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ABSTRACT

Objective: Cardiovascular disease causing the most deaths worldwide is
ischaemic heart disease. In addition to modifiable and non-modifiable risk
factors, there is a growing consideration that environmental factors,
especially heavy metals, may also contribute to the risk of ischaemic heart
disease. The study identified the potential molecular mechanisms
associated with ischaemic heart disease induced by arsenic, cadmium,
lead, and mercury.

Materials and Methods: In this study, we used toxicogenomic data and
various bioinformatic databases and tools, including the Comparative
Toxicogenomic Database, ToppGene Suite, GeneMANIA, String, Cytoscape,
CHEA3, and MIENTURNET.

Results: We observed an overlap of the CRP, HMOX1, PON1, and PTGS2
genes among the metals and ischaemic heart disease. The most prevalent
interactions among these genes were identified as physical interactions,
constituting 77.64% of the total. Several pathways were determined as
the principal molecular mechanisms that might be influenced by the
examined metals involved in the aetiology of ischaemic heart disease
(e.g., regulation of plasma lipoprotein particle levels, response to inorganic
substances, blood circulation, circulatory system processes, and cellular
response to metal ions). CRP and HMOX1 emerged as key genes, whereas
CREB3L3 and ATF5 were identified as key transcription factors related to
ischaemic heart disease caused by the combination of the examined
metals. Furthermore, we identified two miRNAs (hsa-miR-128-3p and hsa-
miR-1273g-3p) associated with ischaemic heart disease.

Conclusion: These observations make a substantial contribution to our
understanding of the processes underlying ischaemic heart disease
induced by arsenic, cadmium, lead, and mercury.

Keywords: Ischaemic heart disease, arsenic, cadmium, lead, mercury, big
data

oz

Amag: Diinya ¢apinda en ¢ok 6liime neden olan kardiyovaskiler hastalik
iskemik kalp hastaligidir. Degistirilebilir ve degistirilemez risk faktorlerinin
yani sira, ozellikle agir metaller olmak tzere cevresel faktorlerin de iskemik
kalp hastaligi riskine katkida bulunabilecegi dustiniilmektedir. Calismamizin
amaci, arsenik, kadmiyum, kursun ve civa tarafindan indiiklenen iskemik
kalp hastaligi ile iliskilendirilebilecek potansiyel molekiiler mekanizmalari
belirlemektir.

Gereg ve Yontem: Bu calismada toksikogenomik verileri ve Comparative
Toxicogenomic Database, ToppGene Suite, GeneMANIA, STRING,
Cytoscape, ChEA3 ve MIENTURNET gibi biyoinformatik veritabanlarini ve
araglari kullandik.

Bulgular: Calisilan metaller ve iskemik kalp hastaligi ile iliskili genlerden
CRP, HMOX1, PON1 ve PTGS2'nin ortustuginu gozlemledik. Bu ortisen
genler arasinda en yaygin etkilesim fiziksel etkilesimdi (%77,64). Calisilan
metallerin etkileyebilecekleri temel molekiler mekanizmalar olarak gesitli
yolaklar tanimlandi ve bunlar, iskemik kalp hastaliginin etiyolojisinde rol
oynayan yolaklari igeriyordu (6rnegin, plazma lipoprotein pargacik seviye-
lerinin diizenlenmesi, inorganik maddelere yanit, kan dolagimi, dolasim
sistemi slregleri ve metal iyonlarina hicresel yanit). Bu metallerin indiik-
ledigi iskemik kalp hastalig ile iliskili olarak temel genler CRP ve HMOX1
iken, ATF5 ve CREB3L3 de temel transkripsiyon faktorleri olarak belirlendi.
Ayrica, iskemik kalp hastaligiyla iligkili iki miRNA da (hsa-miR-128-3p ve
hsa-miR-1273g-3p) belirledik.

Sonug: Bu gozlemler arsenik, kadmiyum, kursun ve civanin neden oldugu
iskemik kalp hastaliginin altinda yatan siregleri anlamamiza 6nemli bir
katki saglamaktadir.

