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SUMMARY

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), an environmental
contaminant, disrupts multiple systems including endocrine, immun,
nervous, reproductive, developmental, and cardiovascular. This study
aimed 1o identify the molecular pathways and potential therapeutic
targets for TCDD-induced cardiovascular toxicity using CTD,
ShinyGO, STRING, GeneMANIA, ChEA3, MIENTURNET,
and Cytoscape computational tools. The analysis identified the AGE-
RAGE signaling pathway, blood circulation, and cytokine receptor
binding as the top 3 among ten key molecular pathways, biological
processes, and molecular functions associated with TCDD-induced
cardiovascular toxicity. Additionally, ten hub proteinsigenes were
Jound to play a critical role, with NFKBI being the most essential
regulating transcription factor and hsa-miR-19a-3p and hsa-miR-
125b-5p as the most crucial microRNAs. This study sheds light on the
molecular mechanisms underlying TCDD-induced cardiovascular
toxicity, revealing novel potential targets for therapeutic intervention.

Key Words: Cardiovascular toxicity, hsa-miR-19a-3p, hsa-miR-
125b-5p, NFKBI, TCDD.

TCDD ile Indiiklenen Kardiyovaskiiler Toksisitede Molekiiler
Yolaklarin ve Yeni Hedeflerin Ag Toksikolojisi Analizi

0z

2,3,7,8-Tetraklorodibenzo-p-dioksin (TCDD), gevresel bir kirleticidir
ve endokrin, immiin, sinir, iireme, gelisimsel ve kalp-damar sistemleri
dahil olmak iizere bircok sistemi bozmaktadsr. Bu ¢aliyma, CTD,
ShinyGO, STRING, GeneMANIA, ChEA3, MIENTURNET ve
Cytoscape gibi hesaplamaly araglar kullanarak TCDD kaynakl:
kalp-damar toksisitesi igin molekiiler yollar: ve potansiyel terapotik
hedefleri belirlemeyi amaglamaktadsy. Analiz, TCDD kaynakl: kalp-
damar roksisitesi ile iliskili 10 Gnemli molekiiler yol, biyolojik siireg ve
molekiiler fonksiyon arasinda AGE-RAGE sinyalyolu, kan dolasimi ve
sitokin reseptor baglanmasinin en onemli 3’ oldugunu belirlemistir.
Ek olarak, 10 hub protein/genin kritik bir rol oynadigs, NFKBI in
en oneml regiile edici transkripsiyon faktorii ve hsa-miR-19a-3p ile
hsa-miR-125b-5p'nin en inemli mikroRNAlar oldugu bulunmustur.
Bu ¢aliyma, TCDD kaynakls kalp-damar toksisitesinin altinda yaran
molekiiler mekanizmalar: aydinlatarak terapitik miidahale icin yeni
potansiyel hedefler ortaya koymaktadyr.
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hsa-miR-125b-5p, NFKBI, TCDD.
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INTRODUCTION

Dioxins are a class of persistent organic pollut-
ants, wherein 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) stands out as a well-known representative
(Figure 1A). TCDD is unintentionally produced
during various processes, including the combustion
of organic materials and as a side product in organic
synthesis (Ogino et al., 2016). This highly stable com-
pound exhibits a long half-life in humans (5-10 years)
and persists in the environment at varying concentra-
tions (0.01-1.31 ng/g) (Sorg et al., 2009; Colombo et
al., 2011; Sforzini et al., 2014). While human expo-
sure to TCDD primarily occurs through contaminat-
ed food or occupational environments, the industrial
accident that occurred in Seveso, Italy, in 1976 also
caused years of exposure. With the international le-
gal measures taken in accordance with the Stockholm
Convention, the level of TCDD in the environment,
and therefore human exposure, has gradually de-
creased, especially in developed countries. TCDD is
one of the most toxic chemicals. While short-term
high-levels exposure can cause liver damage and
chloracne, long-term exposure is linked to a wide
range of health problems affecting the endocrine, im-
mune, nervous, reproductive, and cardiovascular sys-
tems (Gogal and Holladay, 2008; Humblet et al., 2008;
Sorg et al.,, 2009; Marinkovi¢ et al., 2010; Pelcl et al.,
2018; Gaspari et al., 2021).

