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Deciphering the genetic and modular connections between
coronary heart disease, idiopathic pulmonary arterial
hypertension and pulmonary heart disease
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Abstract. Coronary heart disease (CHD), idiopathic pulmo-
nary arterial hypertension (IPAH) and pulmonary heart
disease (PHD) are circulatory system diseases that may
simultaneously emerge in a patient and they are often treated
together in clinical practice. However, the molecular mecha-
nisms connecting these three diseases remain unclear. In order
to determine the multidimensional characteristic correlations
between these three diseases based on genomic networks
to aid in medical decision-making, genes from the Online
Mendelian Inheritance in Man database were obtained, and
applied network construction and modularized analysis were
conducted. Functional enrichment analysis was conducted to
explore the associations between overlapping genes, modules
and pathways. A total of 29 overlapping genes and 3 common
modules were identifed for the 3 diseases. Glycosphingolipid
biosynthesis and the arachidonic acid metabolism are common
pathways, and the biosynthetic process is suggested to be the
major function involved in the three diseases. The current
study reported, to the best of our knowledge for the first time,
the role of glycosphingolipid biosynthesis in IPAH and PHD.
The present study provided an improved understanding of the
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pathological mechanisms underlying CHD, IPAH and PHD.
The overlapping genes, modules and pathways suggest novel
areas for further research, and drug targets. The observations
of the current study additionally suggest that drug indications
can be broadened because of the presence of common targets.

Introduction

Pulmonary heart disease (PHD), idiopathic pulmonary arte-
rial hypertension (IPAH, formerly called primary pulmonary
hypertension) and coronary heart disease (CHD) are cardio-
vascular diseases with severe effects upon human health. CHD
and PHD have a high prevalence and severe complications.
The median survival time for patients with IPAH who do not
receive effective drug intervention is 2.8 years, and various
therapeutic strategies for IPAH are derived from treatment
for pulmonary arterial hypertension (1,2). Previous studies
have identified in part the etiology, pathology and genetic
characteristics of these conditions, which has provided guid-
ance for prevention and treatment (3-6). However, the exact
mechanisms of these diseases remain unclear, and further
investigation of the biological characteristics is required in
order to determine their pathological mechanisms. Previous
studies have reported that the pathological processes of these
diseases are not limited to the coronary or pulmonary vascula-
ture, and that there may be systemic vasculature and complex
genetic involvement during the course of these diseases (7,8).
Treatments with angiotensin converting enzyme inhibitors
(ACEIls), vasodilators, anticoagulants, diuretics, calcium
channel blockers and inotropic agents have been used to alle-
viate the common symptoms of PHD, IPAH, and CHD (2.9),
and this information enables us to explore the associations
between them.

Networks can reflect the associations between genes, path-
ways and the diseases using network construction and modular
analysis (10). A previous study based on genome-wide linkage
analysis demonstrated that alstrom syndrome protein 1 is a
novel genetic risk marker for early-onset myocardial infarc-
tion (a type of CHD) (11). An additional study using network
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analysis identified that patients with CHD with elevated
vascular endothelial growth factor A (VEGFA) levels at
baseline have an increased mortality rate compared with
those with lower levels (12). Considering the complexity of the
processes involved, integrated gene network analysis was used
to investigate the multi-level correlation characteristics among
the three diseases.

Materials and methods

Obtaining the genes and network construction. The terms
‘IPAH’, ‘PHD’ or ‘CHD’ were inputted into to the search
box of the Online Mendelian Inheritance in Man (OMIM)
database, (http://www.ncbi.nlm.nih.gov/omim), a knowl-
edge database of human genes and genetic disorders (13).
Disease-associated genes were then submitted to Agilent
Literature Search software, version 2.82 (http:/www.agilent.
com/labs/research/litsearch.html), and an overview network of
gene/protein associations was obtained.

Network analysis. Cytoscape software version 2.71
(http://www.cytoscape.org/) was used for visualization of
disease-associated networks and analysis of the network
properties. Network parameters including the clustering coef-
ficient, network diameter, network centralization and network
radius were determined.

Identification of modules. MCODE (version 1.32) is programme
that is used for network module division (http://baderlab.
org/Software/MCODE). Subsequent to the disease network
data being obtained, each disease network was imported and
MCODE was used to divide it into several modules using
the following parameters: Connectivity threshold, 2; core
threshold K, 2; node score threshold, 0.2.

