
Liu and Luo ﻿Genes & Nutrition           (2024) 19:16  
https://doi.org/10.1186/s12263-024-00753-6

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Genes & Nutrition

miR‑450a‑2‑3p targets ERK(1/2) 
to ameliorate ISO‑induced cardiac fibrosis 
in mice
Langsha Liu1 and Fanyan Luo2* 

Abstract 

Objective  Cardiac fibrosis is an important contributor to atrial fibrillation (AF). Our aim was to identify biomarkers 
for AF using bioinformatics methods and explore the regulatory mechanism of miR-450a-2-3p in cardiac fibrosis 
in mice.

Methods  Two datasets, GSE115574 and GSE79768, were obtained from the Gene Expression Omnibus (GEO) data-
base and subsequently merged for further analysis. Differential gene expression analysis was performed to identify 
differentially expressed genes (DEGs) and miR-450a-2-3p-related differentially expressed genes (MRDEGs). To investi-
gate the underlying mechanism of cardiac fibrosis, a mouse model was established by treating mice with isoproter-
enol (ISO) and the miR-450a-2-3p agomir.

Results  A total of 127 DEGs and 31 MRDEGs were identified and subjected to Gene Ontology (GO) functional 
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis to deter-
mine the functions and pathways involved in AF. In the animal model, histological analysis using HE and Masson 
staining, as well as quantification of the collagen volume fraction (CVF), was performed. The increased expression 
of α-smooth muscle actin (α-SMA), collagen type I (COL1), collagen type III (COL3), and extracellular signal-regulated 
kinase 1/2 (ERK(1/2)) at both the transcriptional and translational levels indicated the significant development 
of myocardial fibrosis in mice induced with isoproterenol (ISO). In addition, the cross-sectional area of cardiomyocytes 
and the expression of atrial natriuretic peptide (NPPA) and brain natriuretic peptide (NPPB) were increased in the ISO 
group compared with the control group. However, after overexpression of the miR-450a-2-3p agomir through caudal 
vein injection, there was a notable improvement in cardiac morphology in the treated group. The expression levels 
of α-SMA, COL1, COL3, ERK(1/2), NPPA, and NPPB were also significantly decreased.

Conclusion  Our study reveals the mechanistic connection between ISO-induced myocardial fibrosis and the miR-
450a-2-3p/ERK(1/2) signaling pathway, highlighting its role in the development of cardiac fibrosis. Modulating 
miR-450a-2-3p expression and inhibiting ERK(1/2) activation are promising approaches for therapeutic intervention 
in patients with AF.
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Introduction
Atrial fibrillation (AF) is one of the most prevalent sus-
tained supraventricular arrhythmias and is associated 
with an increased risk of stroke [1]. The underlying 
mechanism is believed to involve electrical and struc-
tural remodeling of the atria, leading to the develop-
ment of cardiac fibrosis [2]. Cardiac fibrosis plays an 
important role in the persistence of AF and is consid-
ered one of the key factors contributing to its resist-
ance to rhythm control interventions [3]. The activation 
and proliferation of cardiac fibroblasts (CFs), which are 
responsible for the excessive production of extracellu-
lar matrix (ECM) components such as c collagen type 
I (COL1) and collagen type III (COL3), play a crucial 
role in fibrogenesis in patients with AF [4]. Addition-
ally, CFs can differentiate into myofibroblasts, cells that 
exhibit a twofold greater capacity for collagen synthe-
sis and are characterized by alpha smooth muscle actin 
(α-SMA) expression [5]. Similarly, in cardiac fibrosis, 
endothelial cells (ECs) can undergo endothelial–mes-
enchymal transition (EndMT), acquiring a mesenchy-
mal phenotype and expressing characteristic markers of 
myofibroblast differentiation, including α-SMA, vimen-
tin, and collagens [6]. The expression of α-SMA, a well-
characterized cytoskeletal protein, is a hallmark of 
myofibroblast differentiation [7]. However, the precise 
molecular mechanisms underlying cardiac fibrosis and 
EndMT in the setting of AF remain largely unclear.