TCDD-induced cardiovascular toxicity has been
observed in various animals, such as fish, birds, and
rodents. While animal studies have identified the
aryl hydrocarbon receptor pathway as a critical con-
tributor, this pathway alone does not fully explain
the observed effects in humans (Kopf and Walker,
2009; Mohsenzadeh et al., 2018; Mi et al., 2023). This
knowledge gap hinders the development of effective
preventive and therapeutic strategies for TCDD-re-
lated cardiovascular diseases in humans. Therefore,
this study aims to explore the molecular pathways,
biomarkers, and potential therapeutic targets associ-
ated with TCDD-induced cardiovascular toxicity in

humans using computational tools.
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MATERIAL AND METHOD

Identification of common genes between TCDD

and cardiovascular diseases

The identification of genes linked to TCDD
and their associations with cardiovascular diseases
(CVDs) was accomplished using the Comparative
Toxicogenomics Database (CTD; https://ctdbase.org)
and its tools (Davis et al., 2023). CTD curates and
connects a wide range of data on chemical exposures
and their biological effects across various species. This
process involves manually curating and connecting
data on chemicals, genes, phenotypes, anatomies, dis-
eases, taxa, and exposures from published literature.
CTD currently provides 45 million toxicogenomic
relationships for over 16,300 chemicals, 51,300 genes,
5,500 phenotypes, 7,200 diseases, and 163,000 expo-
sure events from 600 comparative species (Davis et
al., 2023). However, the limitations of the CTD rely on
the manual curation of scientific literature, which can
lead to incomplete coverage. Not all relevant studies
might be included, and newly published data may not

be immediately available.

To analyze genes related to TCDD, the term
“TCDD” was entered in the “Chemicals” section of
CTD, and all resulting genes were downloaded. The
genes associated with CVDs were acquired from the
“Direct Evidence” section of CTD, where “M” indi-
cates “marker/mechanism” and “T” represents “ther-
apeutic” To identify common genes related to both
TCDD and CVDs, the MyVenn CTD tool (Davis et
al., 2023) was utilized. It can process up to three in-
put lists and display the results as a Venn diagram. All
findings in this study are based on data collected in
March 2024.

GO bioprocess analysis and KEGG enrichment
analysis

Gene Ontology (GO) terms were analyzed for
annotated genes associated with TCDD and CVDs
using ShinyGO 0.80 (Ge et al., 2020). ShinyGO is a
gene list enrichment analysis tool accessible at (Ge et

al., 2020). It is based on a vast annotation database


https://ctdbase.org
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that includes 1,678 bacterial species, 59 plant species,
256 animal species, and 115 archaeal species from
Ensembl and STRING-db. Among its attributes are
the graphical representation of enrichment outcomes
and gene attributes. Additionally, it offers program
interface access to KEGG (Kanehisa et al., 2023) and
STRING (Szklarczyk et al., 2015) for retrieving path-
way diagrams and protein-protein interaction net-
works, respectively. However, ShinyGO has some lim-
itations; for instance, it does not offer dynamic or re-
al-time updates to reflect changes in GO annotations
or underlying databases, and the enrichment analysis
may be influenced by bias in GO annotations, such as
overrepresentation of well-studied genes or biological
processes.

For the analysis, the common gene list was in-
put into ShinyGO, with Homo sapiens selected as the
target species. For gene ontology analysis, the top 10
molecular pathways (MP), biological processes (BP),
and molecular functions (MF) were determined. The
significance of the results was established by applying
a false discovery rate (FDR) correction and adhering

to a recommended p-value cut-off of 0.05.

Protein-protein interaction and centrality

analysis

For protein-protein interactions (PPIs) of the
common genes between TCDD and CVDs, STRING
v.12.0 (https://string-db.org/cgi) was used. The
STRING database systematically gathers and consol-
idates information on protein-protein interactions,
including direct physical associations and functional
relationships. This data is sourced from various chan-
nels, including automated text mining of scientific
literature, computational predictions based on coex-
pression and conserved genomic context, databases
housing interaction experiments, and established
complexes/pathways curated from reliable sources
(Szklarczyk et al., 2015). However, it’s important to
note some limitations of STRING. Firstly, the accu-

racy of predicted interactions can vary, and false posi-

tives may be present due to the inherent complexity of
protein interactions and limitations in computational
algorithms. Secondly, STRING's reliance on existing
annotations and curated data may not capture newly
discovered or less well-studied protein interactions,

leading to potential gaps in coverage.

