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fibrosis.[3] It leads to both systolic and diastolic 
dysfunction and eventually clinical HF, independently of 
coronary artery disease, hypertension, or valvular heart 
diseases.[4] Recent evidence has indicated that insulin 
resistance, oxidative stress, mitochondrial dysfunction, 
maladaptive immune responses, and impaired calcium 
homeostasis are all implicated in the onset of DCM.[2,5] 
Alterations in gene regulation, including the activation 
of transcription factors, microRNAs (miRNAs), and 
epigenetic mechanisms, have also been linked to the 
pathogenesis of DCM.[6,7] However, despite elucidation 
of various underlying pathogenic mechanisms of DCM, 

INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder 
characterized by impaired glycemic control, estimated 
to affect 600 million individuals worldwide by 
2040.[1] Diabetic cardiomyopathy (DCM) has emerged as 
a well‑recognized complication of diabetes, significantly 
increasing the risk of hospitalization for heart failure (HF) 
and mortality among patients with Type 2 DM.[2] DCM 
is characterized by a progressive loss of cardiac cells 
through apoptosis and necrosis, as well as myocardial 
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no effective treatment targets have yet been identified 
to prevent its progression. Thus, there is an urgent need 
for further exploration of potential mechanisms and 
identification of therapeutic targets for DCM.

The concept of competing endogenous RNA (ceRNA) 
was initially proposed by Salmena et al. in 2011.[8] This 
hypothesis suggests that both messenger RNA (mRNA) 
and noncoding RNAs, which contain miRNAs, long 
noncoding RNAs (lncRNAs), and circular RNAs, can engage 
in posttranscriptional regulation of protein expression by 
competitively binding miRNA response elements, thereby 
forming a complex regulatory network.[9] Disruption of 
the expression of RNA‑like genes can perturb the balance 
of this regulatory network, potentially contributing to the 
development of various diseases.[10] Emerging evidence 
suggests a close association between ceRNA regulatory 
networks and DCM.[11‑14] For instance, the lncRNA NORAD 
has been demonstrated to enhance cardiac function, 
mitigate fibrosis, and attenuate inflammatory responses in 
DCM mice through the ceRNA network involving NORAD/
miR‑125a‑3p/Fyn.[12] The identification of interactions within 
the ceRNA network helps uncover disease mechanisms, 
thereby aiding in the understanding of pathogenesis. 
However, the ceRNA regulatory network in DCM remains 
poorly understood, warranting further investigation.

In this work, we utilized bioinformatics approaches to 
detect differentially expressed genes (DEGs) in the DCM 
datasets. The key biological functions of DEGs were further 
investigated by Gene Ontology (GO) enrichment, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis, and Gene set enrichment analysis (GSEA) on DEGs. 
Finally, a lncRNA‑miRNA‑mRNA network regulating DCM 
was constructed based on the ceRNA theory to screen the 
functional lncRNAs.

MATERIALS AND METHODS

Data sources and preprocessing
We searched the gene expression omnibus (GEO) 
database (http://www.ncbi.nlm.nih.gov/geo/) for 
RNA‑sequence data on mice heart samples focusing on 
DCM. Datasets with only blood samples or cell lines of 
DCM were excluded in this study. Three expression profiles 
by array (GSE161931, GSE161827, and GSE241166) of DCM 
were collected from the GEO database.[15] The datasets from 
GSE161931[16] and GSE241166 were based on the GPL570 
platform (Illumina NovaSeq 6000), while GSE161827[17] was 
based on the GPL19057 platform (Illumina NextSeq 500). 
GSE161931 dataset dataset included 5 Db/db mice and 5 
C57BLKS/J mice as control. GSE241166 dataset contained 
3 DCM mice constructed by high fat diet feeding and 
streptozotocin injection, and 3 control mice with normal diet 

feeding and only citrate acid buffer injection. GSE161827 
dataset covered 4 mice with high fat and high sucrose to 
induce DCM, as well as 4 mice fed with control diet. The 
platform and series matrix files of above three datasets were 
downloaded for analysis.

Three datasets were combined and batch effect removal 
was performed using SVA R package to correct for technical 
batch effects. Principle component analysis was performed 
before and after batch‑effect removal.