Anahtar Kelimeler: iskemik kalp hastaligi, arsenik, kadmiyum, kursun,
civa, blyuk veri
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INTRODUCTION

Ischaemic heart disease (IHD), alternatively referred to as co-
ronary artery disease or coronary heart disease, refers to an
insufficient blood supply to the myocardium due to blockage
of the epicardial coronary arteries, typically caused by athe-
rosclerosis. IHD accounts for 16% of global deaths, with a no-
table increase since 2000, reaching 8.9 million deaths in 2019
(1). Although factors such as age, gender, and family history
are non-modifiable risks, there are also modifiable risks such
as smoking, hypertension, increased cholesterol levels, physi-
cal inactivity, diabetes, obesity, an unhealthy diet, excessive
alcohol consumption, and stress (2). Nevertheless, emerging
evidence suggests that these factors alone may not entirely
elucidate the complexities of IHD. Environmental factors, par-
ticularly heavy metal exposure, have been implicated as addi-
tional risk factors for IHD (3-5).

The widespread use of organic and inorganic chemicals in the
past century has led to an escalation of environmental pollu-
tants within the human body. Arsenic (As), cadmium (Cd), lead
(Pb), and mercury (Hg) are extremely toxic metals linked to sig-
nificant environmental contamination and health issues (6-9).
Exposure to these heavy metals, either individually or in com-
bination, is unavoidable because of their persistence in various
environmental settings, such as industrial environments, food,
water, air, and soil. The primary sources of human exposure
include consuming contaminated water and foods, exposure
to cigarette smoke, and inhaling polluted air in occupational or
residential areas near industrial facilities. Recent studies have
revealed that these metals may collectively induce IHD (10-14).
Consequently, millions of people worldwide are exposed to
elevated levels of these metals through various means.

The objectives of this study were to uncover the potential key
genes, proteins, transcription factors, microRNAs, and mole-
cular pathways that underlie heavy metal-linked IHD through
the analysis of toxicogenomic data. These data were processed
from databases that collect experimental and epidemiologi-
cal data. Thus, inferences regarding the relationship between
heavy metals and IHD were made using bioinformatics tools.

MATERIALS and METHODS

Identifying common genes for the metals and ischaemic he-
art disease

To investigate the potential relationship between the metals
(As, Cd, Hg, and Pb) and IHD, we analysed data gathered from
the Comparative Toxicogenomics Database (CTD; https://ctdba-
se.org) (15). The data were acquired from the “Direct Evidence”
section of CTD, where “M” denotes “marker/mechanism” and
“T” denotes “therapeutic.” The data were downloaded on No-
vember 25, 2023, and the DiVenn tool was employed to iden-
tify common genes associated with both metals and IHD (16).

Determining the interplay between metals and overlapping
genes in the context of IHD
To establish the correlation between genes linked to IHD and

those connected to exposure to metals, we conducted a manu-
al analysis using CTD (15). This involved scrutinising the “gene
interaction” section in the CTD chemical profile and specifi-
cally identifying interactions between genes and metals from
the array of interactions of protein activity, mRNA, and protein
expression. The resulting table enumerates the interplay bet-
ween the metals and the chosen genes, excluding interactions
involving a combination of two or more chemicals and their
collective impact on genes.

Enrichment analysis

Enrichment analysis for molecular functions and biological pro-
cesses was conducted on annotated genes linked to IHD using
the ToppGene Suite (17). This tool, available at https://topp-
gene.cchmc.org, serves as a platform for gene list enrichment
analysis. ToppGene Suite offers ToppFun, accessible at https://
toppgene.cchmc.org/enrichment.jsp, which facilitates the iden-
tification of functional enrichment within your gene list. It le-
verages diverse data sources, encompassing the transcripto-
me, proteome, regulate (TFBS and miRNA), ontologies (GO,
Pathway), phenotype (human disease and mouse phenotype),
pharmacome (Drug-Gene associations), literature co-citation,
and additional features. The significance of the results can be
determined by applying a false discovery rate (FDR) correction
and adhering to a recommended p-value cut-off of 0.05, as
suggested by the ToppGene Suite (17).