In our previous study, we observed downregulation 
of miR-450a-2-3p in CFs and human umbilical vein 
endothelial cells (HUVECs) exposed to transform-
ing growth factor (TGF)-β1, suggesting the poten-
tial of miR-450a-2-3p as a microRNA (miRNA) that 
inhibits cardiac fibrosis [8]. In the present study, we 
employed established bioinformatic tools to inves-
tigate the underlying mechanism of miR-450a-2-3p 
in cardiac fibrosis. Two transcriptome datasets were 
selected from the Gene Expression Omnibus (GEO) 
database for analysis. Differential gene expression anal-
ysis was conducted to identify differentially expressed 
genes (DEGs), as well as miR-450a-2-3p-related DEGs 
(MRDEGs). Subsequently, functional enrichment anal-
ysis revealed the involvement of miR-450a-2-3p in 
multiple biological processes and signaling pathways 
related to cardiac fibrosis. Furthermore, we validated 
the antifibrotic effect of miR-450a-2-3p overexpression 
in a mouse model of isoproterenol (ISO)-induced myo-
cardial fibrosis. Collectively, our findings identify a pre-
viously unknown microRNA with potential utility as a 
target for future clinical treatment and diagnosis of AF 
patients.

Materials and methods
Ethics statement
This study was approved by the Ethics Committee of 
Central South University. This study was implemented 
in accordance with the Declaration of Helsinki. All ani-
mal experiments complied with the rules and regula-
tions of experimental animal management and operating 
standards as well as the ethical requirements for the use 
of experimental animals. Additionally, all animal pro-
cedures were performed according to the standards of 
humane animal care approved by the Medical Ethics 
Committee of Central South University.

Data collection and downloading
The AF gene expression datasets GSE115574 and 
GSE79768 were obtained from the GEO database 
(https://​www.​ncbi.​nlm.​nih.​gov/​geo/). In GSE115574 (14 AF 
samples and 16 sinus rhythm (SR) samples), the patient 
numbers (AF) included AF01L, AF02L, AF03L, AF04L, 
AF05L, AF06L, AF07L, AF08L, AF09L, AF10L, AF11L, 
AF12L, AF13L, and AF14R. The control group numbers 
(SR) were SR01L, SR02L, SR03L, SR04L, SR05L, SR06L, 
SR07L, SR08L, SR09L, SR10L, SR11L, SR12L, SR13L, 
SR14L, SR15L, and SR16R. Specifically for the study, 
AF14R and SR16R representing the right atrial group 
and AF01L, AF02L, AF03L, AF04L, AF05L, AF06L, 
AF07L, AF08L, AF09L, AF10L, AF11L, AF12L, AF13L, 
SR01L, SR02L, SR03L, SR04L, SR05L, SR06L, SR07L, 
SR08L, SR09L, SR10L, SR11L, SR12L, SR13L, SR14L, 
and SR15L representing the left atrial group were used 
in the study. For GSE79768 (14 AF samples and 12 SR 
samples), patients (AF) with identifiers Atrial Fibril-
lation_ 14, Atrial Fibrillation_ 19, Atrial Fibrillation_ 
20, Atrial Fibrillation_ 29, Atrial Fibrillation_ 32, Atrial 
Fibrillation_ 33, Atrial Fibrillation_ 34 were included. 
The control group (SR) identifiers were Sinus Rhythm_ 
15, Sinus Rhythm_ 22, Sinus Rhythm_ 39, Sinus Rhythm_ 
42, Sinus Rhythm_ 76, and Sinus Rhythm_ 92. Both left 
atrial and right atrial data were utilized in this study. 
The GSE115574 and GSE79768 datasets were generated 
using the GPL570 [HG-U133_Plus_2] Affymetrix Human 
Genome U133 Plus 2.0 Array platform. The R software 
packages "limma" and "SVA" were used to merge the 
GSE115574 and GSE79768 datasets, and batch effects 
were removed using the "combat" function. The p val-
ues were adjusted using the FDR method. Differentially 
expressed genes (DEGs) were identified in the merged 
dataset using the criteria |logFC|≥ 0.5 and adj.P. Val. Fil-
ter < 0.05. The "heatmap" package and "ggplot2" package 
were utilized to generate heatmaps and volcano plots, 

https://www.ncbi.nlm.nih.gov/geo/
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respectively, of the DEGs. Prediction of miRNA–mRNA 
interactions was performed using TargetScan (https://​
www.​targe​tscan.​org/​vert_​72/). 2.3 Functional enrich-
ment analysis.

