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Background: Diabetes mellitus is becoming a significant health problem with the International Diabetes
Federation (IDF) expecting a startling 642 million diabetes patients by 2040. Liraglutide, a glucagon-like
peptide-1 (GLP-1) analog, is reported to protect against diabetic cardiomyopathy by binding to the receptor,
GLP-1R. However, the underlying mechanism has yet to be clarified. This study aimed to investigate the
underlying mechanisms and the effects of liraglutide on diabetic patient’s cardiac muscles.

Methods: GSE102194 genetic expression profiles were extracted from the Gene Expression Omnibus
(GEO) database. The gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway (KEGG)
enrichment analyses were carried out. Next, Cytoscape software was used to construct the protein-protein
interaction (PPI) network of the differentially expressed genes (DEGs). DEGs were mapped onto a protein-
protein interaction (PPI) network that comprised 249 nodes and 776 edges.

Results: A total of 520 DEGs were discovered, including 159 down-regulated genes and 361 up-regulated
genes. DEGs that were upregulated were notably enriched in biological processes (BP) such as muscle system
process, muscle system process, muscle structure development and anatomical structure morphogenesis
while DEGs that were downregulated were rich in detection of chemical stimulus and neurological system
process. KEGG pathway analysis showed the up-regulated DEGs were enriched in adrenergic signaling for
cardiomyocytes, dopaminergic synapse, and circadian entrainment, while the down-regulated DEGs were
enriched for factory transduction in 249 of the 520 tested samples. The modular analysis identified 4 modules
that participated in some pathways associated with cardiac muscle contraction, hypertrophic cardiomyopathy
(HCM), and MAPK signaling pathway.

Conclusions: Our data showed that Glp-1 could decrease the protein expression of p38, JNK, ERK1/2,
and MARS proteins induced by high glucose (22 mM, 72 h). This study highlights the potential physiological
processes that take place in diabetic cardiac muscles exposed to liraglutide. Our findings elucidated the
regulatory network in diabetic cardiomyopathy and might provide a novel diagnostic and therapeutic target
for diabetic cardiomyopathy.

Keywords: Liraglutide; bioinformatics analysis; network modules; microarray; differentially expressed genes

(DEGs)

Submitted Sep 04, 2019. Accepted for publication Jan 03, 2020.
doi: 10.21037/atm.2020.01.94
View this article at: http://dx.doi.org/10.21037/atm.2020.01.94

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(5):181 | http://dx.doi.org/10.21037/atm.2020.01.94


https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2020.01.94

Page 2 of 15

Introduction

Diabetes mellitus is becoming a major health problem as
the International Diabetes Federation (IDF) expects an
astounding 642 million diabetes patients by 2040 (1). This
chronic metabolic disease causes a series of serious long-
term complications affecting the cardiovascular system,
peripheral vascular system, central nervous system, and
renal function (2). Diabetic cardiomyopathy, among these,
exists independently of macro-and micro-coronary artery
diseases and other cardiovascular diseases, and presents a
high risk of cardiovascular morbidity and mortality (3).

The major pathological manifestations of diabetic
cardiomyopathy include hypertrophy, ventricular
dilatation, and compromised contractile function,
which may be attributed to apoptosis and interstitial
fibrosis, leading to ventricular remodeling (1). Previous
studies from our lab and others have depicted a few
pathophysiological factors that are involved in the onset
and development of diabetic cardiomyopathy, including
glucose and lipid toxicity, inflammation, oxidative stress,
mitochondrial injury, interstitial fibrosis, apoptosis, and
dysregulated autophagy (2,3).

Little is known about the physiological process that
underlies the progression of diabetic cardiomyopathy,
which prohibits adequate treatment. As such, a deeper
understanding of the specific processes that govern cell
apoptosis and proliferation, as well as the progression of
diabetic cardiomyopathy, are crucial for the invention of
better therapeutic and diagnostic modalities.