Differential expression analysis
Background correction and normalization of the raw 
data were conducted using the R/Bioconductor affy 
tool. Subsequently, differential expression analysis was 
carried out employing the “DESeq2” R package, with 
adjustments made using the false discovery rate (FDR) to 
correct the P values. Genes exhibiting |FoldChange| >1 
and an FDR‑adjusted P < 0.05 were identified as DEGs. 
Visualization of the DEGs was performed using the 
“ggplot2” R package to generate volcano plots. In addition, 
the “pheatmap” R package was utilized for visualizing the 
DEGs, resulting in the generation of heatmaps.

Functional enrichment analyses of the differentially 
expressed genes
GO enrichment including biological process, cellular 
component, molecular function (MF) and KEGG enrichment 
analyses of DEGs were performed using clusterProfiler 
R package.[18] FDR‑adjusted P < 0.05 was considered 
statistically significant differences.

Gene set enrichment analysis
GSEA was used to determine the key pathways and 
core genes during the development of DCM based on 
HALLMARK database (https://www.gsea‑msigdb.org/gsea/
msigdb/).[19] The default‑weighted enrichment method was 
applied for enrichment analysis. The random combination 
was set for 1000 times. FDR‑adjusted P < 0.05 and |NES|>1 
were considered significant enrichment. GSEA package 
was applied to visualize the results, which presented the 
activated pathways in DCM compared with the normal.

Construction of the protein‑protein interaction network
The protein–protein interaction (PPI) network was 
built using the online tool STRING (https://string‑db.
org/).[20] Next, we used Cytoscape software to download the 
interaction data and improve the PPI network to find the 
important modules and hub genes. The top 20 hub genes 
were predicted using the cytoHubba plug‑in.[21]

Identification of upstream microRNA
Four database including miRanda (http://www.microrna.
org/microrna/home.do),[22,23] miRDB (https://mirdb.
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org/),[24,25] PicTar (https://pictar.mdc‑berlin.de/),[23] and 
TargetScan (https://www.targetscan.org/),[23,25] were used to 
predict upstream miRNA that can bind to DEGs. If a miRNA 
is predicted by all the four databases, it is considered the 
upstream miRNA of the DEG.

Identification of upstream long noncoding RNA
ENCORI  (h t tps : / / rnasysu .com/encor i / ) [26 ] and 
RNAhybrid (https://bibiserv.cebitec.uni‑bielefeld.de/
rnahybrid/)[27] were used to predict lncRNAs that binds to the 
predicted miRNA. If a lncRNA is predicted by both databases, 
it is considered the upstream lncRNA of the miRNA.

Construction of the mRNA‑microRNA‑long noncoding 
RNA regulatory network
The DEGs, predicted mRNA‑miRNA and predicted 
miRNA‑lncRNA interaction were used to construct a 
regulatory network. Cytoscape was used to visualize 
mRNA‑miRNA‑lncRNA regulatory network to get ceRNA 
network.

RESULTS

Identification of significant differentially expressed 
genes in diabetic cardiomyopathy from gene expression 
omnibus database
To explore the potential roles of molecular associated with 
the development of DCM, we first identified 3 expression 

profiles (GSE161827, GSE161931, and GSE241166) downloaded 
from GEO databases [Figure 1a]. After batch normalization, the 
batch effects of these 3 data series were removed [Figure 1b]. 
We analyzed DEGs between 12 DCM and 12 healthy 
controls [Figure 1c]. According to the predefined cutoff 
criteria (FDR‑adjusted P < 0.05 and |log2FC|>1), as shown in 
the volcano plot and the heatmap, we found 44 up‑regulated 
genes and 61 down‑regulated genes [Figure 1d and e] in DCM 
compared to healthy controls.

Functional enrichment analysis of differentially expressed 
genes
In order to analyze the potential molecular mechanisms 
of these genes, we conducted the GO function enrichment 
analysis for the DEGs. The three distinct categories of GO 
function enrichment analysis are shown in Figure 2. The 
results of GO enrichment analysis showed that the DEGs 
were mainly enriched in cell junction assembly, postsynapse 
organization, regulation of synapse organization, and 
regulation of synapse structure or activity. The DEGs 
mainly focused on the actin cytoskeleton, transmembrane 
transporter complex, transporter complex, and postsynaptic 
density. The MF of DEGs involved acyl‑CoA hydrolase 
activity, CoA hydrolase activity, thiolester hydrolase 
activity and PDZ domain binding [Figure 2a]. KEGG 
enrichment analysis revealed that these DEGs could 
participate in fatty acids metabolism pathway and cAMP 
signaling pathway [Figure 2b].

