia pernicious can be caused by
vitamin b12 deficiency due to a deficient nutritional diet
[37, 38] or inadequate enteric vitamin B12 absorption
[39]. Therefore, the metabolic pathway of vitamin b12
development is strongly linked to the possible develop-
ment of anaemia pernicious. Another selected example
related to metabolic pathways is the relationship between
rickets and hypoparathyroidism through the drug Ergoc-
alciferol. In this case, the vitamin D metabolism pathway
plays an important role. Rickets is the disease established
in the pathway-based part of the triplet. Rickets is usually
caused by a prolonged and severe vitamin D deficiency
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because vitamin D aids the absorption of calcium and
phosphorus by the bones [40]. Thus, multiple scientific
articles have linked rickets and vitamin D deficiency
through this pathway [41, 42]. This example is also rep-
resentative of the type of metabolic drug used. Finally,
to illustrate the Renin Angiotensin Aldosterone System
(RAAS) pathway, the triplet linking hypertension and
diabetic nephropathy disease through the drug Irbesar-
tan was selected. Hypertension is on the pathway-based
part of the triplet. The relationship of this disease with
the pathway is powerful since blockers of RAAS are a
cornerstone for treating hypertension [43].

In the case of drug pathways, a triple of Hypertensive
disease and Congestive heart failure related through the
drug Enalapril was selected. Enalapril is a cardiovascu-
lar agent and both diseases are related through the ACE
Inhibitor Pathway. This example is also valid to explain
the case of the relationship between circulatory category
diseases. Hypertensive disease is part of the pathway-
based process. The relationship between hypertension
with ACE inhibitors is widely known and there are sev-
eral articles link the two concepts. ACE inhibitors are a
class of drugs used to control hypertension, which is a
major risk factor for stroke and heart failure [44, 45].

For the disease pathway, the Parkinson’s disease path-
way itself has been considered. The triple is formed by
the relationship between Parkinson’s and Parkinsonism
through the drug Carbidopa. In the treatment of Parkin-
son’s disease, Carbidopa is used to block the conversion
of levodopa to dopamine in peripheral tissues outside
of the central nervous system. This helps to prevent
unwanted side effects of levodopa on organs located out-
side of this system. Carbidopa’s mechanism of action is
particularly important in the management of Parkinson’s
disease, as it allows for a more targeted and effective
approach to treating the disease [46].

Among the signaling pathway, the pathway RAC1/
PAK1/p38 MAPK/ MMP2 is related to ovarian neo-
plasm and Acne vulgaris through the drug Minocycline.
The ovarian neoplasm is the disease of the part pathway-
based in the triple. A study suggests that the RAC1/
PAK1/p38 MAPK/ MMP2 axis that conforms to this
pathway is involved in angiogenesis, tumor growth, and
cell proliferation in ovarian cancer. When RACI1 is inac-
tivated, these activities are reduced in this tumor [47, 48].

Pattern search based on GDAs

The GDA was obtained for the two types of repurpos-
ing (DREGE and DREBIOP), as well as for the DISNET
database. This association was obtained on the left part of
the triple corresponding to “Disease 1”in both repurpos-
ing cases. In DISNET, the data obtained corresponded to
all the associations reported in the platform that relate
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Table 4 Descriptive analysis of the several data sets considered
for the study of GDAs

Metrics DREBIOP DREGE DISNET
Count 53 1369 353,628
Mean 0.1816 0.2445 0.1374
Standard Deviation 0.1998 0.1951 0.1295
Minimum 0.0000 0.0100 0.0100
Maximum 0.7000 1.0000 1.0000
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and the disease for which we are repurposing the drug is
of great importance. Therefore, the GDA value may be a
metric to consider in determining the success of a repur-
posing case. However, in DREBIOP cases, GDA scores
are lower. This fact leads us to think that they do not have
the same relevance. Instead, the pathways would seem to
influence more in determining the success or non-suc-
cess of the repurposing.

