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Abstract
It has been well documented that ion channels and
intercellular gap junctional proteins participated in the
pathophysiological processes of myocardial infarction
(MI) which resulted in lethal arrhythmias and sudden
cardiac death. miRNA expression is dynamically
regulated during MI and altered miRNA expression
can induce deregulation of ion channel genes at the
post-transcriptional level. We conducted a rationally
designed bioinformatics analysis combined with
experimental approaches to screen key therapeutic
members in the IUPHAR database and Wikipedia, a
whole genome protein interaction network was
established here and comprehensive topological
assessment was applied to confirm the individual
network status and to reflect their biological
significance. Meanwhile, the number of validated and
confidently predicted miRNAs regulating each gene
encoding ion channel or gap junction protein was
counted. miRNA analysis indicated that connexin 43
was under more intensive miRNA regulation compared

with the other ion channel and gap junction proteins.
Furthermore, the topological network analysis
highlighted the important role of connexin 43 in MI
and also identified the important biological roles of
TRPV4, SCN5A, CACNA1C and TRPC6. The
abnormal expression of TRPC6 was experimentally
validated in 1 month MI model of rat, which implied its
potential therapeutic target for MI. Our work
suggested that network systems approach could gain
valuable insight into the pathological mechanism of
MI which has not been uncovered by previous
experimental studies.

Copyright © 2011 S. Karger AG, Basel

Introduction

Electrophysiological remodeling and functional
abnormalities have been described in myocardial infarction
(MI) following by lethal arrhythmias and sudden cardiac
death. As ion channels and gap junctions participate in
cardiac electrophysiological activities, their dysfunction
is closely related to the pathology of MI [1]. It has been
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shown that β-blockers could reduce sudden cardiac death.
However, when β-blockers therapy is not effective, the
potassium channel blockers, amiodarone can be used
monitoring for side effects. Therefore, it is believed that
ion channels and connexins form an underexploited
therapeutic area, although current drugs targeting ion
channels fail to prevent serious consequences such as
sudden death in patients with MI [2]. Meanwhile, by
selectively targeting connexin 43, the ischemia-induced
conduction slowing and ventricular fibrillation could be
successfully reversed [3]. Given the long list of ion channel
and gap junction proteins in IUPHAR [4] and Wikipedia,
the above evidences strongly suggest that potential
therapeutic targets can be likely found if novel approach
is applied. Unfortunately currently available techniques
may not permit thorough characterization of ion channel
and gap junction proteins, thus computational prediction
remain the only approach to rapidly and comprehensively
identifying an important protein in silico. Hence, we
proposed a protein interaction network based systems
biology method in order to comprehensively assess all
the currently known 162 ion channel and gap junction
proteins for therapeutic intervention.

We established a whole genome protein interaction
network applying Bisogenet [5] and quantitatively
described the status of all the studied proteins in the
network by introducing two topological parameters degree
and neighborhood connectivity [6]. Furthermore, many
studies have proved that miRNAs play an important role
in regulating ion channel genes expressions in
posttranscriptional level [7], the number of miRNAs
regulating each ion channel or connexin protein gene was
counted from current available databases. Two integrative
databases (miRSel and miRecords) were used to search
for the experimentally validated and confidently predicted
miRNA-gene interactions [8, 9].

The family of ion channels and connexins represents
an important category of potential drug targets as their
dysfunction is intensively implicated in MI [10, 11].
Systems biology empowers us to understand the whole
organism or system by individual connections at both the
gene and protein levels [12]. In the current study, a novel
network systems approach was proposed by placing the
ion channel and gap junction proteins into a whole genome
protein interaction network. This allowed us to
comparatively investigate their different biological status.
Assisted by miRNA regulation analysis, comprehensive
assessment of ion channel and gap junction proteins could
be attained. Our results will contribute to the rational drug
target identification in this underexploited area.