For the analysis, the protein set was entered into
the “Multiple Proteins by Names/Identifiers” section,
with Homo sapiens designated as the chosen species.
A minimum interaction score of 0.4 was established.
The final PPI network was constructed using Cyto-
scape version 3.10.1 (http://www.cytoscape.org/).
Cytoscape is an open-source software for interactive
analysis, integration, and visualization of network
data. It provides a versatile platform for researchers
to explore biological networks, including protein-pro-
tein interactions, gene regulatory networks, and met-
abolic pathways. Additionally, Cytoscape supports
the integration of additional plugins, expanding its
functionality for specific analysis tasks such as func-
tional enrichment, network clustering, and pathway
analysis. However, Cytoscape also has some limita-
tions. Firstly, while it offers extensive flexibility, the
complexity of the software may present a steep learn-
ing curve for users unfamiliar with network anal-
ysis tools. Secondly, Cytoscape’s performance may
degrade when handling large-scale networks with
thousands of nodes and edges, requiring substantial
computational resources.

Additionally, centrality analysis was evaluated us-
ing the Network Analyzer Cytoscape plugin and the
cytoHubba plugin (https://apps.cytoscape.org/apps/
cytohubba) to identify core proteins TCDD-induced
CVDs. This evaluation was based on six topological
algorithms: degree, closeness, radiality, edge percolat-
ed component (EPC), maximum neighborhood com-
ponent (MNC), and stress.

Gene network analysis

The common genes between TCDD and CVDs
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were inputted into GeneMANIA (http://genemania.
org) to study the network of gene-gene interactions
(Warde-Farley et al., 2010). GeneMANIA identifies
other genes associated with a group of input genes by
utilizing an extensive array of functional connection
data, encompassing protein and genetic interactions,
pathways, coexpression, co-localization, and protein
domain similarity. Currently, it maps 166,691 genes
from nine organisms (Warde-Farley etal., 2010). How-
ever, GeneMANIA also has some limitations. Firstly,
while it provides valuable insights into functional re-
lationships among genes, the accuracy of predictions
may vary depending on the quality and completeness
of input data. Secondly, the reliance on pre-existing
databases and computational algorithms means that
GeneMANIA’ results may not capture emerging or
context-specific gene associations, potentially leading

to incomplete or biased interpretations.

In this study, Homo sapiens was chosen as the tar-
get organism for analysis, and an automatically select-

ed weighting method was employed.
Analysis of transcription factors and microRNAs

The common genes between TCDD and CVDs
were input into ChIP-X Enrichment Analysis Ver-
sion 3 (ChEA3) (https://maayanlab.cloud/chea3) to
identify the transcription factors (TFs) responsible
for their regulation. ChEA3 is an online tool for TF
enrichment analysis, which evaluates and prioritizes
TFs linked to gene sets submitted by users (Keenan et
al., 2019). The ChEA3 background repository encom-
passes various gene set libraries compiled from di-
verse origins, such as TF-gene coexpression data de-
rived from RNA-seq investigations, TF-target associ-
ations identified through ChIP-seq experiments, and
TF-gene cooccurrence patterns computed from gene
lists submitted by users (Keenan et al., 2019). Howev-
er, ChEA3 also has a limitation. The accuracy of TF
enrichment analysis heavily depends on the quality
and coverage of underlying datasets, which may vary