Liraglutide is a glucagon-like peptide-1 (GLP-1) analog
that binds to the GLP-1R receptor and has been shown
to be abundantly expressed by RGC-5 cells (4). A GLP-
1 homolog, exendin [9-39], is 53% similar in sequence
homology and is commonly utilized as a GLP-1 receptor
antagonist in experimental studies (5). Zhang et al. reported
Glp1r expression on retinal ganglion cells and investigated
the GLP-1 protective mechanisms against hyperglycaemic
conditions (6). The diabetic retina in the early stages of DR
is protected by GLP-1 (7). Liraglutide enhances a systemic
glycaemic reduction while providing multiple protective
effects against diabetic complications (8,9). Despite
previous research, the specific role of GLP-1 on diabetic
cardiomyopathy has yet to be investigated. Therefore, the
current study used the microarray dataset, GSE102194
which was extracted from the NCBI-Gene Expression
Omnibus database (NCBI-GEO) (https://www.ncbi.nlm.
nih.gov/geo).
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The sample size included cardiac muscle samples
of 3 liraglutide-treated rats and 3 untreated controls.
Differentially expressed genes (DEGs) were identified
and used to perform the Gene Ontology and pathway
enrichment analyses using the DAVID online tool. Protein-
protein interaction (PPI) networks (http://string-db.
org) and modular analysis were constructed to discern
hub genes. We also found that these modules were
associated with cardiac muscle contraction, hypertrophic
cardiomyopathy (HCM), and MAPK signaling pathway.
We also confirmed that Glp-1 increased H9¢2 cell growth
after treatment with a high volume of glucose 22 mM, 72 h)
using CCK-8 assays. Glp-1 attenuated high glucose-induced
cell apoptosis accompanied by a decrease in the level of
proinflammatory cytokines (IL-1, IL-1B, and TNF-a) as
confirmed by the ELASE kit. Glp-1 also decreased the
expression of p38, JNK, ERK1/2, and MARS proteins
induced by HG. DEG identification, along with the
respective enriched biological pathways and functions, may
provide immense insight into the mechanism of liraglutide-
protected diabetic cardiomyopathy.

Methods
Microarray data information

GSE102194 gene expression profiles were extracted
from the GEO database. GSE102194, which was based
on GPL17117 platform Affymetrix Rat Gene 2.0 ST
Array) (10). The GSE102194 cohort comprised 6 samples,
including the cardiac muscle of 3 liraglutide-treated rats and
that of 3 controls.

DEG identification

Raw data files were downloaded in TXT file formats
(Affymetrix platform), with subsequent analyses completed
on the GEO2R software. Hierarchical clustering analysis
was applied to group the data into 2 similar expression
patterns of liraglutide-treated and control rat cardiac
muscle. Principal component analysis (PCA) in GeneSpring
was used to determine probe quality control. The cutoff
criterion for statistically significant DEGs was defined as
(logFC) >1.

Functional envichment analysis of DEGs

Candidate DEGs enriched pathways and functions were
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discerned using the DAVID tool, a freely available online
tool that allows gene visualization and annotation as well
as integrated discovery function, allowing for a holistic
interpretation of the biological function of any one gene
(https://david.nciferf.gov/) (11). Gene ontology analysis
(GO) is a commonly used means of gene and gene product
annotation; it is also able to determine the defining
biological characteristics of high-throughput genome or
transcriptome data (12). The Kyoto Encyclopedia of Genes
and Genomes (KEGG) (http://www.gen ome.jp/) is a
database of genetic functions that links both functional and
genomic information (13). Both a P<0.01 and FDR<0.05
were taken to indicate statistical significance.

Integration of protein-protein interaction (PPI) network
and modular analysis

DEGs were mapped onto the STRING (Search Tool for
the Retrieval of Interacting Genes) database (version 9.0)
to evaluate inter-DEG relationships via protein-protein
interaction (PPI) information (http://string-db.org) (14).
Protein interaction relationship networks were mapped
using the Cytoscape software (15), which analyzed the
relationship between candidate DEG encoding proteins in
the cardiac muscle of liraglutide-treated rats. Node degree
was calculated using the Network Analyzer plug-in, which
involved determining the number of interconnections to
sort out PPI hub genes. Molecular Complex Detection
(MCODE) was utilized to filter PPI network modules on
Cytoscape, selecting only modules with a node number
of less than 4 and MCODE scores of more than 4. These
nodules were then subjected to pathway and function
enrichment analyses. P<0.01 was determined as significantly
different.

Cell culture and transfection
H9¢2 cells were acquired from the Chinese Academy of
Science, Shanghai Cell Bank and cultured in low glucose
(5.5 mM) minimum essential medium (Gibco-Invitrogen,
Grand Island, NY, USA) complemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco BRL, Grand
Island, NY, USA), 100 U/mL of penicillin, and 50 g/mL
of streptomycin (Beyotime Institute of Biotechnology,
China). The cells were placed in a humidified atmosphere
containing 5% CO, at 37 °C.