Figure 1: Differentially expressed genes identified in the three datasets GSE161827, GSE161931 and GSE241166. (a and b) Principal component analysis before 
and after batch correction. (c) Principal component analysis after batch correction grouped by diabetic cardiomyopathy (DCM) and control. (d) Volcanomap of 
differentially expressed genes. Black is a gene with no difference, red is an up‑regulated gene, and green is a down‑regulated gene. (e) Heatmap of differentially 
expressed genes. The ordinate is the samples grouped by DCM and control, the abscissa is the differentially expressed genes, red is high expression, and blue is 
low expression. DCM: Diabetic cardiomyopathy
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GSEA analysis was performed to explore potential 
molecular mechanisms suggested by hallmark pathways. 
As shown in Figure 2c, fatty acid metabolism pathway and 
inflammatory responses, including interleukin 6‑JAK‑STAT 
signaling pathway and interferon alpha response were 
upregulated in DCM.

Protein–protein interaction network construction and 
identification of hub genes
Using the STRING online database and Cytoscape 
software, the DEGs were mapped into the PPI network 
complex [Figure 3a]. In the network, nodes with the top 
20° were chosen as hub genes based on the radiality 
[Figure 3b and Table 1]. The color depth of the nodes 
indicated the scores calculated by plug‑in cytoHubba. 
A darker color means a higher score of the hub gene.

Construction of the long noncoding RNA‑microRNA‑
mRNA network
To explore the upstream miRNAs of DEGs, potential 
miRNAs binding to the DEGs were predicted using the 
miRanda, miRDB, PicTar, and TargetScan databases. 
A total of 49 miRNAs were identified for DEGs, with 56 
miRNA‑DEGs interactions predicted [Table 2]. On the other 
hand, potential binding lncRNAs to these miRNAs were 
predicted using the ENCORI and RNAhybrid databases, 
reporting 27 lncRNA‑miRNA interactions [Table 3]. The 
lncRNA‑miRNA‑mRNA network is displayed in Figure 4. 
This network includes 9 mRNA, 17 miRNA, and 10 

lncRNA. Cdh20 and Cacna2d2 were identified as hub genes 
in the PPI network, indicating the important roles of the 
Malat1‑Cdh20 and Mir181a‑1 hg‑Cacna2d2 interactions in 
DCM pathogenesis.

Table 1: Top 20 differentially expressed genes in 
network ranked by connectivity degree with Cytoscape 
cytoHubba plug‑in software using radiality method
Rank Name Score
1 Nrxn1 2.42
2 Srcin1 2.32
3 Nfasc 2.24
4 Gria4 2.21
5 Grin2c 2.17
6 Bcan 2.13
7 Lrrc4b 2.07
8 Mdga1 2.07
9 Elfn2 2.05
10 Cacna2d2 2.01
11 Cdh4 1.92
12 Cadm3 1.88
13 Camk2b 1.88
14 Nptx1 1.86
15 Unc80 1.86
16 Ppp4r4 1.74
17 Rasgrp1 1.66
18 Cdh20 1.57
19 Kirrel3 1.39
20 Acot2 0.67

Figure 2: Enrichment analysis of differentially expressed genes. (a) Gene ontology (GO) enrichment. The abscissa represents the ratio of the genes annotated to 
the entry to the total number of genes annotated, and the ordinate is the result of GO enrichment. (b) Kyoto Encyclopedia of Gene and Genome (KEGG) pathway 
enrichment, the abscissa is the number of enriched differential genes, and the ordinate is the result of KEGG enrichment. (c) Pathway‑based gene set enrichment 
analysis (GSEA) of mRNAs. The abscissa is the rank of genes in the ordered datasets, and the ordinate is the enrichment score
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DISCUSSION

In the current study, our objective was to conduct an 
extensive bioinformatics analysis to elucidate the regulatory 
network involving mRNAs, miRNAs, and lncRNAs in 
the pathogenesis of DCM. By harmonizing data from 
three RNA‑seq experiments conducted on heart tissue 
samples obtained from DCM mouse model, we identified 
20 hub genes among the 105 DEGs associated with DCM. 
Furthermore, employing the “mRNA‑miRNA‑lncRNA” 
framework, our investigation revealed a ceRNA regulatory 
network consisting of 9 mRNAs, 17 miRNAs, and 10 
lncRNAs.