To investigate the roles of the DEGs in AF patients, 
we utilized the Xiantao online tool (https://​www.​xiant​
aozi.​com/) to conduct GO functional enrichment and 
KEGG pathway enrichment analyses. Additionally, the 
Metascape database (http://​metas​cape.​org) was used to 
facilitate a comprehensive understanding of the biologi-
cal significance of the MRDEGs through Gene Ontology 
enrichment analysis.

Mouse model of ISO‑induced cardiac fibrosis and grouping
Eight-week-old male C57BL/6 mice were utilized to estab-
lish a cardiac fibrosis model through ISO induction. A 
total of 24 mice were randomly divided into four groups: 
the control group, ISO-induced model group, miR-450a-
2-3p agomir group, and agomir-negative control (NC) 
group (n = 6 mice per group). In the ISO-induced model 
and control groups, ISO (0.1 ml/10 g) and normal saline, 
respectively, were injected into the abdominal cavity of 
each mouse for 14 days. During this period, the mice were 
weighed on Days 1, 7, and 14. After the 14-day treatment 
period, the mouse whole heart tissues were collected 
for hematoxylin–eosin (HE) staining, Masson staining, 
Reverse transcription-quantitative polymerase chain reac-
tion (RT‑qPCR), and Western blot analysis. Each group 
consisted of 6 samples. The mice in the miR-450a-2-3p 
agomir and agomir-NC groups received injections of the 
miR-450a-2-3p agomir (5  nmol/mouse) and agomir-NC 
(5 nmol/mouse), respectively, with a total of four injections 
over a period of 16 days (once every 5 days). The miR-
450a-2-3p agomir and agomir-NC (GenePharma, Shang-
hai, China) were administered via tail vein injection.

HE staining and masson staining
Paraffin-embedded heart tissue sections were dried in a 
60 °C incubator for more than 3 h prior to staining. Stand-
ard protocols were followed for HE staining and Mas-
son staining. The slides were examined using an optical 
microscope, and images were acquired to evaluate his-
topathological features and the extent of fibrosis. Images 
were acquired at a magnification of 400 × . Each group 
consisted of 6 samples, and 4 regions were randomly 
selected from each sample, in which the cross-sectional 
area of cardiomyocytes was counted by ImageJ. Using 
image analysis software (Image-Pro Plus 6.0), semiquan-
titative analysis of the collagen-positive and collagen-
negative areas was performed by adjusting the grayscale 
values. Through this analysis, the collagen volume frac-
tion (CVF), which represents the ratio of the collagen area 
to the total area of the field of view, was determined.

RT‑qPCR
Total RNA was extracted according to the manufacturer’s 
instructions. Briefly, approximately 0.02 g of heart tis-
sue was mixed well with 1 mL of TRIzol (Thermo Fisher 
Scientific, MA, USA) for 5 min. mRNA was reverse tran-
scribed to cDNA using a reverse transcription kit (Cwbi-
otech, Beijing, China). RT‒qPCR was performed using 
an UltraSYBR mixture (Cwbiotech, Beijing, China). The 
relative expression of genes was calculated using the 2−

ΔΔCT method. The mmu-miR-450a-2-3p, COL1, COL3, 
atrial natriuretic peptide (NPPA), and brain natriuretic 
peptide (NPPB) expression level in each sample was nor-
malized to that of GAPDH, and the α-SMA and ERK(1/2) 
expression level in each sample was normalized to that 
of U6. All primers used in this study were commercially 
obtained from Sangon (Shanghai, China) and are listed in 
Supplementary Table 1.

Western blot analysis
Mouse heart tissues (0.025  g) were lysed in 300 μL of 
RIPA buffer (Abiowell, Changsha, China). After centrifu-
gation at 12,000 × g for 15 min at 4  °C, the supernatant 
was collected. The protein concentration was determined 
using a bicinchoninic acid assay performed with a com-
mercial kit (Cwbiotech, Beijing, China). Next, 120 μL of 
protein was separated using 5 × loading buffer (30 μL) and 
then transferred to a nitrocellulose filter membrane. The 
membrane was incubated in 5% bovine serum albumin 
(BSA) at 4 °C for 1.5 h and then incubated with primary 
antibodies at 4 °C overnight. The primary antibodies used 
for Western blotting were as follows: anti-β-actin (1:5000; 
Proteintech, IL, USA), anti-α-SMA (1:3000; Proteintech, 
IL, USA), anti-COL1 (1:2000; Proteintech, IL, USA), anti-
COL3 (1:500; Proteintech, IL, USA), and anti-ERK(1/2) 
(1:10,000; Proteintech, IL, USA). After overnight incu-
bation with the primary antibodies, the membrane was 
incubated with the corresponding secondary antibodies 
(HRP goat anti-mouse IgG, 1:5000; HRP goat anti-rabbit 
IgG, 1:6000; Proteintech, IL, USA) at 25  °C for 90 min. 
Detection was performed using an enhanced chemilu-
minescence (ECL) system (Abiowell, Changsha, China). 
Relative protein expression levels were determined using 
Quantity One v4.6.2 software.