Exploring gene-gene and protein-protein interactions
GeneMANIA (http://genemania.org) was used to study the net-
work of gene-gene interactions. The analysis focussed on Homo
sapiens as the target organism (18).

The protein-protein interactions (PPI) associated with IHD in-
duced by metals were investigated using String v.12 Database
(https://string-db.org/cgi) by selecting a medium confidence
threshold of 0.4 as the minimum required interaction score
(19). Cytoscape version 3.10.1 (http://www.cytoscape.org/)
was also utilised for the analysis (20). Additionally, to identify
the core proteins contributing to the development of IHD ca-
used by metals, the Network Analyser Cytoscape plugin was
utilised to assess betweenness (BC), closeness (CC), and degree
centralities (DC).

Analysis of transcription factors and microRNAs

We submitted overlapping genes linked to both the metals and
IHD to ChIP-X Enrichment Analysis Version 3 (CHEA3) (https://
maayanlab.cloud/chea3) to identify the transcription factors
responsible for their regulation (21). Next, the genes were
also subjected to the MIENTURNET tool (http://userver.bio.
uniromal.it/apps/mienturnet/) to determine potential miRNA
networks from miRTarBase that were experimentally confir-
med (22).

RESULTS

Overlapping genes between metals and IHD
The outcomes derived from the initial CTD data exploration
showed that 38, 36, 10, 18, and 87 genes are related to As, Cd,
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Figure 1: The Venn diagrams show the common genes between IHD and metals.

Hg, Pb, and IHD, respectively. Four genes (CRP, HMOX1, PON1,
and PTGS2) were found to be common between the chemicals
and IHD (Figure 1, Suppl. Table S1).

Overlapping gene alterations induced by metals

The results of the manually conducted gene interaction analysis
are presented in Table 1, which provides detailed insights into
the interactions between IHD and the studied chemicals. This
includes information on the activity and expression of proteins
and mRNA. Arsenic induced CRP and HMOX1 protein expressi-
on and increased HMOX1 mRNA expression. In contrast, it eit-
her increased or decreased PTGS2 mRNA expression. Cadmium
increased both the protein and mRNA expression of HMOX1
and the protein activity of HMOX1. It decreased CRP mRNA exp-
ression. However, Cd increased PTGS2 protein expression while
affecting mRNA expression in both an increase and a decrease.
While lead and mercury decreased PON1 protein activity, they
increased HMOX1 mRNA expression. Lead also increased CRP
protein expression and PTGS2 mRNA and protein expression.

Molecular processes related to common genes between me-
tals and IHD
The terms related to molecular function delineate actions oc-

curring at the molecular level, typically aligning with activities
achievable by individual gene products, such as proteins or RNA
molecules. Gene ontology enrichment analysis showed that
“lipoprotein particle binding”, “protein-lipid complex binding”,
“protein homodimerization activity”, “haem binding”, and “tet-
rapyrrole binding” were among the molecular functions linked
to genes induced by the metals and IHD (Table 2). The biological
processes, or ‘biological programmes’ accomplished by mul-
tiple molecular activities. The five most significant biological
processes involved in the aetiology of IHD induced by metals

” o«

were “regulation of plasma lipoprotein particle levels”, “res-
L

ponse to inorganic substance”, “blood circulation”, “circulatory
system process”, and “cellular response to metal ion” (Table 3).

Analysis of core genes and proteins

The overlapping genes were input into the GeneMania online
plug-in, generating a linked network. The analysis revealed that
physical interactions (77.64%) were the predominant factors
among the overlapping genes (Figure 2). In addition, the PPIs of
four common genes (CRP, HMOX1, PON1, and PTGS2) showed
four nodes and five edges, and the PPl enrichment p-value was
9.9e®. The pivotal genes associated with both metals and IHD
were also identified. CRP and HMOX1 were notably detected

Table 1: Overlapping gene alterations linked to the metals and ischaemic heart disease

Arsenic (As)

Cadmium (Cd)