Materials and Methods

Whole genome protein interaction network and
topological parameter calculation
By combining the protein encoding genes list retrieved

from HGNC [13] and the IUPHAR and Wikipedia recorded ion
channel and gap junction genes list, a Cytoscape [14] plug-in
BisoGenet was applied to establish the whole genome protein
interaction network with interaction type of protein-protein
interaction and distance of 3 selected. Another plug-in
NetworkAnalyzer then calculated the two topological
parameters degree and neighborhood connectivity for each
node. All nodes representing proteins were classified into three
categories according to their degree values. To a given node
with a degree value of more than 100, it was regarded as a hub.
If the degree value of a node was between 50 and 100 or less
than 50, it should be defined as a sub-hub or common node
(including ion channels and connexins) [15]. Finally, the degree
and neighborhood connectivity values of each node were
normalized with average parameter values of all the nodes in
the network as baseline. Notably, for NetworkAnalyzer
application, protein interaction direction should be ignored and
self-loops should be also deleted in advance.

Establishment of MI model
Male wistar rats (250~270 g) were randomly divided into

two groups: control, MI for 1 month. The animals were
anaesthetized with chloral hydrate (300 mg/kg). A left
thoracotomy was performed, and the left anterior descending
coronary artery was ligated as described previously for 1 month
[16]. Remote tissues of ischemic areas in the left ventricles
were quickly dissected for subsequent analysis. The control
group of rats was handled in the same manner except the ligation
of coronary artery.

Western Blot
The total amount of protein was extracted from the left

ventricular peri-infarct region of rats for immunoblotting
analysis, by use of procedures essentially the same as described
in detail elsewhere [17]. Proteins were separated by
electrophoresis on 10% SDS–polyacrylamide gels and
transferred moist to polyvinylidene difluoride membranes.
Membranes were blocked by 5% nonfat dry milk in PBS for 2 h
at 4 °C. Membranes were washed with PBS containing 0.5%
Tween 20 (PBS-T) and then probed with TRPC6 antibody
(Alomone, Jerusalem, Israel) overnight at 4°C. Membranes were
washed three times, 15 min each time with PBS-T and incubated
with secondary antibody (Alexa Fluor) for 1 h. Western blot
bands were captured on the Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA) and quantified with
Odyssey v1.2 software by measuring the band intensity (area
× OD) in each group and normalizing to the internal control
(GAPDH, Kangcheng, Shanghai, China).

miRNA regulation analysis
By retrieving the miRNA-gene interactions from

miRecords and miRSel, we counted the summed number of the
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miRNAs and MI dysregulated miRNAs [18] interacting with
individual ion channel or gap junction protein genes and those
encoding hubs genes in the whole genome protein interaction
network. Then we compare the number of miRNAs between
hub group and ion channel and connexin group in the whole
genome and in MI. Notably, although miRecords also provided
the experimentally validated miRNA-gene interactions in human
being, miRSel was alternatively chosen as the validated
interaction source for the timely update of data [8]. MiRecords
was only used for obtaining the comparatively confidently
predicted miRNA-gene interactions which were simultaneously
identified by at least 4 prediction methods.

Softwares and databases
Cytoscape 2.6.3 software was applied for free and with

two plugins, which are Bisogenet and NetworkAnalyzer. HUGO
Gene Nomenclature Committee (HGNC), IUPHAR, miRecords
and miRSel databases are provided online.

Statistical analysis
All data are expressed as mean ± SEM. Statistical analysis

was performed using the Student’s t test. Differences were
considered to be statistically significant when p < 0.05.

Results

Network Analyzer analysis
There were totally 19363 protein-encoding genes

retrieved from HGNC, and 162 ion channel and gap
junction genes were recorded by IUPHAR and Wikipedia.
BisoGenet created a whole genome protein interaction
network which contained 19539 nodes and 64594 edges.
Among the 19539 nodes, 120 were named as hubs and
349 as sub-hubs based upon the calculation result of
NetworkAnalyzer. None node representing ion channel
or gap junction protein was classified into the category of

hub or sub-hub. We calculated the percent part of hubs,
sub-hubs, common nodes and especially the nodes
representing ion channel or gap junction proteins at
different thresholds of normalized degree and
neighborhood connectivity (Fig. 1F). Figure 1F showed
that sub-hubs would more likely connect with nodes of
comparatively higher degree than hubs and common
nodes. There were only approximately 5% of common
nodes left at the threshold of 1.8. Among them, one
connexin and four ion channel proteins were found. They
were connexin 43, TRPV4 (transient receptor potential
cation channel, subfamily V, member 4), SCN5A (sodium
channel, voltage-gated, type V, alpha subunit), CACNA1C
(calcium channel, voltage-dependent, L type, alpha 1C
subunit) and TRPC6 (transient receptor potential cation

Fig. 1. Results of topological
network analysis. (A-E) The proteins
TRPV4, GJA1, SCN5A, CACNA1C
and TRPC6 with their directly
interacted proteins respectively.
Nodes of round rectangle: common
nodes; nodes of hexagon: subhubs;
nodes of diamond: hubs. (F) Distribu-
tion of normalized degree and neigh-
borhood connectivity.