Statistical analysis
Two-tailed Student’s t test was used for comparisons 
between two distinct conditions. When the data did not 
exhibit a normal distribution, the Mann‒Whitney U 
test was utilized. For comparisons among three or more 
experimental groups, one-way ANOVA with Dunnett’s 
post hoc test or Tukey’s multiple comparison test was 
used. Statistical analysis was performed using GraphPad 

https://www.targetscan.org/vert_72/
https://www.targetscan.org/vert_72/
https://www.xiantaozi.com/
https://www.xiantaozi.com/
http://metascape.org
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Prism 8.0 software (GraphPad Software, San Diego, 
CA, USA). P < 0.05 was considered to indicate statistical 
significance.

Results
Screening for DEGs in AF
The schematic flowchart of this study is presented in 
Fig.  1. Differential expression analysis was performed 
with 28 samples of atrial tissue from patients with 
AF and 28 samples of atrial tissue from patients with 
sinus rhythm (SR) represented in the GSE79768 and 
GSE115574 datasets. The box plots (Fig. 2A-B) and PCA 
plots (Fig.  2C) effectively demonstrated the success-
ful elimination of batch effects between GSE79768 and 
GSE115574. In the merged expression matrix, 126 differ-
entially expressed genes (DEGs), namely, 50 upregulated 
genes and 76 downregulated genes, were identified using 
the "limma" R package. The heatmap and volcano plot of 
the DEGs are shown in Fig. 3 for the comparison between 
AF and SR in the merged data cohort.

Functional enrichment analysis of DEGs and MRDEGs
To explore the potential functions of the DEGs, func-
tional enrichment analysis of the DEGs was conducted 
based on GO terms and KEGG pathways. The various 
GO terms and KEGG pathways are presented in Fig. 4A 
and included muscle tissue development, gland mor-
phogenesis, and morphogenesis of an epithelial fold in 
the biological process (BP) category; collagen-contain-
ing extracellular matrix, sarcomere, and myofibril in the 

cellular component (CC) category; extracellular matrix 
structural constituent, heparin binding, and glycosami-
noglycan binding in the molecular function (MF) cate-
gory; and the KEGG pathways aldosterone synthesis and 
secretion and PI3K-Akt signaling pathway. These results 
indicate strong correlations between the selected DEGs 
and cardiac fibrosis, suggesting that these DEGs play a 
crucial role in the development of AF.

Our previous study revealed that the overexpression of 
miR-450a-2-3p suppressed the expression of ERK(1/2) 
in cardiac fibroblasts (CFs), leading to the inhibition of 
α-SMA, COL1, and COL3 expression and the prevention 
of CF proliferation. In HUVECs, overexpression of miR-
450a-2-3p upregulated the expression of VE-Cadherin 
(VE-Cad) and platelet endothelial cell adhesion mole-
cule-1 (PECAM-1/CD31) by inhibiting the expression of 
ERK(1/2), while the expression levels of vimentin, COL1, 
and COL3 were decreased. Furthermore, we confirmed 
that ERK(1/2) is a direct target of miR-450a-2-3p using a 
luciferase assay.