across different experimental sources and conditions.
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Next, the common genes were also subjected
to the MIcroRNA Enrichment TURned NETwork
(MIENTURNET) tool (http://userver.bio.uniromal.
it/apps/mienturnet/), and Homo sapiens was select-
ed as the target to determine potential miRNA net-
works from miRTarBase that were experimentally
confirmed. MIENTURNET uses computationally
predicted or experimentally validated miRNA-target
interactions from several organisms, including Homo
sapiens, Mus musculus, Rattus norvegicus, Caenor-
habditis elegans, Drosophila melanogaster, and Danio
rerio (Licursi et al., 2019). MIENTURNET integrates
multiple sources of miRNA-target interaction data,
including databases curated from literature mining,
computational predictions based on sequence com-
plementarity, and experimental validation assays.
Additionally, it offers advanced analysis features such
as network visualization, pathway enrichment analy-
sis, and prioritization of crucial regulatory hubs. The
limitation of MIENTURNET is that the accuracy of
predicted miRNA-target interactions may vary de-
pending on the underlying computational algorithms
and experimental validation methods. False positives
and negatives in the predicted interactions could lead

to misinterpretation of regulatory networks.

In the analysis, the threshold for the minimum
number of miRNA-target interactions was set at 2,
and the adjusted p-value (FDR) was 0.5.

Chemical-gene binary interaction analysis

To establish correlations between protein/genes
linked to CVDs and genes associated with TCDD, a
manual analysis was conducted using CTD (https://
ctdbase.org). This involved scrutinizing the “gene in-
teraction” card in the CTD chemical profile, specifi-
cally identifying interactions between proteins/genes
and TCDD regarding protein activity, mRNA expres-
sion, and protein expression. The resulting table enu-
merates the interactions between TCDD and selected
genes, excluding interactions involving a combination
of two or more chemicals and their collective impact

on the genes.
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RESULTS AND DISCUSSION

TCDD, a persistent organic pollutant, causes var-
ious adverse effects, including cardiovascular toxicity.
While animal studies suggest mechanisms involving
AhR activation, the underlying causes of TCDD-in-
duced CVD in humans remain unclear. This study
aimed to elucidate potential molecular mechanisms
and targets associated with this toxicity using toxicog-

enomic analysis and other bioinformatics tools.

Common genes associated with TCDD and
CVDs

A search of the CTD database showed that TCDD
targets 17,055 genes. Additionally, the database identified
3,782,920 genes associated with CVDs, of which 1,674
were marked as “markers/mechanisms” and/or “thera-
peutics” in the “Direct Evidence” section. Furthermore,
1,438 genes were common between TCDD and CVDs
(Figure 1). All common genes are presented in Table S1.

Figure 1. A) Molecular structure of TCDD.

B) Venn diagram illustrating the 1,438 genes common between TCDD and CVDs.

GO enrichment analyses of common genes

GO analysis identified the top 10 critical molecular

pathways, biological processes, and molecular
functions involved in the development of CVDs
induced by TCDD (Figure 2). The results highlight
the AGE-RAGE signaling pathway as a primary
molecular pathway related to the 1,438 common
genes (Figure 2A). Advanced Glycation End Products
(AGEs) are harmful molecules formed naturally
during metabolism and aging. These arise when
sugars bond with proteins or fats in a non-enzymatic
process. Significantly, AGEs bind to receptors for
AGEs (RAGE), triggering a cascade of cellular
events contributing to CVD development. Chronic
inflammation, oxidative stress, and endothelial
dysfunction are all hallmarks of CVD, and research
shows the AGE-RAGE pathway plays a crucial role
in their activation (Lee et al., 2019). Clinical studies
support this connection. Sabbatinelli et al. (2022)
found that higher levels of circulating AGEs and

RAGEs were linked to increased mortality and major

cardiovascular complications in patients with type 2
diabetes. Similarly, Singh et al. (2022) suggested that
AGE:s are not only associated with arterial stiffness
and atherosclerosis but also with impaired cellular
signaling in the endothelium, vascular smooth muscle
cells, and platelets. These detrimental effects on blood
vessel function and blood cell activity further solidify
AGEs as crucial risk factors for CVD. Identifying of
the AGE-RAGE signaling pathway as the most crucial
molecular pathway associated with common genes
suggests that TCDD may exert its cardiovascular
effects, at least in part, through modulation of this

pathway.