Functional enrichment analysis. Hypergeometric distribu-
tion tests were performed to analyze the function of the
modules that contained the most genes in each network
(IPAH-associated, PHD-associated and CHD-associated
gene networks) using the Database for Annotation,
Visualization and Integrated Discovery (http://david.abcc.
ncifcrf.gov/). The following parameters were used: Count,
2; EASE, 0.01; and species and background, Homo sapiens.
Using the gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes annotation, the biological processes and
pathway corresponding to the modules were identified, and
the P-values were ranked.

Results

PHD, IPAH and CHD-associated genes in the OMIM data-
base. Subsequent to searching the OMIM database (on May 23,
2014), a total of 295 PHD-associated, 132 IPAH-associated
and 212 CHD-associated genes were identified (Table I). A
total of 29 overlapping genes were detected among the three
diseases, which accounted for 9.33% (29/295) of the identified
PHD-associated genes, 21.97% (29/132) of IPAH-associated
genes, 13.68% (29/212) of CHD-associated genes and 5.8%
(29/500) of the total number of genes associated with the three
diseases.
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Topological distribution of diseases networks. Global maps
of the CHD network (Fig. 1A), IPAH network (Fig. 1B) and
PHD network (Fig. 1C) exhibit a similar center-outward
diffuse landscape. The multiple topological parameters of
the three disease networks are listed in (Table IT). Based on
the 295 PHD-associated genes, PHD-associated networks
contained 1,363 nodes (genes) and 4,592 edges (interactions),
which was more complex than the other networks. However,
the IPAH-associated network had the smallest number of
genes (132 [PAH-associated genes) and the biggest network
centralization value (0.065) and clustering coefficient (0.658).
The increase in the node degree (the number of node-edges
in the network) in the CHD (Fig. 1A and D), IPAH (Fig. 1B
and E) and PHD (Fig. 1C and F) networks followed a power-law
distribution.

Overlapping distributions of genes in the disease networks.
The 29 overlapping genes accounted for 13.68% of
CHD-associated genes, 9.83% of PHD-associated genes,
and 21.97% of IPAH-associated genes, 12 of which were in
the 7 CHD network modules, 8 were in the 7 PHD network
modules and 15 were in the 14 IPAH network modules. In
addition, arachidonate 5-lipoxygenase (ALOXS5) was identi-
fied in all three disease network modules.

Different overlapping distribution of modules among disease
networks. The 3 overlapping modules accounted for 10.81% of
the CHD modules, 2.71% of the PHD modules and 3.29% of
the IPAH modules. Compared with other modules in the three
diseases, Mcgiop13 and Mco13po5 ranked in a higher position.

Using the MCODE, version 1.32 for each disease network,
there are 29 overlapping genes (Fig. 2A) and 3 overlapping
modules in the three disease networks (Fig. 2B). Furthermore,
110 modules were identified from the CHD network (Fig. 2C),
91 modules from the IPAH network (Fig. 2D) and 74 modules
from the PHD network (Fig. 2E). Notably, the three overlap-
ping modules were identified among the three disease networks
(Fig. 2B). In addition, 3, 5 and 9 additional modules, respec-
tively, were identified between pairs of the diseases, for example
My, between PHD and CHD, M;,; between IPAH and PHD
and M55 between CHD and IPAH networks. Excluding the
overlapping modules, the PHD network had the most unique
modules (n=93) compared with the other networks.

Functional enrichment analysis of three overlapping modules.
Based on the GO functional enrichment analysis of the 3 overlap-
ping functional modules in IPAH, CHD and PHD (Fig. 3A), the
3 overlapping modules were observed to contain 26 overlapping
functional annotations (Fig. 3B), including 13 for biosynthetic
processes (such as the cellular carbohydrate biosynthetic process
and other biosynthetic processes), 8 for metabolic processes (the
glycoprotein metabolic process and other metabolic processes),
4 for glycosylation processes (glycosylation, biopolymer glyco-
sylation, protein amino acid glycosylation and protein amino
acid N-linked glycosylation) and 1 for oxidation reduction.
Biosynthetic processes and metabolic processes accounted for
50.00% (13/26) and 30.77% (8/26) of all biological processes,
respectively. The three overlapping modules also have two
pathways (Fig. 3C), including glycosphingolipid biosynthesis
and the arachidonic acid metabolism.
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Table II. Topological parameters of the three disease networks.
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Parameter CHD IPAH PHD
Clustering coefficient 0.611 0.658 0.614
Network diameter 13 13 12
Network radius 1 1 1
Network centralization 0.045 0.065 0.058
Number of nodes 974 812 1363
Number of edges 3040 2067 4592
Gene number 212 132 295
Overlapping gene/gene 0.13 (13.68%) 0.21 (21.97%) 0.09 (9.83%)
Modules 74 91 110
Average size 7.081 5.374 6.964
Maximum size 78 53 49
Minimum size 3 3 3
Modularity 0.445 047 0415
Overlapping module/module 0.04 (4.05%) 0.03 (3.30%) 0.02 (2.73%)