Next, we aimed to further explore the relationships 
between the target genes of miR-450a-2-3p and the 
DEGs. The potential target genes of miR-450a-2-3p were 
predicted using TargetScan, a database for miRNA‒
target interactions, with 4893 target genes predicted. 
Subsequently, the miR-450a-2-3p-related differentially 
expressed genes (MRDEGs) that overlapped with the pre-
dicted miR-450a-2-3p target genes and the DEGs were 
identified. Finally, 31 significant MRDEGs were selected 
using the overlap between the two datasets, as indicated 

Fig. 1  The overall protocol for this study
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Fig. 2  The normalized expression matrices (A-B) and PCA plots (C) for the GSE115574 and GSE79768 datasets are shown. PCA, principal 
component analysis
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in the Venn diagram (Fig.  4B). Remarkably, approxi-
mately one-quarter of the DEGs were predicted to be 
target genes of miR-450a-2-3p, highlighting the impor-
tant role of this miRNA in cardiac fibrosis. GO term and 
KEGG pathway enrichment analyses were performed to 
determine the biological functions of the MRDEGs using 
the Metascape database. The MRDEGs were primarily 
associated with processes such as response to hormone, 
muscle tissue development, and transmembrane recep-
tor protein serine/threonine kinase signaling pathway 
(Fig. 4C-D). Multiple studies have shown that the occur-
rence and development of atrial fibrillation are influenced 
by many endocrine hormones, such as thyroid hormones 
[9, 10]. Therefore, gland morphogenesis, especially the 
development of the thyroid gland, promotes the occur-
rence of AF. Moreover, these MRDEGs were predomi-
nantly enriched in VEGFA/VEGFR2 signaling, as shown 
in the network map (Fig.  4C-D). The VEGFA signaling 
axis promotes cardiac fibroblast proliferation and col-
lagen synthesis and is associated with AF [11]. These 

findings suggest that the antifibrotic effect of miR-450a-
2-3p is likely achieved through these mechanisms.

Increasing the expression of miR‑450a‑2‑3p and inhibiting 
ERK(1/2) reverse cardiac fibrosis in ISO‑induced mice
After demonstrating that miR-450a-2-3p targets ERK(1/2) 
to mediate TGF-β-induced cardiac fibrosis in  vitro [8], 
our objective was to assess whether miR-450a-2-3p 
could be a potential therapeutic target for reducing car-
diac fibrosis in  vivo. The mice were randomly divided 
into four groups. The mice in the model group received 
intraperitoneal injections of isoproterenol (ISO), while 
the mice in the blank control group received an equal 
amount of normal saline. The mice in the experimental 
group and negative control group were injected with the 
miR-450a-2-3p agomir and agomir-NC, respectively, via 
the tail vein. The heart weight/body weight ratio (HW/
BW) was measured in each group. The results showed 
an increase in HW/BW in the ISO group compared with 
the control group (Fig.  5A). In contrast, HW/BW was 

Fig. 3  A Heatmap visualization of the differentially expressed genes (DEGs) between atrial tissue samples from patients with atrial fibrillation 
(AF) and patients with sinus rhythm (SR). B Volcano plot visualization of the DEGs between the atrial tissue samples from patients with AF and SR, 
with the red and blue dots representing genes with upregulated and downregulated expression, respectively. DEGs differentially expressed genes, 
AF atrial fibrillation, SR sinus rhythm

Fig. 4  GO and KEGG enrichment analyses of the DEGs and MRDEGs between atrial tissue samples from patients with AF and SR. A Chord diagram 
showing the relationships between key DEGs and the most enriched GO terms. B Venn diagram showing the overlapping genes identified 
by the DEG algorithm and the predicted miR-450a-2-3p target gene algorithm. C Gene Ontology enrichment analysis and pathway analysis 
of the MRDEGs. D Network map including all enriched terms. The terms are colored by p values, with terms containing more genes tending to have 
a more significant p value. Enriched terms were shown in different colors. AF atrial fibrillation, SR sinus rhythm, DEGs differentially expressed genes, 
MRDEGs miR-450a-2-3p-related differentially expressed genes