Among biological processes, blood circulation
(Figure 2B) was identified as the most significant
contributor to TCDD-induced CVDs, while cytokine
receptor binding was found to be the most critical
molecular function (Figure 2C). Efficient blood circu-
lation is crucial for maintaining cardiovascular health.
Disruptions in blood flow, often due to atherosclerotic

plaque formation, lead to ischemia and infarction. The
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association of blood circulation as the critical biologi-
cal process with the common genes implies that these
genes may play a crucial role in mediating the effects
of TCDD on vascular health. TCDD exposure has
been shown to disrupt normal vascular function and
impair blood circulation, contributing to the devel-
opment of CVDs such as atherosclerosis and hyper-
tension (Kopf et al., 2010; Walsh-Wilcox et al., 2019;

pathogenesis of TCDD-induced CVDs (Bock, 2019).

Bock, 2019).

The identification of cytokine receptor binding as
the primary molecular function associated with the
common genes suggests that TCDD may influence
cardiovascular health by modulating cytokine signal-
ing pathways and cytokines play a central role in medi-
ating inflammatory responses. Dysregulated cytokine
receptor binding could lead to aberrant immune re-
sponses and chronic inflammation, contributing to the

Figure 2. GO enrichment analysis of 1,438 common genes: A) Top 10 KEGG pathways of the common genes.

B) Top 10 biological processes associated with the common genes. C) Top 10 molecular functions associated

with the common genes.

PPI interactions, hub proteins/genes involved in

TCDD-induced CVDs, and gene-gene interactions
The PPI network revealed 1,371 nodes and 43,318

edges, as illustrated in Figure 3A, with a PPI enrichment
p-value of <1.0x10'. Centrality analysis was also
performed to determine the core proteins. As a result of
the analysis, top 10 hub proteins/genes of 1,438 common

proteins/genes in the list was selected based on their
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six topological algorithms (Figure 3B, Table 1). This
hub proteins/genes alphabetically: Actin, cytoplasmic
1 (ACTB), RAC-alpha
kinase (AKT1), Albumin (ALB), Epidermal growth
factor receptor (EGFR), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Interleukin-1 beta (IL1B),
Interleukin-6 (IL6), Insulin (INS), Tumor necrosis
factor (TNF), and Cellular tumor antigen p53 (TP53).

serine/threonine-protein
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Figure 3. A) PPI network from STRING analysis of 1,438 proteins/genes common between TCDD exposure

and CVDs. B) Centrality analysis of the common proteins/genes by Cytoscape. The darker-colored nodes

score higher in most of the six topology algorithms (Table 1).

Table 1. Centrality analysis of 1438 common proteins revealed the ten most essential proteins.

Hub proteins Degree score Closeness Score | Radiality Score EPC Score MNC Score Stress Score
GAPDH 1 1 1 2 1 1
AKT1 2 2 2 3 2 2
TNF 3 3 3 1 3 5
ACTB 4 4 4 8 4 4
IL6 5 5 5 4 5 9
TP53 6 6 6 9 6 3
INS 7 7 7 7 7 6
ALB 8 8 8 6 8 7
IL1B 9 9 10 5 9 10
EGFR 10 10 9 10 10 8

The GeneMANIA online plug-in created a linked
network among hub genes. The results showed that
most genes associated with CVDs were involved
in coexpression (54.37%) and physical interactions
(25.82%). Other types of interactions were less pro-
nounced: genetic interactions (9.94%), predicted in-
teractions (7.06%), colocalization (2.48%), and path-
ways (0.33%) (Figure 4). Coexpression, the dominant

interaction among hub genes, suggests similar ex-
pression levels across conditions in a gene expression
study. Namely, when one gene is upregulated or down-
regulated, the others coexpressed with it also show a
similar expression pattern. Co-expressed genes may
be involved in the same biological processes, path-

ways, or cellular functions.
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Figure 4. Gene network from GeneMANIA analysis of 10 hub genes involved in TCDD-induced CVDs.

Core transcription factors and miRNAs involved
in TCDD-induced CVDs

After analyzing the hub genes for TFs in ChEA3,
the top 10 TFs were identified. Subsequently, nodes
and edges representing the relationships between TFs
and hub genes were manually prepared in Excel and
schematized in Cytoscape 3.10.1, as shown in Figure
5A. The results are sorted by mean rank (Table S2).
MeanRank refers to the mean rank of each TF across
all libraries containing that TF, serving as the score by

which a composite list of TFs is reranked.