Currently, there are no established effective treatments for 
the long‑term management of DCM.[28] CeRNA regulation 
may offer a novel perspective for better understanding the 
pathogenesis of DCM, providing a new theoretical basis 
for its diagnosis and treatment. However, most previous 
studies have focused on individual ceRNA interaction 
rather than taking a comprehensive approach to explore 
the entire ceRNA networks and its associated modules. In 
this study, we systematically screened differential mRNAs 
and predicted lncRNA‑miRNA, miRNA‑mRNA interaction 
based on several databases, then constructed a ceRNA 
network. The results of this study are based on bioinformatic 
predictions and require further experimental and clinical 
validation. Specifically, our research identifies novel targets 
for the development of noninvasive diagnostic methods for 

DCM. It is essential to conduct diagnostic efficacy analyses 
on the identified targets in cohorts of DCM patients to 
improve early detection of the disease. Moreover, functional 
validation of predicted pathways, such as Malat1‑Cdh20 and 
Mir181a‑1 hg‑Cacna2d2 associated with hub genes, will be 
a key focus of our future research. For example, the loss/
gain‑of‑function study, both in vivo and in vitro, should be 
performed to explore the effect of the identified targets on 
DCM. This effort aims to provide new strategies for the 
development of DCM treatment approaches.

Two novel hub genes for DCM, Cdh20 and Cacna2d2, were 
identified using Cytoscape software. Cui et al. identified 
Cacna2d2as a novel diagnostic biomarker for DCM. 
The mRNA expression of Cacna2d2in heart tissue and 
peripheral blood mononuclear cell showed promising 
diagnostic performance for DCM, with area under the curve 
values of 0.68 and 0.87, respectively.[29] Cacna2d2encodes 
a subunit of the voltage‑dependent calcium channel 
complex, which plays a crucial role in complex assembly, 
membrane localization, and regulation of calcium 
current and channel dynamics.[29] Another study reported 
that cardiac Prdm16‑specific knockout induced the 
dysregulated expression of ion channel genes, including 
Kcne1, Scn5a, Cacna1 h, and Cacna2d2, ultimately leading 
to cardiomyopathy.[30] However, whether Cacna2d2 is 
involved in the pathogenesis of DCM remains unclear, 
as there are currently no studies elucidating the specific 
mechanisms.

Figure 3: The protein‑protein interaction (PPI) networks that were obtained by using String tool. (a) PPI network to show the interaction between differentially expressed 
genes. Circles represent genes, and lines represent protein interactions between the genes. The symbols inside the circles represent the protein structures. The color 
of the lines indicates the different types of evidence supporting the protein interactions. Green line: Neighborhood evidence; pink line: Experimental evidence; yellow 
line: Text mining evidence; blue line: Co‑occurrence evidence; black line: Co‑expression evidence. (b) The interaction between top 20 hub genes. The nodes color 
changes gradually from yellow to red in ascending order according to the Degree ranking
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Cadherins are a crucial family of cell adhesion molecules 
essential for organ development and maintaining tissue 
integrity, comprising more than 20 subfamilies.[31] Among 
them, Cdh11 has been identified as a key promotor of cardiac 

fibrosis.[32] Specifically, the engagement of Cdh11 promotes 
the production of pro‑inflammatory and pro‑fibrotic 
mediators, which leads to increased extracellular matrix 
deposition and fibrosis. However, the role of Cadherin‑20 in 
DCM is less well‑studied. Li et al. found that Cdh20/β‑catenin 
suppressed transforming growth factor‑β (TGF‑β)‑induced 
epithelial‑to‑mesenchymal transition.[33] Activation of the 
TGF‑β‑related signaling pathway is a key mechanism in the 
pathogenesis of DCM.[34] Our data indicate downregulation 
of Cdh20in DCM hearts. Whether the downregulation of 
Cdh20reduces inhibition of TGF‑β, thereby promoting 
the occurrence of DCM, requires further experimental 
validation.