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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decreased in the ISO group after miR-450a-2-3p agonist 
treatment (Fig.  5A). The HE staining results suggested 
that compared with those in the control group, the mice 
in the ISO group exhibited a disordered arrangement of 
cardiomyocytes, and a significant increase in the num-
ber of myocardial interstitial cells (Fig. 5B). In addition, 
cardiomyocyte cross-sectional area statistics showed a 
significant increase in the cross-sectional area of car-
diomyocytes in the ISO group compared to the control 
group (Fig.  5C). However, after injection of the miR-
450a-2-3p agomir, these pathological changes improved 
significantly (Fig.  5B-C). Masson staining revealed col-
lagen deposition and severe cardiac fibrosis in the ISO 
model group compared to the control group. However, 
mice injected with the miR-450a-2-3p agomir showed 
significant reductions in collagen deposition and the col-
lagen volume fraction (Fig.  5B and 5D). The expression 
of NPPA and NPPB was detected by RT‒qPCR analysis, 
and the results showed that the expression of NPPA and 
NPPB was increased in the ISO group compared with 
the control group. The expression of NPPA and NPPB 
was decreased after miR-450a-2-3p agomir treatment 
(Fig.  5E). These findings indicate the successful estab-
lishment of the mouse model of myocardial fibrosis at 
the tissue level and that miR-450a-2-3p can reverse the 
fibrotic process.

Furthermore, we investigated the regulatory effect of 
miR-450a-2-3p on fibrosis markers in mice with myocar-
dial fibrosis. We performed RT‒qPCR analysis to com-
pare the expression level of miR-450a-2-3p in myocardial 
tissue between the blank control group and the ISO-
induced group. Compared to that in the blank control 
group, the expression of miR-450a-2-3p in heart tissue in 
the ISO-induced group was significantly reduced. In con-
trast, the expression level of miR-450a-2-3p was signifi-
cantly increased in the heart tissue of mice injected with 
the agomir, while the expression level was significantly 
decreased in the heart tissue in mice injected with ago-
mir-NC. These results indicate the successful establish-
ment of the model for the injection of the miR-450a-2-3p 
agonist (Fig. 5F). At the transcriptional level, overexpres-
sion of miR-450a-2-3p reduced the ISO-induced upreg-
ulation of α-SMA, COL1, and COL3 (F  ig.  5G-I). The 
Western blot results demonstrated that the expression 

of these collagen biomarkers at the translational level 
was significantly reduced after treatment with miR-450a-
2-3p, consistent with the findings at the transcriptional 
level. However, although COL1 expression showed a 
decreasing trend in the miR-450a-2-3p treatment group 
compared to the model group, the difference was not sta-
tistically significant (Fig.  5J-M). These findings suggest 
that miR-450a-2-3p inhibits ISO-induced collagen for-
mation in heart tissue.

Similarly, to confirm whether the effect of miR-450a-
2-3p on ameliorating myocardial fibrosis in mice is 
achieved through inhibition of ERK(1/2), we evaluated 
changes in the mRNA and protein expression levels of 
ERK(1/2) under ISO and miR-450a-2-3p intervention. 
The results from both the RT‒qPCR and Western blot 
analyses demonstrated an increase in ERK(1/2) expres-
sion in the ISO-induced group, while miR-450a-2-3p 
treatment inhibited ERK(1/2) expression, consistent with 
the findings in our previous cell experiments (Fig. 5N-Q).

Discussion
AF is frequently associated with cardiac fibrosis [3]; 
however, the specific molecular mechanisms underly-
ing AF remain unclear. The primary treatment meth-
ods for AF patients include drugs for rate control, oral 
anticoagulants for stroke prevention, antiarrhythmic 
drugs, and catheter ablation for conversion [12]. Despite 
the substantial advancements made in recent decades, 
the fundamental mechanisms of AF have yet to be fully 
understood, and effective therapies for AF are still lack-
ing [9]. In this study, we merged two gene expression 
datasets from the GEO database and conducted an inte-
grated analysis. We identified 127 DEGs and found that 
the processes gland morphogenesis and morphogenesis 
of an epithelial fold were significantly correlated with 
cardiac fibrosis. The occurrence and development of AF 
are influenced by many endocrine hormones, such as 
thyroid hormones. A large study indicated that among 
40,628 patients diagnosed with hyperthyroidism, 3362 
(8.3%) were also diagnosed with AF or flutter within ± 30 
days of the hyperthyroidism diagnosis [11]. According 
to research data from a review, the prevalence of AF in 
patients with hyperthyroidism is 2%-20% [12]. There-
fore, gland morphogenesis, especially the development 