To establish a high glucose- (HG-) induced stress model
in H9¢2 cells, D-glucose (Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China) was added in culture medium
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to reach the final concentration of 22 mM glucose. The
concentration of 5.5 mM glucose was used as the control

group. A dose-dependent effect of propofol was evaluated
by adding 5, 10, 20, and 40 uM of propofol to the cells.

Cell counting Kit (CCK)-8 assay

H9c¢2 cells were treated with Glp-1 and harvested into
96-well plates for 48 h. CCKS8 (Dojindo Molecular
Technologies, Japan) was tested at 450 nm by Multiskan
Spectrum (Thermo Fisher, USA).

TUNEL assay

TUNEL assay was performed to examine the apoptosis
of cells. Specifically, H9¢c2 cells were fixed with 4%
formaldehyde and permeabilized with Cytonin.
Streptavidin—fluorescein conjugate was applied to detect
the biotinylated nucleotides. Fluorescein-stained cells were
analyzed by fluorescence microscopy.

Flow cytometric analysis

The apoptotic assay was conducted using an Annexin
V-FITC/PI Apoptosis Detection Kit (KeyGEN Bio-
TECH, Jiangsu, China). H9¢2 cells were double-stained
with Annexin V-FITC and propidium iodide (PI) and
analyzed with flow cytometry (FACS- can, BD Biosciences).
The relative ratio of early and terminal apoptotic cells was
detected to calculate the apoptotic rate.

Enzyme-linked immunosorbent assay (ELISA) of IL-1p,
IL-6, and TNF-a

The relative levels of I1L-6, IL-1B, and TNF-a in our
manuscript were evaluated by the ELISA kits (R&D
Systems, USA) as their protocol.

Antibodies and western blot analysis

All proteins were obtained from H9¢2 cells, cells were
lysed with RIPA buffer, and 12.5% SDS-PAGE was used
to separate the proteins. The proteins were transferred
to a nitrocellulose membrane (Pall Corporation, USA)
and blocked. Next, the blots were incubated with primary
antibodies to p38; ERK1/2, JNK, and MRAS were bought
from Cell Signaling Technology, USA. After washing and
incubating with rabbit or mouse secondary antibodies (LI-
COR Biosciences, USA), the blots were with the help of
an Infrared Imaging System (LI-COR Biosciences, USA).
The densities of bands were quantified using Odyssey 3.0
software. The blots were subjected to densitometry using
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B-actin as an internal control. The densities of bands from
each group were calculated.

Statistical analysis

Data were expressed as means + SD. Student’s non-paired
t-test or one-way analysis of variance (ANOVA) followed
by Tukey’s test were used to compare multiple groups.
Differences were considered significant when P<0.05.
SPSS software (version 13.0; USA) was used to perform the
analysis.

Results
DEG identification

DEGs were identified by separately analyzing microarray
data from each chip with the GeneSpring software. Using
(logFC) >1 as threshold cutoff point, 520 genes were
highlighted. Of these, there were 159 down-regulated genes
and 361 up-regulated genes in liraglutide-treated diabetic
cardiac muscle in comparison to untreated diabetic cardiac
muscle. A heat map of the 520 DEGs using data profile
GSE102194 is shown in Figure S1.

GO term envichment and KEGG pathway analyses

GO and pathway enrichment of DEGs were constructed
with the DAVID online databases. The DEGs were
categorized based on cellular components, biological
processes, and molecular functions. In the biological
process group, up-regulated genes were mainly enriched
in the muscle system, development of muscle structure,
and anatomical structure morphogenesis while the down-
regulated DEGs were markedly enriched in biological
processes, including the detection of chemical stimulus
and neurological system process (Figure 1A and Table 1).
GO cell component (CC) analysis also demonstrated
significant enrichment of up-regulated DEGs in the
sarcomere, contractile fiber, and neuron projection, and
significant enrichment of down-regulated DEGs in the
integral component of membrane (Figure 1B and Table 2).
In addition, for molecular function (MF), the down-
regulated DEGs were enriched in signaling receptor activity
and transmembrane signaling receptor activity, while the
upregulated DEGs were enriched in cytoskeletal protein
and ion channel binding (Figure 1C and Table 3).
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Tuble 4 and Figure 1D show the most significantly
enriched pathways of the up-regulated and down-regulated
DEGs as identified through KEGG analysis. The up-
regulated DEGs were enriched in adrenergic signaling
in cardiomyocytes, dopaminergic synapse and circadian
entrainment, while down-regulated DEGs were enriched in
factory transduction.