Fig. 2. Protein expression of TRPC6 in myocardial infarction
(MI) rat heart. (A) Western blot result for TRPC expression in
the left ventricles. The expression of TRPC6 was markedly
increased in MI heart. (B) Values are given normalized to band
intensity of GAPDH used as internal control. All values are
expressed as mean ± SEM (n = 3 in each group).
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channel, subfamily C, member 6). Higher degree and
neighborhood connectivity values indicated their more
important biological status compared with other ion
channel and gap junction proteins (Fig. 1A-E).

Experimental validation
The expression of TRPC6 was markedly increased

in MI group compared with that in control group (p <
0.05) (Fig. 2). This experimental result was consistent
with our previous computational prediction.

miRNA regulation analysis
By applying the miRecords and miRSel databases,

we counted the experimentally validated and confidently
predicted miRNA-gene interactions of the hub genes and
ion channel and connexin genes (Fig. 3E). Consistent with
the previous study [7], we found that hub genes would be
more likely under intensive miRNA regulation than ion
channel and connexin genes that belonged to common
nodes (p < 0.0001). Correspondingly, significantly altered
miRNA regulation focused on the hub genes could be
found in MI (Fig. 3E). By categorizing the ion channel
proteins into different subfamilies according to the ion
selectivity, we conducted the distribution statistics of the
topological parameters and miRNA regulation intensity
among different subfamilies (Fig. 4A-D). Fig. 4A and 4B
showed that calcium ion channel proteins were generally
assigned with higher neighborhood connectivity than the
other proteins, while there was no difference in the degree
distribution in the whole as different categories were
compared. The sodium ion channels were under intensive
miRNA regulation that tended to be deregulated in MI
(Fig. 4C and 4D).

Discussion

The main finding of the present work is that: (1) we
successfully established a whole genome network to
study ion channel and gap junction proteins in MI; (2) we
confirmed that connexin 43 et al is putative protein in MI
which is consistent with previous studies; (3) we also
predicted and validated TRPC6 as a novel potential targets
in MI.

Currently, most of the drugs for MI therapy are
proved failing to protect cardiac physiological function
and reverse pathological conditions of MI [2]. Because
dysregulation of ion channel proteins and connexins was
intensively associated with the lethal arrhythmias, markers
of an elevated risk of sudden death from MI, we proposed

Fig. 3. Results of miRNA regulation analysis. (A-D) The genes
GJA1, SCN5A, CACNA1C and TRPC6 with their interacted
miRNAs, respectively. Nodes of round rectangle: predicted
miRNAs; nodes of diamond: experimentally validated miRNAs.
(E) The number of miRNAs in whole genome and MI
dysregulated miRNAs regulating hub genes and ion channel
and gap junction proteins.

Fig. 4. Statistics of topological parameters and miRNA
regulation intensity. (A) Distribution of degree. (B) Distribution
of neighborhood connectivity. (C) Distribution of the number
of miRNAs in the whole genome. (D) Distribution of the number
of miRNAs dysregulated in MI. Sodium: selectively sodium
ion channel proteins; Potassium: selectively potassium ion
channel proteins; Calcium: selectively calcium ion channel
proteins; Connexin: gap junctional proteins; Other: proteins
assembling CatSper and Two-Pore Channels, Cyclic Nucleotide-
Regulated Channels or Transient Receptor Potential Channels.
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a novel system biology approach to investigate which
could be the potential therapeutic targets among these
proteins. Depending upon the whole genome protein
interaction network by the Cytoscape plug-in BisoGenet,
the Cytoscape plug-in NetworkAnalyzer allowed us to
comprehensively assess the inherent biological status of
these proteins (Fig. 1A-E). Two topological parameters
were introduced here to quantitatively describe the
network status of each protein. Higher degree and
neighborhood connectivity empower a protein to play more
important roles in regulating cellular functions [19, 20].
Connexin 43 and four ion channel proteins were assigned
with higher degree and neighborhood connectivity,
implying their important biological roles (Fig. 1A-E).
Except TRPV4, connexin 43 and other three ion channel
proteins were experimentally validated to be involved into
the pathology of MI (Table 1 and Fig. 2). Recently, Du et
al. reported that inhibition of TRPC6 degradation could
protect against cerebral ischemia [21]. In the current
study, we experimentally verified its deregulation in MI
(Fig. 2). Further biological experiments were definitely
needed to detect its underlying mechanisms in MI. In
addition, several studies have focused on the relationship
between TRPV4 and ischemia in other tissues [22].
Therefore, it should be noted that TRPV4 also triggers
our interesting to study based on both our analysis and
previous relevant studies.