(See figure on next page.)
Fig. 5  Upregulation of miR-450a-2-3p attenuates the cardiac fibrosis caused by ISO. A Heart-to-body weight ratio (n = 6). B Pathological analysis 
of heart tissues from mice injected with the miR-450-a-2-3p agomir or agomir-NC was performed by HE staining and Masson staining. C The 
cross-sectional area of cardiomyocytes. D Collagen volume fraction (CVF). E The expression of NPPA and NPPB was detected by RT‒qPCR. F-I, N 
The expression of miR-450a-2-3p, α-SMA, COL1, COL3 and ERK(1/2) in cardiac tissues of ISO-induced mice was measured using RT‒qPCR. J-M, O-Q 
Western blot analysis was conducted to examine the expression of key regulatory proteins involved in fibrosis (α-SMA, COL1, COL3 and ERK(1/2)) 
in ISO-induced mice injected with the miR-450a-2-3p agomir or agomir-NC. *P < 0.05. **P < 0.01. ***P < 0.001. ns means no significance
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Fig. 5  (See legend on previous page.)
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of the thyroid gland, promotes the occurrence of AF. The 
morphogenesis of an epithelial fold promotes EndMT. 
EndMT is a transcriptional program that downregu-
lates the expression of endothelial genes and upregu-
lates the expression of mesenchymal genes. Endocardial 
endothelial cells can transdifferentiate into fibroblasts via 
EndMT and contribute to extracellular matrix deposition 
[13–16]. Pathway analysis revealed that these 127 DEGs 
were strongly correlated with aldosterone synthesis and 
secretion and PI3K-Akt signaling. The renin–angioten-
sin–aldosterone system is known to play a crucial role in 
the structural and electrical remodeling of the heart [17]. 
Zhang et al. reported that the principal pathways of PI3K/
AKT signaling are often activated in various pathological 
states, such as fibrosis, apoptosis, and regeneration after 
myocardial infarction [18]. Upregulated PI3K and phos-
phorylated AKT may be involved in the increased prolif-
eration and migration of CFs [19].

In this study, we found that miR-450a-2-3p regulated 
nearly a quarter of the differentially expressed genes 
(DEGs). Further functional and pathway enrichment 
analyses based on miR-450a-2-3p were conducted using 
Metascape. Notably, the transmembrane receptor pro-
tein serine/threonine kinase signaling pathway, VEGFA/
VEGFR2 signaling, and muscle contraction signaling 
pathway were identified as significantly enriched path-
ways. ERK(1/2), a serine/threonine kinase involved in 
the MAP kinase signal transduction pathway, has been 
reported to play a critical role in various biological pro-
cesses, including myocardial fibrosis [20–23]. Guo et al. 
demonstrated that H19 promoted cardiac fibroblast (CF) 
proliferation and collagen synthesis by suppressing the 
miR-29a-3p/miR-29b-3p-VEGFA/TGF-β axis [11]. Fur-
thermore, studies have suggested that the relationship 
between tissue factor and VEGF and its receptor in AF 
may indicate a possible role for VEGF in the hypercoagu-
lable state observed in patients with AF [24]. It is evident 
that miR-450a-2-3p plays a crucial role in multiple func-
tions and pathways related to cardiac fibrosis. Wu et al. 
reported reduced expression of miR-450a-2-3p in gastric 
cancer tissue, while the expression level of the oncogenic 
factor JHDM1D-AS1 increased. Functionally, JHDM1D-
AS1 depletion caused significant reductions in cell prolif-
eration and invasion both in vitro and in vivo, while these 
effects were abolished by the addition of a miR-450a-2-3p 
inhibitor. Mechanistically, JHDM1D-AS1 promoted gas-
tric cancer progression by sponging miR-450a-2-3p to 
increase PRAF2 expression [25]. Additionally, the expres-
sion of miR-450a-2-3p was found to be reduced in a study 
of tuberous sclerosis complex, indicating that miR-450a-
2-3p may play a crucial role in inhibiting cell proliferation 
[26]. However, the role of miR-450a-2-3p in myocardial 
fibrosis in patients with AF remains to be investigated.