Gene Protein name Prot. mRNA  Prot.  Prot.
act. exp. exp. act.
CRP C-reactive protein - - T -
HMOX1 Haem oxygenase
L 0 0 0
PON1 Paraoxonase/
arylesterase 1
PTGS2 Prostaglandin G/H
glandin G/ N - -

(COX2) synthase 2

Lead (Pb) Mercury (Hg)
mRNA  Prot. Prot. mRNA Prot. Prot. mRNA  Prot.
exp. exp. act. exp. exp. act. exp. exp.
- - - N - - -
0 - 0 - - 0 -
- B - - ¢ - -
N - 0 0 - - -

M Increase, : Decrease, T : Either increase or decrease, Prot. act.: Protein activity, mRNA exp.: mRNA expression, Prot. exp.: Protein expression
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Table 2: Top 5 molecular functions associated with the metals and ischaemic heart disease
(https://toppgene.cchmc.org/output.jsp).

Genes used in

ID Name pValue Genes from the input .
annotation
1 G0:0071813 Lipoprotein particle binding 1.797€% CRP, PON1 35
2 G0:0071814 Protein-lipid complex binding 1.797€* CRP, PON1 35
3 G0:0042803 Protein homodimerization 2.737€E* HMOX1, PON1, and 824
activity PTGS2
4 G0:0020037 Haem binding 3.349E* HMOX1, PTGS2 150
5 G0:0046906 Tetrapyrrole binding 3.809E* HMOX1, PTGS2 160

Table 3: Top 5 biological processes associated with the metals and ischaemic heart disease (https://toppgene.cchmc.org/
output.jsp).

ID Name pValue Genes from the Input Genes used in Annotation
1 G0:0097006 Regulation of plasma 4.393E7 CRP, HMOX1, and PON1 100
lipoprotein particle
levels

2 G0:0010035 Response to an 1.699E° CRP, HMOX1, PON1, and 747
inorganic substance PTGS2

3 G0:0008015 Blood circulation 1.783E° CRP, HMOX1, PON1, and 756
PTGS2

4 G0:0003013 circulatory system 2.746E° CRP, HMOX1, PON1, and 842
process PTGS2

5 G0:0071248 Cellular response to 6.543E° CRP, HMOX1, and PTGS2 245

metal ions
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» Physical Interactions
|

» Co-expression
o

» Predicted
L}
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I

» Geneltic Interactions
1

» Pathway
|

» Shared protein domains @ @
|

@ @ @ @ @ R KRS

Figure 2: GeneMANIA-predicted gene-gene and physical interactions of the four common genes

in three centrality parameters: BC, CC, and DC (Figure 3a and
Table 4).

Key transcription factors and miRNAs related to metals and IHD
To investigate the regulatory connexions between genes and
transcription factors, the CHEA3 tool was employed. A total of
22 connexions were recognised between 10 transcription fac-
tors and 4 genes. As illustrated in Figure 3b, CREB3L3 and ATF5

regulated four genes, NR1H4 and NR1I3 regulated three genes,
and ZNF267, NFE2L2, and NR4A3 regulated two genes each, with
the others regulating one gene each. The primary transcription
factors in this group were CREB3L3 and ATF5 (Suppl. Table S2).

Regarding miRNAs, we established connexions between miR-
NAs and target genes using the tool provided by MIENTURNET.
We observed that the miRNAs displaying the most elevated
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Table 4: Centrality analysis of overlapping genes related to
the metals and ischaemic heart disease

Overlapping genes Degree
CRP 3
HMOX1 3
PON1 2
PTGS2 2

a ’\

PON1

F
P'resz\o

Betweenness Closeness
centrality centrality
0.166 1.00
0.1667 1.00
0 0.75
0 0.75
b ZNF267 NR4A3

CREB3L3

ARID3C

NR1H4

NRA113 MTF1

Figure 3: a) The centrality analysis of common genes reveals the core proteins/genes, shown as light brown nodes. b) The top 10
transcription factors related to the four common genes are highlighted, with green nodes indicating transcription factors. c) miR-
NA-target analysis shows the top 10 miRNAs related to the four common genes.