Identification of key candidate genes and pathways using
protein-protein interaction network (PPI) and modular
screening

With the STRING online database (Available online:
http://string-db.org) and Cytoscape software, 249 DEGs
of the 520 DEGs were mapped onto a PPI network, which
included 776 edges and 249 nodes (Figure 2A4). The top
10 hub nodes with higher degrees were further analyzed.
These hub genes included Actal, Actn2, Mapkl2, Tnnc2,
Actn3, Eno3, Myhl, Mylpf, Pgam2, and Pygm. Moreover,
this network was further assessed with MCODE plug-ins.
The top 4 modules from the PPI network were selected
for functional annotation. Pathway annotation analysis
demonstrated that Module 1 consisted of 17 nodes and 111
edges (Figure 2B, ‘luble 5), which were primarily involved in
tight junction, regulation of actin cytoskeleton, glycolysis/
gluconeogenesis, and cardiac muscle contraction. Module 2
comprised 7 nodes and 15 edges (Figure 2C, Table 5), which
were primarily involved with gap junction and phagosome.
Module 3 and Module 4 (Figure 2D,E) were primarily
involved in the MAPK signaling pathway and Synaptic
vesicle cycle, respectively.

The effect of GLP-1 regulates the cell viability induced by
bigh-glucose stress

To explore the role of Glp-1 in diabetic cardiac muscle. A
diabetic cardiac muscle model was established by H9¢2 cells.
Treatment with different concentrations of glucose (5.5,
11.0, 22.0, and 44.0 mM) for 72 h. At the concentration of
22 mM, glucose significantly decreased the cell viability of
H9c¢2 (Figure S2). Therefore, 22.0 nM glucose was used as a
standard of high glucose-stress for further study. The effect
of Glp-1 on the viability of H9¢2 cells was measured by
CCKS assay. Compared to the high glucose (22 mM) group,
Glp-1 increased H9c2 cell viability in a dose-dependent
manner at the range of 5-20 nM. However, 40 nM of Glp-
1 did not further improve cell viability during high-glucose
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Figure 1 Significantly enriched (A) GO BP terms, (B) GO CC terms, (C) GO MF terms, and (D) KEGG pathway of DEGs. The X-axis

represents the -log (P value).
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Table 1 The significantly enriched GO BP terms of differentially expressed genes

Term Count P value FDR

Up-regulated
G0:0003012~muscle system process 42 3.75E-20 5.81E-17
G0:0061061~muscle structure development 50 7.47E-18 1.16E-14
G0:0048731~system development 126 4.69E-07 7.26E-04
G0:0044765~single-organism transport 96 5.72E-07 8.86E-04
G0:0048468~cell development 73 9.78E-07 0.001515
G0:0009653~anatomical structure morphogenesis 83 1.72E-06 0.002671
G0:0048869~cellular developmental process 114 2.00E-06 0.0031
G0:0051049~regulation of transport 63 2.67E-06 0.004138
GO0:0010035~response to inorganic substance 32 3.20E-06 0.004966
GO0:0007275~multicellular organism development 131 3.78E-06 0.00586
G0:0032989~cellular component morphogenesis 51 3.87E-06 0.005997
G0:0044057~regulation of system process 27 4.12E-06 0.006389
G0:0006810~transport 115 4.28E-06 0.006636
G0:1902580~single-organism cellular localization 40 4.46E-06 0.006906
G0:2000021 ~regulation of ion homeostasis 16 1.02E-05 0.015795
G0:0034762~regulation of transmembrane transport 23 1.10E-05 0.017111

Down-regulated
G0:0009593~detection of chemical stimulus 41 3.00E-19 4.11E-16
G0:0050906~detection of stimulus involved in sensory perception 41 6.36E-19 8.72E-16
GO0:0050877~neurological system process 42 2.04E-13 2.80E-10
G0:0007165~signal transduction 54 1.48E-05 0.020299

insult (Figure 34).