CHD, coronary heart disease; IPAH, idiopathic pulmonary arterial hypertension; PHD, pulmonary heart disease.
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Figure 1. Characteristics of disease-associated gene interaction networks. (A) CHD network, (B) IPAH network and (C) PHD network. Node degree and
power distribution of the (D) CHD, (E) IPAH and (F) PHD networks. CHD, coronary heart disease; IPAH, idiopathic pulmonary arterial hypertension; PHD,

pulmonary heart disease.

Modules between IPAH and CHD. IPAH and CHD shared
3 other overlapping modules in addition to the three over-
lapping modules for IPAH, CHD and PHD (Fig. 3D). The
3 overlapping modules all consisted of 3 nodes and 3 edges,
and had 18 functional annotations (Fig. 3E), including the
eicosanoid biosynthetic process, the eicosanoid metabolic

process, the fatty acid biosynthetic process and the cellular
alkene metabolic process. The arachidonic acid metabolism
was the only pathway identified (Fig. 3F).

Modules between CHD and PHD. In addition to the three over-
lapping modules, CHD and PHD shared 5 additional common
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Figure 2. (A) The number of overlapping genes between CHD, IPAH and PHD. (B) The number of overlapping modules between CHD, IPAH and PHD.
(C) The 74 CHD modules. (D) The 91 IPAH modules. (E) The 110 PHD modules. CHD, coronary heart disease; IPAH, idiopathic pulmonary arterial hyperten-
sion; PHD, pulmonary heart disease.
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Figure 3. (A) The 3 overlapping modules between CHD, IPAH and PHD. (B and C) Biological processes and pathways of the 3 modules. (D) Overlapping
modules between CHD and IPAH. (E and F) Biological processes and pathways between CHD and IPAH. CHD, coronary heart disease; IPAH, idiopathic
pulmonary arterial hypertension; PHD, pulmonary heart disease.
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Figure 4. (A) The 5 overlapping modules in the CHD and PHD networks. (B) The 176 biological processes of the 5 overlapping modules in the CHD and PHD
networks. (C) The 5 pathways in the 3 overlapping modules in the CHD and PHD networks. CHD, coronary heart disease; IPAH, idiopathic pulmonary arterial

hypertension; PHD, pulmonary heart disease.
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Figure 5. (A) The 9 overlapping modules in the IPAH and PHD networks. (B) The 127 biological processes of the 9 overlapping modules in the IPAH and PHD
networks. (C) The 2 pathways of the 9 overlapping modules in the IPAH and PHD networks. CHD, coronary heart disease; IPAH, idiopathic pulmonary arterial
hypertension; PHD, pulmonary heart disease.

modules (Fig. 4A), which consisted of a minimum of 3 nodes  annotations (Fig. 4B) and 5 pathways (Fig. 4C). Regulatory
and 3 edges. The largest one, My, comprises 26 nodes and  processes, cellular processes and development processes have
325 edges. The 5 overlapping modules have 176 functional  the most functional annotations. The most significant module,
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Figure 6. Biological processes of the top 10 non-overlapping modules for (A) CHD, (B) IPAH and (C) PHD. (D) Common biological processes of the top 10
non-overlapping modules. (E) Top 10 non-overlapping modules of the three diseases shared 5 types of common pathways. CHD, coronary heart disease; IPAH,

idiopathic pulmonary arterial hypertension; PHD, pulmonary heart disease.

My 1, is the highest ranked module for PHD and CHD (ranked
using the MCODE score) and includes 114 functional annota-
tions, 37 for cellular processes (cell motility, cell migration
and other cell processes), and 7 for response processes (for
example the response to estrogen stimulus and positive regula-
tion of response to stimuli).

Modules between IPAH and PHD. IPAH and PHD shared
9 other common modules in addition to the three overlapping
modules (Fig. 5A). These were the modules that consisted
of a minimum of 3 nodes and 3 edges. The most significant
module, M35, comprises 12 nodes and 66 edges. The 9 over-
lapping modules have 127 functional annotations (Fig. 5B)
and 2 pathways (Fig. 5C). Regulation processes, development
processes and metabolic processes have the most functional
annotations. The most significant module, M,;p;, ranks third
in the PHD and IPAH modules (ranked by MCODE score),
including 36 functional annotations, including 10 for tran-
scription (for example regulation of transcription and other
transcriptional processes), and 9 for metabolic processes (for
example the nitrogen compound metabolic process and other
metabolic processes).