hsa-miR-128-3p «
hsa-miR-1273g-3p -
hsa-miR-7976 4
hsa-miR-6775-3p 4
hsa-miR-616-3p -

hsa-miR-589-5p -

miRNA family

hsa-miR-5590-5p 4
hsa-miR-4721 4
hsa-miR-44438 <

hsa-miR-1291 4

FDR

0.10328865

o
o
o
w

1
o
o5}
o

Number of interactions

Figure 3: c) miRNA-target analysis shows the top 10 miRNAs related to the four common genes.

expression and interactions were hsa-miR-128-3p and hsa-miR-
1273g-3p, which are related to four genes involved in the ae-
tiology of IHD induced by metals (Figure 3c, Suppl. Table S3).

DISCUSSION

In this study, big data and toxicogenomic data mining were
employed to illustrate a positive relationship between metals

(As, Cd, Hg, and Pb) and ischaemic heart disease (IHD). In silico
analysis of these metals revealed alterations in four genes (CRP,
HMOX1, PON1, and PTGS2) involved in the aetiology of IHD.
Lipoprotein particle binding emerged as the leading molecular
function, whereas the regulation of plasma lipoprotein particle
levels was identified as the foremost biological process related
to IHD induced by these metals.
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Centrality analysis revealed that CRP and HMOX1 are key ge-
nes in IHD induced by these metals. C-reactive protein (CRP)
is encoded by the CRP gene and synthesised by the liver. CRP
levels increase during inflammation in the body, which has
been identified as a major risk factor for IHD (23-25). Manual
CTD analysis indicated that As and Pb increased CRP protein
expression (Table 1). Another core gene is haem oxygenase 1
(HMOX1), which degrades haem, generating CO and biliverdin,
while simultaneously releasing iron. HMOX1 is critical for he-
art repair and survival. All studied metals upregulate HMOX1,
although it is also frequently up-regulated in tumour tissues
(26, 27) (Table 1).

ATF5 (Cyclic AMP-dependent transcription factor ATF5) and
CREB3L3 (Cyclic AMP-responsive element-binding protein 3-like
protein 3) were identified as the main transcription factors.
Our findings align with those of prior research; for instance,
ATF5 and CREB3L3 were identified as crucial transcription fac-
tors in cardiovascular diseases induced by cadmium, lead, and
mercury. It has also been mentioned that the mitochondrial
unfolded protein response, a cytoprotective signalling system,
depends on ATF5 activation (28). Another core transcription
factor is CREB3L3, which oversees various metabolic processes,
including lipid metabolism, cholesterol absorption, and gluco-
se. CREB3L3 performs a versatile protective function against
atherosclerosis (29).

Regarding miRNAs, we observed that hsa-miR-128-3p and hsa-
miR-1273g-3p were the predominant miRNAs triggered by the
combination of metals associated with the aetiology of IHD. A
study that reported the inhibition of hsa-miR-128-3p provides
protection to human cardiomyocytes against ischaemia/reper-
fusion corroborates our results (30). However, there is no study
in the literature regarding hsa-miR-1273g-3p.

In conclusion, our study highlights the crucial involvement
of genes CRP and HMOX1, transcription factors ATF5 and
CREB3L3, and miRNAs hsa-miR-128-3p and hsa-miR-1273g-3p
in the development of IHD. ATF5 and CREB3L3, along with hsa-
miR-128-3p and hsa-miR-1273g-3p, have the potential to open
avenues for novel therapeutic targets in future IHD treatments.
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Chemical/Disease name

Inference network from Comparative Toxicogenomics Database

Arsenic (As)

Cadmium (Cd)

Mercury (Hg)

Lead (Pb)

Ischemic heart disease (IHD)

As+Cd+Pb+Hg+ IHD

ABCG5 | APCS | ATP2B1 | CCL2 | CD40LG | CDKN2B | CRP | ESR1 | ESR2 | FES | FURIN | GDF15 | GFOD1 |
HMOX1 | IRS1 | JCAD | KCNE2 | LDLR | LTA | MAT2A | MIA3 | MRAS | NOS3 | PDGFD | PECAM1 | PLPP3 | PON1
| PRDM16 | PROCR | PTGS2 | TBX2 | TERT | TLR4 | TRAF6 | TRIB1 | TWIST1 | VAMPS | VEGFA |