GLP-1 decreases high-glucose-induced apoptosis in H9c2
Cells.

As shown in Figure 3B, after H9¢2 cells were cultured with
high glucose (22 mM, 72 h), the levels of IL-6, IL-1p, and
TNF-o were significantly increased in the media compared
to the control group, whereas, pretreatment of GLP-1 at
concentrations of 10 and 20 pM significantly reduced IL-
6, IL-1B, and TNF-o expression. Compared to the 10 nM
GLP-1 group, the 20 nM Glp-1 group further inhibited
inflammatory cytokines. The number of apoptotic cells was
labeled with Tunel". The result showed that the number
of apoptotic H9¢2 cells cultured with high glucose was
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significantly increased compared to the control group,
whereas pretreatment of GLP-1 at concentrations of 20 pM
significantly reduced the glucose-induced apoptotic cells
(Figure 3C,D). Similar to our observations, the result of flow
cytometric analysis showed the same pattern (Figure 3E).
Our data suggest that GLP-1 can protect those H9¢2 cells
injured by high glucose-induced apoptosis.

GLP1 alleviated apoptosis induced by bigh-glucose stress in
HY9c2 Cells by MRAS /MAPK signaling pathway

Our previous results (Table 5) show that MRAS and MAPK
signaling pathways might play an essential role in Glp-
1-protected H9c2 cells that are injured by high glucose.
Compared to the control group, high glucose significantly
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Table 2 The significantly enriched GO CC terms of differentially expressed genes

Term Count P value FDR

Up-regulated

G0:0030017~sarcomere 41 8.75E-32 1.13E-28
GO0:0044449~contractile fiber part 42 1.11E-31 1.43E-28
G0:0031674~1 band 31 3.32E-25 4.27E-22
G0:0030018~Z disc 27 1.90E-21 2.44E-18
G0:0043005~neuron projection 63 5.74E-14 7.38E-11
GO0:0097458~neuron part 72 2.38E-13 3.06E-10
G0:0044297 ~cell body 42 5.32E-11 6.83E-08
G0:0042995~cell projection 76 2.97E-10 3.82E-07
G0:0043025~neuronal cell body 38 3.38E-10 4.35E-07
G0:0036477~somatodendritic compartment 46 6.97E-10 8.96E-07
GO:0005737~cytoplasm 228 9.92E-10 1.27E-06
G0:0044444~cytoplasmic part 177 1.36E-09 1.75E-06
G0:0033267~axon part 25 4.27E-09 5.49E-06
G0:0098793~presynapse 25 1.29E-08 1.66E-05
G0:0031672~A band 10 2.70E-08 3.47E-05
G0:0044463~cell projection part 46 5.39E-08 6.93E-05
G0:0036379~myofilament 8 1.02E-07 1.31E-04
G0:0012505~endomembrane system 99 1.59E-07 2.04E-04
G0:0044306~neuron projection terminus 18 2.66E-07 3.42E-04
G0:0031430~M band 7 9.54E-07 0.001226
G0:0008021~synaptic vesicle 15 1.08E-06 0.001386
G0:0043195~terminal bouton 13 1.86E-06 0.002395
G0:0042383~sarcolemma 14 3.14E-06 0.004033
G0:0031982~vesicle 97 3.16E-06 0.004065
G0:0044459~plasma membrane part 70 6.27E-06 0.008055
G0:0098794~postsynapse 23 1.08E-05 0.013836
G0:0033017~sarcoplasmic reticulum membrane 7 1.26E-05 0.016165
G0:0043209~myelin sheath 15 2.95E-05 0.037942
G0:0030133~transport vesicle 18 3.28E-05 0.042101

Down-regulated
G0:0016021~integral component of membrane 59 1.20E-06 0.001377
G0:0031224~intrinsic component of membrane 59 1.97E-06 0.002255
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Table 3 The significantly enriched GO MF terms of differentially expressed genes