As previously discussed, miRNAs and lncRNAs play 
pivotal roles in gene expression regulation through the 
mechanism known as ceRNA. In the current study, a 
ceRNA network was established by predicting interactions 
between DEmiRNAs and both lncRNAs and mRNAs. 
Within this network, 10 lncRNAs were identified, 
among which 5 have been shown to be associated with 
the onset of DCM. Notably, studies have demonstrated 
that inhibition of LncRNA‑MALAT1 mitigates DCM 
by attenuating cardiomyocyte apoptosis and cardiac 
fibrosis.[35‑37] Wang et al. reported that LncRNA‑MALAT1 
sequesters miR‑185‑5p, thereby mediating oxidative stress 
and mitochondrial injury in diabetic cardiomyocytes.[36] 
Chen et al. showed that LncRNA‑MEG3 acts as a ceRNA 
to promote cardiomyocyte apoptosis under conditions 
of high glucose stimulation.[38] In addition, under DCM 
conditions, LncRNA‑KCNQ1OT1 modulates miR‑181a‑5p 
to upregulate PDCD4, thereby inducing cardiomyocyte 
apoptosis, while silencing LncRNA‑KCNQ1OT1 mitigated 
pyroptosis and fibrosis.[39,40] Furthermore, upregulation of 
LncRNA‑NEAT1 in DCM enhances its onset by recruiting 
EZH2 to the Smad7 promoter region.[41] Chen et al. identified 
miR‑424‑5p and miR‑497‑5p as the primary miRNAs 
regulated by LncRNA‑XIST in the ceRNA network of 
DCM.[11] In summary, the roles of these 5 lncRNAs in DCM 
encompass the modulation of cardiomyocyte apoptosis, 
oxidative stress, and cardiac fibrosis, aligning closely 
with the principal pathogenic mechanisms of DCM. 
These prior observations lend support to the validity of 
our present analytical findings. However, the specific 
LncRNA‑miRNA‑mRNA axis of each of the 5 LncRNAs, 
as predicted by our study, has not yet been reported and 
remains to be validated in future. For the remaining 5 
lncRNAs in the ceRNA network, Oip5os1 was related with 
left atrial dysfunction but not with ventricular function in 
diabetes mice.[42] LncRNA AI504432 was upregulated in 
the aging eWAT and modulated lipogenesis through the 
miR‑1a‑3p/Fasn signaling pathway.[43] Tye et al. reported that 
lncRNA MIR181A1HG is a novel epigenetic regulator in the 
early stages of mesenchymal stromal cell differentiation.[44] 

Table 2: Identification of upstream microRNA 
of differentially expressed genes in diabetic 
cardiomyopathy with miRanda, miRDB, PicTar and 
TargetScan
mRNA miRNA
Adam23 mmu‑miR‑25‑3p, mmu‑miR‑367‑3p, mmu‑miR‑92a‑3p, 

mmu‑miR‑363‑3p, mmu‑miR‑153‑3p, mmu‑miR‑32‑5p, 
mmu‑miR‑92b‑3p

Aldh1a2 mmu‑miR‑137‑3p
Angptl4 mmu‑miR‑672‑5p
Arhgap33 mmu‑miR‑3072‑5p
Atp1b1 mmu‑let‑7c‑1‑3p, mmu‑miR‑467h, mmu‑miR‑223‑3p, 

mmu‑miR‑217‑5p, mmu‑miR‑323‑3p, mmu‑miR‑1953
Cacna2d2 mmu‑miR‑466k
Cdh20 mmu‑miR‑96‑5p, mmu‑miR‑200c‑3p, mmu‑miR‑139‑5p, 

mmu‑miR‑429‑3p, mmu‑miR‑200b‑3p, mmu‑miR‑18a‑3p
Col11a1 mmu‑miR‑29c‑3p, mmu‑miR‑29b‑3p
Ddah1 mmu‑miR‑219a‑5p
Elfn2 mmu‑miR‑323‑5p
Fam169a mmu‑miR‑708‑5p
Mdga1 mmu‑miR‑218‑5p
Morn4 mmu‑miR‑139‑5p
Nptx1 mmu‑miR‑148a‑3p, mmu‑miR‑182‑5p, mmu‑miR‑152‑3p, 