Finally, through Fig. 2 of Methods section. Methods,
we would like to provide a brief illustrative summary
(Fig. 5) of the results obtained for a real DREBIOP case

ns

*

0.8

o
o

Value GDAs
o
IS

0.2

N

0.01

ﬂ;;

DREBIOP

DREGE

DISNET

Fig. 4 Summary of DREBIOP, DREGE and DISNET datasets GDA score distributions. GDA score distributions in the DREBIOP, DREGE and DISNET
datasets as well as the statistical results obtained by performing the Mann-Whitney U-test to compare the GDA values between the cases
represented. P-value annotation legend: ns: 500x10-2<p <=1,%1.00x 1072 < p <=500x 1072

genes with diseases, so we could have a reference of the
overall mean of this association.

Table 4 shows the descriptive analysis performed on
each dataset. In this table, the count of the total number
of cases considered for each dataset (DEBRIOP, DREGE,
and DISNET) is shown. In addition, the mean of the
GDAs obtained for each dataset was calculated, as this
metric is used to determine if there were statistically
significant differences between the data studied. Related
to these mean values, a related standard deviation was
obtained. Finally, the maximum and minimum values
of the GDA metric in each set are shown. Note that the
value of GDA, as discussed throughout the manuscript,
ranges from O to 1.

Performing the Mann-Whitney U-test (Fig. 4), it
was found that there are statistically significant differ-
ences between the DREBIOP and DREGE cases. It was
observed that DREGE cases had a much stronger asso-
ciation with genes than DREBIOP cases. This result
indicates that in what we call “classical repurposing’, the
strength of the association between the drug’s target gene

in each of the different strategies carried out. Figure 5
shows a DREBIOP repositioning triple formed by “Osteo-
porosis” - “Ergocalciferol” - “Rickets” In point 1, concern-
ing the characteristic biological elements of these triples
and the type of pathway related to “Disease 2’ it has been
obtained that Rickets has a moderate number of associ-
ated genes and a high number of associated pathways.
In addition, the pathway classification indicates that it
is a “classic metabolic pathway’, specifically the Vitamin
D pathway. In point 2, where we were looking for the
GDAs value between “Disease 1”7 and the drug’s target
gene, whether this relationship existed, we obtained that
Osteoporosis has an associated value of 0.70 (on a scale
of 0—1) with the drug’s target gene VDR.

Conclusions

The current work aims demonstrates that biological path-
ways play an essential role in drug repurposing. The main
conclusion of this study is that pathways may be of out-
most importance in certain drug repurposing processes
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Fig. 5 Representation of a real DREBIOP repurposing triple through all the results obtained for the different proposed strategies

and should be thoroughly considered when generating
future hypotheses. Using the DISNET knowledge plat-
form, we found significant patterns characteristic of the
DREBIOP cases. Considering the information gathered
around these pathway-based repositioning cases, we can
suggest DISNET as a useful tool for the generation of
essential patterns for potential future drug repositioning
cases. This opens the door to a possible new way of think-
ing about drug repositioning, not only focused on their
targets, but also on the biological pathways involved in
the development of diseases. We reached other conclu-
sions based on the results of the analyses we developed.
Considering different features, we uncovered patterns
that will allow us to detect pathway-based drug repur-
posing scenarios. (1) The configuration of DREBIOP
triples showed differentiable characteristics in terms of
the number of genes, symptoms, drugs, and pathways
involved in the process. (2) DREBIOP and DEGRE GDA
values differed statistically significantly, indicating the
minor contribution of drug’s target genes in pathway-
based drug repurposing processes. To summarize, we
can conclude that the patterns obtained by this meth-
odology can be applied to any known repositioning case
and determine if this case has been produced through
pathways, making it a DREBIOP case. Moreover, it could
facilitate the prioritization of potential new instances of
pathway-based repurposing by identifying the resulting
patterns.

Nevertheless, we have identified some limitations in
this study. First, the scarcity of drug repurposing based
on biological pathway information. Also, the complex-
ity behind the pathways that involves intricate biologi-
cal mechanisms. Moreover, the categorization of the

pathways was also an arduous task because it was difficult
to find an ontology that contained information about all
the pathways in our experiment. To conclude, it is impor-
tant to point out that, as in any in silico experiment, the
results obtained could not be evaluated in a laboratory
but were tested by the scientific literature, as shown in
the Results and Discussion section.

Regarding future lines of this work, we will explore
new pathway-based repositioning cases to broaden our
analysis and search for more patterns that define them.
Eventually, we would like to implement the uncovered
patterns and generate novel drug repurposing hypotheses
using the DISNET platform, exhaustively considering the
biological pathways.
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