Term Count P value FDR
Up-regulated
G0:0008092~cytoskeletal protein binding 51 3.21E-14 3.84E-11
G0:0044325~ion channel binding 13 2.82E-06 0.003375
G0:0032403~protein complex binding 37 4.97E-06 0.005949
G0:0005516~calmodulin binding 13 2.49E-05 0.029743
Down-regulated
G0:0038023~signaling receptor activity 52 1.09E-20 1.11E-17
G0:0004888~transmembrane signaling receptor activity 47 4.49E-17 4.54E-14
G0:0099600~transmembrane receptor activity 47 9.06E-17 1.11E-13
Table 4 The significantly enriched KEGG pathway of differentially expressed genes
Term Count P value FDR
Up-regulated
rno04261: adrenergic signaling in cardiomyocytes 16 2.20E-08 2.76E-05
rno04728: dopaminergic synapse 15 6.80E-08 8.53E-05
rno05031: amphetamine addiction 9 1.75E-05 0.021963
rno04540: gap junction 10 2.70E-05 0.033829
Down-regulated
rno04740: olfactory transduction 37 7.92E-15 7.78E-12

decreased the protein levels of p38, JNK, EKR1/2, and
MRAS. As expected, compared to the model group, the
levels of p38, JNK, EKR1/2, and MRAS were increased
with high glucose. Furthermore, GLP-1 could inhibit the
expression of p38, JNK, EKR1/2, and MRAS induced by
high glucose (Figure 44,B,C,D).

Discussion

Existing literature about the pathophysiological factors
of diabetic cardiomyopathy either has only examined a
single genetic event or generate results based on a single
cohort (16). This lack of information has led towards
the stunted progression of knowledge in this field, and
indirectly, to the increased mortality and incidence of this
deleterious condition. Liraglutide is a novel agent widely
used in diabetes mellitus treatment (17). However, the
understanding of the relationship between liraglutide and
diabetic cardiomyopathy is unclear. Given that microarray

© Annals of Translational Medicine. All rights reserved.

analysis and high throughput sequencing provides vast
amounts of data on the human genome, these methods have
been utilized as a means to predict likely therapeutic targets
for liraglutide in diabetic cardiomyopathy treatment.

The current study used the GSE102194 dataset
information and successfully extracted 520 DEGs (361
up-regulated and 159 down-regulated) from the cardiac
muscle of liraglutide-treated diabetic rats and untreated
controls. Functional annotation demonstrated that these
DEGs were primarily associated with cardiomyocytes,
dopaminergic synapses, and circadian entrainment.
Through the construction of PPIs, several important genes
were highlighted that may potentially provide insight into
the effects of liraglutide on the cardiac muscle of diabetic
rats in CRC. Four modules of the PPI were chosen with
most of the involved genes found to be enriched in some
pathways such as glycolysis/gluconeogenesis, cardiac muscle
contraction, MAPK signaling pathway, and synaptic vesicle

cycle.
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Figure 2 The protein-protein interaction (PIP) networks of DEGs and modules (A); 249 DEGs were filtered into the DEG PPI network
with the STRING online database; (B) Module 1 comprises 17 nodes and 111 edges; (C) Module 2 comprises 7 nodes and 15 edges; (D)
Module 3 comprises 9 nodes and 18 edges; (E) Module 4 comprises 13 nodes and 26 edges.
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Table 5 The related KEGG pathways of different modules

Dong et al. Identification of candidate genes and pathways revealing the protective of GLP1 on diabetic cardiac

Term Count Genes

Module 1
rno04530: tight junction 4 MYH1, MYH4, ACTN2, ACTN3
rno04670: leukocyte transendothelial migration 3 MYLPF, ACTN2, ACTN3
rno04510: focal adhesion 3 MYLPF, ACTN2, ACTN3
rno04810: regulation of actin cytoskeleton 3 MYLPF, ACTN2, ACTN3
rno00010: glycolysis/gluconeogenesis 2 PGAM2, ENO3
rno04520: adherens junction 2 ACTN2, ACTN3
rno04260: cardiac muscle contraction 2 MYL3, TPM2
rno05410: hypertrophic cardiomyopathy (HCM) 2 MYL3, TPM2
rno01230: biosynthesis of amino acids 2 PGAM2, ENO3

Module 2
rno04540: gap junction 6 TUBB2B, TUBB2A, TUBB5, TUBA4A, TUBA1B, TUBB3
rno04145: phagosome 6 TUBB2B, TUBB2A, TUBB5, TUBA4A, TUBA1B, TUBB3