Our previous findings in cardiac fibroblasts (CFs) and 
human umbilical vein endothelial cells (HUVECs) dem-
onstrated that miR-450a-2-3p can suppress cardiac 
fibrosis by downregulating ERK(1/2) signaling [8]. In 
CFs, overexpression of miR-450a-2-3p attenuated the 
upregulation of α-SMA, COL1, and COL3 induced by 
TGF-β1. The CCK-8 assay revealed that TGF-β1 stimu-
lation promoted CF proliferation but that this effect was 
reversed by treatment with the miR-450a-2-3p mimic. 
In HUVECs, TGF-β1 stimulation decreased the mRNA 
and protein expression levels of VE-CAD and PECAM-1/
CD31 while increasing the expression levels of vimentin, 
COL1, and COL3. Transfection of the miR-450a-2-3p 
mimic reversed these changes in gene expression lev-
els. The scratch assay demonstrated that TGF-β1 accel-
erated HUVEC migration, which was blocked by the 
miR-450a-2-3p mimic. Conversely, transfection of the 
miR-450a-2-3p inhibitor significantly facilitated HUVEC 
migration. Transfection with the miR-450a-2-3p mimic 
markedly reduced endogenous ERK(1/2) expression but 
transfection with the miR-450a-2-3p inhibitor increased 
ERK(1/2) mRNA and protein expression in both CFs and 
HUVECs. The luciferase reporter assays confirmed that 
miR-450a-2-3p directly targeted ERK(1/2). The overex-
pression of ERK(1/2) abolished the inhibitory effect of 
miR-450a-2-3p on CFs. Furthermore, the scratch assay 
showed that the inhibitory effect of the miR-450a-2-3p 
mimic on HUVEC migration was significantly blocked by 
ERK(1/2).

The aim of this study was to investigate the function 
and mechanism of miR-450a-2-3p in the pathogenesis 
of AF using a mouse model. Our data demonstrated that 
the overexpression of miR-450a-2-3p, a downregulated 
miRNA in AF [27], can alleviate cardiac fibrosis, possi-
bly through the inhibition of ERK1/2 signaling. The first 
major finding of this study was the reduced expression of 
miR-450a-2-3p in mice treated with isoproterenol (ISO). 
Subsequent experiments revealed that in  vivo overex-
pression of miR-450a-2-3p attenuated cardiac fibrosis, as 
evidenced by the reductions in the levels of fibrosis mark-
ers such as α-SMA, COL1, and COL3.

ERK(1/2), also known as MAPK1, belongs to the 
MAPK family and is involved in various cellular pro-
cesses, including proliferation, differentiation, tran-
scriptional modulation, and development. Numerous 
studies have demonstrated the importance of ERK(1/2) 
in fibrogenesis. For example, Thum et  al. discovered 
that miR-21 modulates the ERK(1/2) signaling pathway, 
influencing cardiac fibroblast growth and the secretion 
of cytokines associated with interstitial fibrosis [22]. 
M. Harada et  al. reported that TRPC3 regulates myo-
cardial fibrosis progression by influencing Ca2 + influx 
through the MAPK1/miRNA-26/NFAT pathway, thereby 
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increasing TRPC3 expression in the myocardium [23]. 
Our study provides evidence for the regulatory effect of 
miR-450a-2-3p on ERK(1/2) in vivo.

However, it is important to acknowledge the limita-
tions of the present study. First, we did not extensively 
utilize bioinformatics tools or include additional data-
sets to explore potential therapeutic targets. Second, our 
study focused solely on investigating the role of a single 
miRNA (miR-450a-2-3p), and future studies should aim 
to elucidate the functions of other potentially impor-
tant miRNAs based on microarray data. Third, while our 
animal model successfully reproduced cardiac fibrosis 
in mice, it would be beneficial to conduct future stud-
ies to investigate the role of miRNAs or genes in other 
animal models. Last, despite the inclusion of a total of 43 
(AF = 21, SR = 22) participants, the input data might still 
be insufficient to identify and validate key genes involved 
in AF development. It is worth noting that these partici-
pants were from various regions and had different diets, 
levels of physical activity, genetic variations, and suscep-
tibility to cardiovascular diseases, all of which may have 
influenced the occurrence of AF.

Conclusion
In summary, we identified 127 differentially expressed 
genes (DEGs) and 31 miRNA-regulated DEGs 
(MRDEGs) as potential key biomarkers for AF using 
bioinformatics methods. Furthermore, our in  vivo 
experiments demonstrated that the administration of 
miR-450a-2-3p agonist effectively attenuated isoproter-
enol (ISO)-induced cardiac fibrosis in mice. These find-
ings provide insights into the molecular mechanisms 
underlying AF pathogenesis by elucidating the role of 
miR-450a-2-3p in targeting the ERK(1/2) pathway.
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