ACE | ANGPTL4 | APCS | APOA1 | ATP2B1 | CCL2 | CDKN2B | CRP | CXCL12 | EPO | ESR1 | ESR2 | FURIN | GDF15
| GGCX | HMOX1 | IRAK1 [ IRS1 | KL | LDLR | LTA | MIR146A | MMP3 | NOS3 | PECAM1 | PHACTR1| PLPP3 |
PON1 | PSRC1 | PTGS2 | SLC5A3 | TLR4 | TRAF6 | TRIB1 | VAMPS5 | VEGFA |

CRP | ESR2 | FURIN | GGCX | HMOX1 | IRS1 | LIPA | PON1 | PTGS2 | WDR12 |

ACE | APCS | APOA1 | CCL2 | CRP | HECTD4 | HMOX1 | ICAIL | LDLR | LTA | MAT2A | MIR146A | NOS3 | PON1
| PTGS2 | SORT1 | TBC1D7 | TLR4 | VEGFA |

ABCG5 | ABCG8 | ABO | ACE | ADAMTS7 | ADTRP | ANGPTL4 | ANKSIA | APCS | APOA1 | APOAS5 | APOC3 |
ATP2B1 | CARF | CCL2 | CD40LG | CDKN2B | CELSR2 | CRP | CXCL12 | DDAH2 | EPO | ESR1 | ESR2 | FES | FURIN
| GDF15 | GFOD1 | GGCX | GNB3 | GUCY1A1 | HECTD4 | HHIPL1 | HMOX1 | ICAIL | IRAK1 | IRS1 | JCAD | KCNE2
| KIAA1462 | KL | LDLR | LIPA | LMODI1 | LPA | LRP6 | LTA | MAT2A | MEF2A | MIA3 | MIR146A | MIR1468B |
MMP3 | MRAS | MRPS6 | NAT2 | NBEAL1 | NOS3 | NPPB | PAPPA | PCSK9 | PDGFD | PECAM1 | PHACTRI1 | PLPP3
| PON1 | PRDM16 | PROCR | PSRC1 | PTGS2 | SARS1 | SH2B3 | SLC5A3 | SORT1 | TBC1D7 | TBX2 | TCF21 | TERT/
TLR4 | TRAF6 | TRIB1 | TWISTI | VAMP5 |VAMPS | VEGFA | WDR12 | ZC3HC1

CRP | HMOX1 | PON1 | PTGS2
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Table S2. The top 10 transcription factors (TF) related to the
metals and ischemic heart disease
(https://maayanlab.cloud/chea3/)

Transcription factors Genes from input
CREB3L3 CRP, PON1, HMOX1, PTGS2
ATF5 CRP, PON1, HMOX1, PTGS2
NR1I3 PON1, HMOX1, PTGS2
NR1H4 PON1, HMOX1, PTGS2
ZNF267 HMOX1, PTGS2
NFE2L2 HMOX1, PTGS2
NR4A3 HMOX1, PTGS2
CSRNP1 PTGS2
ARID3C PON1
MTF1 PTGS2

Table S3. The top 10 miRNAs related to the metals and
ischemic heart disease (https://maayanlab.cloud/Enrichr/)

miRNAs p-value Genes from input
hsa-miR-1273g-3p 0.003705 CRP, PON1
mmu-miR-26b-5p 0.003994 PTGS2
hsa-miR-128-3p 0.004014 HMOX1, PTGS2
mmu-miR-101a-3p 0.005389 PTGS2
hsa-miR-6775-3p 0.009963 HMOX1
hsa-miR-616-3p 0.010559 PON1
mmu-miR-5098 0.010757 CRP
hsa-miR-1291 0.010955 HMOX1
hsa-miR-7976 0.011947 HMOX1

hsa-miR-5590-5p 0.014125 HMOX1