Module 3
rno04010: MAPK signaling pathway 2 RPS6KA2, MRAS

Module 4
rno04721: synaptic vesicle cycle 4 SYT1, CPLX1, STXBP1, SNAP25
rno04380: osteoclast differentiation 4 FOS, FYN, FOSB, JUNB
rno05031: amphetamine addiction 3 PRKCA, FOS, FOSB
rno04725: cholinergic synapse 3 PRKCA, FOS, FYN
rno04010: MAPK signaling pathway 3 PRKCA, DUSP4, FOS
rno04664: Fc epsilon RI signaling pathway 2 PRKCA, FYN

GO BP term analyses revealed that up-regulated DEGs
were primarily associated with muscle system processes, the
development of muscle structure, and cell development,
while down-regulated DEGs were associated with signal
transduction and positive regulation of the immune system
processes. These findings are consistent with the current
theory stating that diabetic cardiomyopathy initiation and
progression are highly dependent on the development
of muscle structure and muscle system processes, and
cell development (18). Additionally, the enriched KEGG
pathways of up-regulated DEGs encompassed adrenergic
signaling in cardiomyocytes and dopaminergic synapses.
Previous studies have shown that adrenergic signaling
in cardiomyocyte-related gene upregulation in human
cardiomyocyte development wields a predictive ability of

© Annals of Translational Medicine. All rights reserved.

the overall survival of cardiomyopathy patients.

PPI networks, including the top degree hub genes
of Actal, Actn2, Mapkl2, Tnnc2, Actn3, Eno3, Myhl,
Mylpf, Pgam2, and Pygm were also constructed. Actal
was identified as a hub gene that regulates the non-
immunosuppressive immunophilin ligand modifier of
gene expression in the dorsal root ganglia during painful
diabetic neuropathy (19). Reza et /. (20) reported that
ACTALI was a likely novel pathogenic variant in the dilated
cardiomyopathy family. Tadokoro et a/. (21) also reported
that congenital myopathy demonstrated a fiber-type
disproportion in the context of dilated cardiomyopathy
in a patient with a novel p.G48A ACTAI mutation. The
second hub gene, Actn2, is a lone muscle isoform of
a-actinin that can regulate diabetic cardiomyopathy and

Ann Transl Med 2020;8(5):181 | http://dx.doi.org/10.21037/atm.2020.01.94
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Figure 3 GLP-1 regulates H9¢c2 cell viability during high-glucose stress. Effects of different concentrations of GLP1 on cell viability

during high-glucose Stress. (B) Effects of different concentrations of ropofol on the secretion of proinflammatory cytokines induced by
high glucose in H9¢2 cells. (C,D) TUNEL assay were performed to show cell apoptosis. (E) Flow cytometry were employed to show cell
apoptosis. The results are shown as mean + SEM from 5 independent experiments. *, P<0.05 and **, P<0.01 versus control. HG =22 mM

high glucose. The control group was defined as 100%.

© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2020;8(5):181 | http://dx.doi.org/10.21037/atm.2020.01.94



Page 12 of 15 Dong et al. Identification of candidate genes and pathways revealing the protective of GLP1 on diabetic cardiac

N YRR
A S & B BN
© NN LN LW
SN > < of of
> Y R Y O [©) o ©
& © o"o oxo oxe & o RN
® & R Q\ & ¢ Y N Y N
s [T S e — e
Bactm"HHuu‘ls p-actin 43
kDa
L * 1 . * .
N * ' , * 1
[ S—"
* * 41 x» FH———
25 —¥l— ! i N
(9] NS
< ¢ 204 ¥ < 3+ NS
o . — @
s 2 e 3 —
5 0 15 o3
5 & - 2 5 o4
X X
g 9o 2 e T
-~ c 104 Q c
g Z ©
58 55 11
g o 05+ &) a
0.0