Modules between IPAH and CHD. IPAH and CHD shared
3 other overlapping modules in addition to the three over-
lapping modules for IPAH, CHD and PHD (Fig. 3D). The
3 overlapping modules all consisted of 3 nodes and 3 edges,
and had 18 functional annotations (Fig. 3E), including the
eicosanoid biosynthetic process, the eicosanoid metabolic

process, the fatty acid biosynthetic process and the cellular
alkene metabolic process. The arachidonic acid metabolism
was the only pathway identified (Fig. 3F).

Unique disease modules contribute their own functions
and pathways. The top 10 non-overlapping modules of the
CHD-associated network (Fig. 6A), the IPAH-associated
network (Fig. 6B) and the PHD-associated network (Fig. 6C)
shared 22 common biological processes (Fig. 6D), including
regulation, response and cellular processes. They shared
5 types of pathways (Fig. 6E), including the metabolic pathway,
a cancer-associated pathway and an apoptosis-associated
pathway.

Discussion

The current study identified numerous biological char-
acteristics among IPAH, CHD and PHD. There were
29 overlapping genes that demonstrated genetic similarity
between the three diseases. Genes including nitric oxide
synthase 3 (NOS3), angiotensin converting enzyme (ACE),
ALOXS5, VEGFA, apolipoprotein A-I and endoglin have been
identified as biomarkers or therapeutic targets for [IPAH, CHD
and PHD based on direct evidence from the Comparative
Toxicogenomics Database (http://ctdbase.org/), which provides
manually curated information regarding the association
between genes and disease (14). Previous studies have investi-
gated these biological processes, improving the understanding
of their roles in the diseases investigated in the current study.
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For example, studies have demonstrated that NOS3 serves a
role in cardiovascular pathology and individual responses to
antihypertensive drugs (15,16), and that levels of NOS3 vary
with increasing CHD and IPAH occurrence (17,18). Additional
studies have suggested that ACE may contribute to the devel-
opment of IPAH and CHD (19,20). Drugs targeted at ACE,
such as ACETIs, are used to treat [IPAH, PHD and CHD (21-23).

The common modules for IPAH, PHD and CHD shared two
pathways: Glycosphingolipid biosynthesis and the arachidonic
acid metabolism. Previous studies have indicated that inhibi-
tion of glycosphingolipid synthesis induces a marked reduction
of plasma cholesterol and inhibits atherosclerosis development
in mice, which may alleviate CHD (24-26). The association
between glycosphingolipid biosynthesis and IPAH and PHD
remains unclear, however targeting glycosphingolipid biosyn-
thesis may be a novel treatment modality for cardiovascular
disease. The pathological processes for IPAH, PHD and CHD
involve the arachidonic acid metabolism. A previous study
indicated that a lower ratio of serum eicosapentaenoic acid to
arachidonic acid is associated with a greater risk of cardio-
vascular disease, particularly CHD (27). Thromboxane A2
(TXA2) is the major arachidonic acid metabolite. It serves a
key role in normal physiology and control of vascular tone (28)
and is associated with the development of IPAH (29). TXA2
is also closely associated with the occurrence of pulmonary
embolism, which leads to PHD (30,31). Biosynthetic processes
are the most functional annotations of the three diseases, and
they include the leukotriene (LT) biosynthetic process and
the lipid biosynthetic process. LTs are lipid mediators that are
derived from the 5-lipoxygenase pathway of arachidonic acid
metabolism, and which modulate inflammation in pulmonary
arterial hypertension (32). LTs serve a pivotal role in the
pathogenesis of atherosclerosis, have a close association with
CHD (33), and additionally increase oxygen free radicals
involved in the development and maintenance of heart failure,
which is a typical symptom of PHD (34). Due to the fact that
LTs are important in IPAH, CHD and PHD, the use of agents
that influence the LT pathway has potential for the use in treat-
ment for IPAH and PHD (32,34). LTs have additionally been
identified to be effective in predicting CHD (33). Functional
observations including oxidation reduction, the unsaturated
fatty acid biosynthetic process, the glycoprotein biosynthetic
process and the eicosanoid metabolic process were addition-
ally identified to be associated with IPAH, CHD and PHD in
the current study; however, these observations require further
investigation and discussion.