As miRNAs play important roles in gene expression,
at posttranscriptional regulation, they have been proved
as indispensable participators in the pathological process
of cardiac arrhythmia induced by MI [23]. We counted
the miRNAs which potentially interacted with the 162
ion channel and gap junction proteins in the whole genome
range and especially at the pathological state of MI, with
the hub proteins as reference (Fig. 3E). Although connexin
43 was only under moderate miRNA regulation from the
whole genome perspective (58 miRNA-gene interactions
found), the most intensive miRNA regulation focusing on
it was discovered in MI (Fig. 3A), compared with the
other connexins and ion channel proteins. This result
indicated that on the one hand the normal function of
connexin 43 was under the fine-tuning of numerous
miRNAs in the heart and essential to cardiac health; on

the other hand this precise and complex regulation was
very vulnerable during deterioration of intracellular
environment.

The statistics of the topological parameters degree
and neighborhood connectivity implied that the normal
operation of calcium channels was more necessary for
important physiological functions than the channels
assembled by the proteins in the other categories (Fig.
4A and 4B). It is probably because involvement of calcium
ion is universal in various physiological processes.
Surprisingly, we found that sodium channel proteins but
not calcium channel proteins would be more likely under
intensive miRNA regulation that tended to be seriously
imbalanced in the MI state (Fig. 4C and 4D). Loss of
control and the prominent role of INa in cardiac
electrophysiology [24] well explain the arrhythmia
followed by MI.

In conclusion, connexin 43 was the best therapeutic
target evaluated by both NetworkAnalyzer and miRNA
regulation analyses, which plays important role in
intercellular conductance in cardiovascular system. The
dysfunction of intercellular conductance is responsible for
ischemia-induced arrhythmia in MI. Experimental results
demonstrated that the connexin 43 expression was
significantly decreased in rat model of MI [25]. According
to our hypothesis mentioned before, drugs target for
connexin 43 could enhance intercellular conductance and
prevent arrhythmia induced by MI. This can be well
proved by the anti-arrhythmic peptide (AAP10) which
targets connexin 43 and successfully prevent ischemia-
induced arrhythmia under the clinical trials [3].

However, it should be noted that the present
computational study could not replace experimental studies
for understanding the role of ion channels in MI. This
theoretical analysis like all other in silico studies needs to
be eventually verified and should not be considered original
data, which may be the commonness of those studies
[30]. Nevertheless, due to few experimental data published
and the difficulties to get complete experimental data,
this study can well serve as important information to guide
our future studies. Another limitation of the present study
is that our study may underestimate few proteins because
of the stringent criterion. Yet, these above limitations

Table 1. The genes encoding cardiac ion channel proteins and connexins screened by our study.

Gene
Name

IUPHAR
Name

Official Full Name Expression in MI

GJA1 Cx43 gap junction protein, alpha 1, 43kDa changed [25-27]

SCN5A Nav1.5 sodium channel, voltage-gated, type V, alpha subunit changed [28]

CACNA1C Cav1.2 calcium channel, voltage-dependent, L type, alpha 1C subunit changed [28, 29]

TRPC6 TRPC6 transient receptor potential cation channel, subfamily C, member 6 changed (in this study)

TRPV4 TRPV4 transient receptor potential cation channel, subfamily V, member 4 Not reported

Ion Channels and Connexins in MI Cell Physiol Biochem 2011;27:299-304
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should eventually be solved with deepened and broadened
understanding of ion channels interaction and miRNA
regulation.
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