C

ERK1/2

B-actin

protein expression
N
1
]:z
&

Relative level of ERK1/2
protein expression
Relative level of ERK1/2

Figure 4 GLP1 decreases the expression of MRAS, p38, JNK, ERK1/2 induced by high glucose. (A,B,C,D) Expression of MRAS, p38,
JNK, and ERK1/2 protein in H9¢2 cells. HG with high glucose (22mM, 72 h). n=3 for each group; *, P<0.05 versus control group or versus
HG group.
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is expressed abundantly on cardiac muscle (22). Previous
authors have suggested that there is a relationship between
diabetic cardiomyopathy and Actn2. Additionally, Actn2
affects the incorporation of cardiomyocyte Z-disc and actin-
binding and therefore has a significant role in hypertrophic
cardiomyopathy (22). ACTN3 is also a member of the
actinin family that acts to cross proteins (23). Moreover,
through in vive co-immunoprecipitation, Eno3 can inhibit
fluorescent 3D-co-localization in differentiated H9C2
cells (24). Myhl has been documented to control muscle
fibers, DNA repair, or tumor suppressor (25,26). Of further
note, Inal-Giiltekin et 4/. (27) demonstrated Pygm mutations
in patients with McArdle disease in a Turkish cohort as
determined by next-generation sequencing. Considering
the above, additional studies investigating the function
of Mylpf in diabetic cardiomyopathy are necessary (28).
Nevertheless, the biological functions of Pgam?2 in diabetic
cardiomyopathy remain unclear.

Modular analysis of the PPI network uncovered that
the effect of liraglutide on diabetic rats’ cardiac muscle
was associated with cardiac muscle contraction and
hypertrophic cardiomyopathy (HCM). Using the STRING
online database and Cytoscape software, 249 DEGs of the
520 DEGs were mapped onto a PPI network. We further
analyzed the top 10 hub nodes with higher degrees. The
PPI network was further assessed using MCODE plug-ins,
and the top 4 modules from the PPI network were selected
for the functional annotation, which played critical roles
in the PPI network. Module 1 was primarily involved in
tight junction, regulation of actin cytoskeleton, glycolysis/
gluconeogenesis, and cardiac muscle contraction. Module
2 was primarily involved with gap junction and phagosome.
Module 3 and Module 4 were primarily involved in the
MAPK signaling pathway and synaptic vesicle cycle,
respectively. MYL3 and TPM2 are versatile signaling
molecules that regulate a diverse range of activities related
to muscle growth (29). The third module/cluster consisted
of the MAPK signaling pathway. These findings are backed
by Higgins et #/. who demonstrated MRAS-mediated
Noonan syndrome is related to cardiac hypertrophy (30).
MRAS also focuses on mineralocorticoid-receptor
antagonists (31).

To investigate the role of MRAS/MAPK in glp-1-
protected H9¢2 cell against high-glucose injury, we first
established a high-glucose injury model (32). Our data show
(Figure 3) that glp-1 can inhibit H9¢2 cell growth induced
by high glucose. This finding is similar to that of Guan ez al.

© Annals of Translational Medicine. All rights reserved.
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in whose study Glp-1 attenuated endoplasmic reticulum
stress-induced apoptosis in H9¢2 cardiomyocytes through
GLP-1R/PI3K/Akt pathways (33). Zhang ez al. further found
that liraglutide inhibits high glucose-induced oxidative
stress and apoptosis in neonatal rat cardiomyocytes (34).
IL-6 (35), IL-1B (36), and TNF-o (37) had important roles
in the progress of the high glucose-induced cardiotoxicity
in vitro model. Our data (Figure 3) indicate that glp-1 could
decrease the levels of IL-6, IL-1pB, and TNF-o that were
elevated by high glucose. Interestingly, glp-1 attenuated the
high glucose-induced inflammation response by reducing
the production of proinflammatory cytokines by inhibiting
MRAS/MAPK (Figure 4).

Diabetes mellitus, a chronic metabolic disease, is
becoming a significant health threat and triggers a
cascade of severe, long-term complications involving
the cardiovascular system, peripheral vascular system,
central nervous system, and renal function. Ventricular
dilatation, hypertrophy, and compromised contractile
function are the major pathological manifestations of
diabetic cardiomyopathy. Diabetic cardiomyopathy, which
occurs independent of macro- and micro-coronary artery
diseases and other cardiovascular diseases, imposes a
high risk for cardiovascular morbidity and mortality. Our
findings elucidated the regulatory network in diabetic
cardiomyopathy and might provide a novel diagnostic and
therapeutic target for diabetic cardiomyopathy.

To conclude, our study provides a comprehensive
bioinformatics analysis of DEGs potentially involved in
diabetic cardiomyopathy. The molecular targets uncovered
in this study are prime candidates for further investigations
into molecular mechanisms and biomarkers.
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Figure S1 Heat map of the 520 DEGs using the GSE102194 data profile.
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Figure S2 Different concentrations (5.5, 11, 22, and 44 mM) of
glucose inhibiting H9¢2 cell viability by CCK-8. *P<0.05, **P<0.01

versus control group or versus HG group.
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