mmu‑miR‑148b‑3p, mmu‑miR‑881‑3p
Nrxn1 mmu‑miR‑669a‑5p, mmu‑miR‑669l‑5p
Pdk4 mmu‑miR‑148a‑3p, mmu‑miR‑152‑3p, mmu‑miR‑148b‑3p
Ppp4r4 mmu‑miR‑154‑3p
Rragb mmu‑miR‑361‑5p, mmu‑miR‑883a‑5p
Ucp3 mmu‑miR‑148a‑3p, mmu‑miR‑152‑3p, mmu‑miR‑148b‑3p
Wnt9a mmu‑let‑7f‑5p, mmu‑miR‑140‑5p, mmu‑let‑7b‑5p, 

mmu‑let‑7c‑5p, mmu‑miR‑98‑5p, mmu‑let‑7e‑5p, 
mmu‑let‑7i‑5p, mmu‑let‑7d‑5p, mmu‑let‑7a‑5p, 
mmu‑let‑7g‑5p

miRNA=MicroRNA; mRNA=Messenger RNA

Table 3: Identification of upstream long noncoding RNA 
of microRNA with ENCORI and RNAhybrid
lncRNA miRNA
AI504432 mmu‑miR‑25‑3p, mmu‑miR‑92a‑3p, mmu‑miR‑92b‑3p, 

mmu‑miR‑217‑5p
Cep83os mmu‑miR‑1953
Kcnq1ot1 mmu‑miR‑92b‑3p
Malat1 mmu‑miR‑139‑5p, mmu‑miR‑1953, mmu‑miR‑200c‑3p
Meg3 mmu‑let‑7d‑5p, mmu‑let‑7e‑5p, mmu‑miR‑361‑5p
Mir181a‑1hg mmu‑miR‑466k
Neat1 mmu‑let‑7a‑5p, mmu‑let‑7b‑5p, mmu‑let‑7c‑5p, 

mmu‑let‑7d‑5p, mmu‑let‑7e‑5p, mmu‑miR‑139‑5p, 
mmu‑miR‑1953, mmu‑miR‑217‑5p, mmu‑miR‑672‑5p, 
mmu‑miR‑708‑5p

Oip5os1 mmu‑miR‑92a‑3p
Runx2os1 mmu‑miR‑1953
Xist mmu‑miR‑217‑5p, mmu‑miR‑883a‑5p
lncRNA=Long noncoding RNA; miRNA=MicroRNA
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Currently, there is a lack of research literature on CEP83OS 
and RUNX2OS1.

However, our study has some limitations that should be 
acknowledged. The ceRNA network was predicted based on 
differential gene expression without functional validation. 
Although our study systematically screened potential 
ceRNA networks, subsequent in‑depth in vitro and in vivo 
functional studies are warranted to verify their roles. Each 
tool used for identifying upstream miRNAs has its own 
limitations. miRanda may fail to identify interactions 
with low complementarity or in complex contexts, miRDB 
might miss novel interactions due to limitations in its 
data, PicTar may overlook species‑specific targets due to 
its conservation‑based approach, and TargetScan may not 
capture nonconserved interactions because of its focus on 
conserved motifs.[45‑47] For upstream lncRNA prediction, 
ENCORI could be limited by the quality and breadth 
of its curated data, which may affect the accuracy of 
lncRNA‑miRNA binding predictions, while RNAhybrid 
might not detect interactions with noncanonical binding 
patterns or in complex scenarios due to its focus on 
thermodynamic stability.[27,48] To ensure prediction accuracy, 
only miRNAs predicted by all four tools and lncRNAs 
predicted by both tools were used for analysis. In addition, 
our research was conducted using a mouse model of DCM, 
which remains to be validated in human studies.

CONCLUSION

In current research, we identified 20 hub genes related to 
DCM pathogenesis and elucidated potential pathways 
contributing to DCM. Besides, by utilizing integrated 
bioinformatics analysis, a novel mRNA‑miRNA‑lncRNA 
regulating network associated with DCM was constructed, 
particularly focusing on the Malat1‑Cdh20 and Mir181a‑1 
hg‑Cacna2d2 networks. Our study offers valuable insights 
and evidence into the development of diagnostic biomarkers 
and treatment strategies for DCM.
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