In Figure 4A, green nodes represent TFs, whereas
light brown nodes represent hub genes. ChEA3 re-
vealed that the most significant TF regulating these
hub genes, with eight connections and a mean rank of
13.0, was Nuclear Factor Kappa B Subunit 1 (NFKB1)
(Table S2). These results are supported by previous
studies. For instance, Luo et al. (2022) identified the
NFKB1 polymorphism as associated with susceptibili-

ty to coronary heart disease in populations of different
366

genetic backgrounds. In a meta-analysis, authors sug-
gested that a polymorphism in the NFKB1 promoter
region was associated with susceptibility to coronary
artery disease in both Asian and Caucasian popula-
tions (Chen et al., 2016).

As a result of miRNA-target analysis, the top ten
miRNAs are shown in Figure 4B, while the corre-
sponding p-values, FDR, odds ratios, and target genes
are presented in Table S3. Among these 10 miRNAs,
hsa-miR-19a-3p and hsa-miR-125b-5p emerged as
the most critical miRNAs regulating these hub genes
in TCDD-induced CVDs, which is consistent with the
findings of prior studies. Bulent Vatan et al. (2016) re-
ported that hsa-miR-19a-3p is downregulated in pa-
tients with mitral valve rupture. Jia et al. (2016) sug-
gested that hsa-miR-125b-5p has diagnostic value for
early diagnosis of acute myocardial infarction. Over-
all, these TFs and miRNAs may be used as predictors
of TCDD-induced CVDs.
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Figure 5. A) The top 10 transcription factors related to hub genes are highlighted, with green nodes indicating
TFs and light brown color indicating the hub genes. B) miRNA-target analysis showed that the top 10 miR-
NAs related to the hub genes were predicted by MIENTURNET.

TCDD-hub protein/gene binary analysis results

After identifying ten hub proteins/genes involved
in TCDD-induced CVDs (Figure 3B, Table 1), a man-
ual search of the CTD database revealed the impact of
TCDD on the mRNA and protein expression as well
as the protein activity of these proteins/genes, except
for INS. Additionally, only studies where TCDD was
applied alone were considered and focused on human

plasma/serum or human cells.

Table 2. TCDD - hub proteins/genes interactions.

TCDD was found to increase the protein activities
of AKT1 and EGFR; mRNA expression of TNE IL1B,
and EGFR; and protein expression of ACTB, ALB, and
EGFR. Interestingly, TCDD had a bidirectional effect
on the mRNA expression of IL6 (Table 2). However,
the studies summarized in Table 2 are not direct car-
diovascular system studies, so they offer a prediction
that TCDD could similarly affect these hub proteins/

genes in the cardiovascular system.

Hub genes ‘

TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin)

Protein activity

GAPDH

AKT1

TNF

ACTB

IL6

TP53

INS

ALB

IL1B

EGFR

mRNA expression Protein expression

t—increase; |—decrease; 1|—both increase and decrease
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CONCLUSION

This study elucidates how TCDD may contribute
to the development of CVDs by modulating ten hub
proteins/genes, as presented in Table 2. Additional-
ly, TFs (especially NFKB1) and miRNAs (especially
hsa-miR-19a-3p and hsa-miR-125b-5p) were predict-
ed as potential mediators of TCDD-induced CVDs.
Furthermore, these proteins/genes, TFs, and miRNAs
may be potential biomarkers or therapeutic targets
for TCDD-induced CVDs. Importantly, these mol-
ecules hold promise as not only biomarkers for dis-
ease diagnosis and prognosis but also as therapeutic
targets for mitigating TCDD-induced cardiovascular
toxicity. By targeting these key molecules, it may be
possible to modulate the pathological processes un-
derlying TCDD-induced CVDs and alleviate their
adverse effects. Future research should focus on val-
idating the therapeutic potential of these targets and
developing innovative intervention strategies to com-

bat TCDD-induced cardiovascular toxicity effectively.
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