A greater number of overlapping functional modules and
functional annotations were identified between pairs of the
diseases. The most significant CHD and PHD module was M,
and the most important functional annotations of this module
are cellular processes and response processes. Regulation of
the response to external stimuli and negative regulation of the
defense response may be important in regulating the positive
and negative feedback loops that maintain cellular status (35).
Cell migration, cell motility, regulation of locomotion and
positive regulation of locomotion are considered characteristic
aspects in CHD (36). Certain treatments influence cell func-
tion. Treatments including atorvastatin, which increases the
migration of endothelial progenitor cells, can reduce pulmo-
nary arterial pressure in patients with PHD (37).
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The most significant IPAH and PHD module is M35, and
transcription is the major pathway. Regulation of transcription,
negative regulation of the RNA metabolic process and posi-
tive regulation of transcription from the RNA polymerase 11
promoter have been identified to participate in regulation of
the DNA transcription into messenger RNA by transcription
factors. Therapeutic strategies aimed at transcription factors
may be a novel treatment technique for IPAH (38).

There are three common IPAH and CHD modules. There
are 18 biological processes, some of which are pathways
involved in the development of IPAH and CHD, such as the
inflammatory response and the response to wounding (39-41).
These two diseases are not connected as closely as those
described above, potentially due to the fact that the course of
IPAH is shorter than that of CHD, and numerous patients are
diagnosed with IPAH at a younger age (42). Patients with CHD
are predominantly over the age of 40 years (43), and thus there
is a lack of overlap for CHD and IPAH.

Medication aimed at common target genes and pathways
has been used to treat IPAH and CHD. HMG-coenzyme-A
reductase inhibitors (statins) (44,45) and ACEIs (46,47) are
used to treat patients with CHD. It has been previously identi-
fied that statins reduce pulmonary hypertension in patients
with pulmonary heart disease by improving endothelial
progenitor cell function (37),and ACEISs are also used to relieve
symptoms of IPAH (48.,49). The nonselective endothelin (ET)
receptor antagonist bosentan, which is recommended as a
first-line agent for the treatment of IPAH, improves the hemo-
dynamics and exercise capacity in patients with PHD (50).
It has been observed that ET-1 expression is enhanced in
human atherosclerotic lesions (51), and ET-1 plasma levels
are increased in patients with acute myocardial infarction (a
type of CHD) (52). Long-term administration of ET receptor
antagonists improves coronary endothelial function in patients
with early atherosclerosis (53), and it provides a new approach
for prevention and therapy of CHD.

The top 10 non-overlapping IPAH, CHD and PHD modules
shared 22 types of similar biological processes, including
regulation processes, response processes and cellular processes,
which were discussed above and their correlation was presented
with the three diseases (35-37). The apoptosis pathway partici-
pates in the development of CHD, IPAH and PHD (54-56).
Although these top 10 modules are unique, there are also several
common types of biological processes and some common
pathways, including apoptosis, cell cycle and metabolism. The
unique part of the biological processes was also identified to
be associated with the disease. Regeneration-associated func-
tions are uncommon in CHD, and intracoronary autologous
bone marrow cell transplantation has been reported to result in
regeneration of function of human infarcted hearts in patients
with CHD (57). The current study demonstrated that there are
correlations between IPAH, CHD and PHD, which confirms the
necessity and feasibility of the study.

Due to the fact that numerous overlapping genes, biological
processes and pathways were identified in the present study,
further insight into the pathological mechanisms of IPAH,
CHD and PHD was gained, and novel focuses for future
research and potential drug targets were identified. The results
of the current study suggest that drug indications may be
broadened because of these potential targets.
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With the variation present between the large amount of

online data available, the results of network analyses may
slightly differ. In addition, certain results cannot be fully
understood due to the limitations present in the current litera-
ture. The current study was based on gene network analysis
constructing a system network to provide comprehensive
insight into IPAH, PHD and CHD, instead of focusing on a
single gene or pathway as previous studies have done.

Overlapping genes and modules in IPAH, PHD and CHD

were investigated in the present study. A disease network was
constructed to determine the common characteristics between
IPAH, PHD and CHD. The three common modules, Mcgop3,
M 113925 and M0177p102, €an be studied together when observing
intervention results, and multi-gene alterations in IPAH, PHD
and CHD can be studied. In addition, the observations of the
current study suggest that drug indications may be broadened
due to common targets. For example, medicine aimed at ET to
treat IPAH may additionally be used for PHD and CHD.
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