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Identification of differentially expressed genes and
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remodeling induced by transverse aortic constriction
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Abstract. Cardiac remodeling predisposes to heart failure if the
burden is unresolved, and heart failure is an important cause
of mortality in humans. The aim of the present study was to
identify the key genes involved in cardiac pathological remod-
eling induced by pressure overload. Gene expression profiles of
the GSE5500, GSE18224, GSE36074 and GSE56348 datasets
were downloaded from the Gene Expression Omnibus database.
Differentially expressed genes (DEGs), defined as llog,FCI>1
(FC,fold change) and an adjusted P-value of <0.05, were screened
using the R software with the limma package. Gene ontology
enrichment analysis was performed and a protein-protein inter-
action (PPI) network of the DEGs was constructed. A cardiac
remodeling model induced by transverse aortic constriction
(TAC) was established. Furthermore, consistent DEGs were
further validated using reverse transcription-quantitative poly-
merase chain reaction (RT-PCR) analysis, western blotting and
immunohistochemistry in the ventricular tissue samples after
TAC or sham operation. A total of 24 common DEGs were
identified (23 significantly upregulated and 1 downregulated),
of which 9 genes had been previously confirmed to be directly
involved in cardiac remodeling. Hence, the level of expression
of the other 15 genes was detected in subsequent studies via
RT-PCR. Based on the results of the PPI network analysis and
RT-PCR, we further detected the protein levels of Itgbll and
Asporin, which were consistent with the results of bioinformatics
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analysis and RT-PCR. The expression of Itgbll, Aspn, Fstll,
Mfap5, Col8al, Ltbp2, Mfap4, Pamrl, Cnksrl, Aqp8, Meox1,
Gdf15 and Srpx was found to be upregulated in a mouse model
of cardiac remodeling, while that of Retnla was downregulated.
Therefore, the present study identified the key genes implicated
in cardiac remodeling, aiming to provide new insight into the
underlying mechanism.

Introduction

The prevalence and mortality of cardiovascular disease (CVD)
have exceeded those of malignant tumors, making it the most
important threat to human health and quality of life world-
wide (1). Patients with CVD are at increased risk of developing
end-stage heart failure (HF). With the rapid progress in medical
research, the understanding of the etiology and pathogenesis
of HF has gradually improved. However, there is currently no
effective treatment for end-stage HF. Therefore, the prevention
and treatment of HF are the main areas of research in the field of
CVD (2). Cardiac remodeling is characterized by an increased
burden in CVD and is regulated by various cytokines and
neurohumoral factors. The heart has an adaptive compensatory
mechanism for maintaining cardiac structure and function.
Such compensation usually appears as an increase in the thick-
ness, weight and capacity of the ventricle, as well as microscopic
changes in terms of hypertrophy of the cardiac myocytes,
increased myocardial fibrosis and interstitial cell proliferation,
among others. Long-term persistence of these burdens results in
decompensation and, eventually, HF (3.4).

Genes are the functional units of DNA, which store all the
information necessary for the reproduction and functioning of
all forms of life (5). Gene expression refers to the process of
protein synthesis under the guidance of genes. Several gene
expression changes are involved in the occurrence and devel-
opment of various diseases (6). The gene chip, also referred
to as the DNA chip or DNA microarray, uses the principle of
hybridization to detect the existence and quantity of the corre-
sponding fragments for the functional and genomic research
of genes; it has been widely used in scientific research and for
the clinical diagnosis of various diseases, including CVD (6,7).
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Successful establishment of animal models is the most
critical step in the study of the pathophysiology and molecular
mechanisms underlying myocardial remodeling. Common
models of cardiac remodeling are established by injection
of catecholamines, such as isoproterenol, phenylephrine and
angiotensin II, as well as by transverse aortic constriction
(TAC) in spontaneously hypertensive rats. TAC increases the
afterload by constricting the aorta and increasing the aortic
pressure (8). In the present study, we downloaded and analyzed
four original microarray datasets in the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo),
namely GSES5500, GSE18224, GSE36074 and GSE56348, in
order to explore the potential mechanisms underlying cardiac
pathological remodeling induced by TAC-mediated pressure
overload. The correlation between cardiac pathological remod-
eling and differentially expressed genes (DEGs) was filtered
using the limma package of R software (R version 3.3.3). We
subsequently identified numerous potential DEGs related to
cardiac pathological remodeling and explored their function
via Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses using
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) online tool, version 6.8 (https:/david.
ncifcrf.gov/home.jsp). Finally, a mouse model of cardiac
remodeling induced by TAC was established, and reverse tran-
scription-quantitative polymerase chain reaction (RT-PCR)
analysis was used to verify the expression of DEGs, thereby
providing new insights into potential molecular targets for the
treatment of pathological cardiac remodeling.

Materials and methods

Microarray data information and identification of DEGs.
GEO is a free public repository of gene microarray data
(http://www.ncbi.nlm.nih. gov/geo/) (9), from which the gene
expression profiles of GSE5500, GSE18224, GSE36074 and
GSE56348 datasets were determined in the left ventricular
(LV) myocardial tissue of TAC or sham-operated mice.
GSE5500 included 6 TAC and 4 sham-operated LV myocar-
dial tissue samples (submission date: August 10, 2006) (10);
GSEI18224 included 8 TAC and 8 sham-operated LV myocar-
dial tissue samples (submission date: September 23,2009) (11);
GSE36074 included 14 TAC and 5 sham-operated LV myocar-
dial tissue samples (submission date: February 24, 2012) (12);
and GSE56348 included 5 pairs of TAC and sham-operated
LV myocardial tissue samples (submission date: March 29,
2014) (13). The GSE5500, GSE18224 and GSE36074 data were
based on the GPL1261 platforms (Affymetrix Mouse Genome
430 2.0 Array, Affymetrix; Thermo Fisher Scientific, Inc.);
the GSE56348 data were based on the GPL6480 platforms
(Affymetrix Mouse Gene 1.0 ST Array) (Table I).

Raw data (TXT format) of genomic expression were
integrated for analysis, and data preprocessing, including
background correction, normalization, logarithmic conversion
and screening of DEGs were subsequently performed using
R software with the limma package. Statistically significant
DEGs were defined as log,FC>1 or log,FC<-1 (FC, fold
change) and an adjusted P-value of <0.05. Volcano plots and
heatmaps of these screened DEGs were constructed using R
software.
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GO terms and pathway enrichment analysis. DAVID version 6.8
is an open-source website for scientists to explore the biological
functions of DEGs (14). GO analysis was conducted using the
sub-databases GOTERM_BP DIRECT, GOTERM_CC_
DIRECT and GOTERM_MF _DIRECT, and KEGG pathway
analysis was conducted using DAVID version 6.8 to analyze
the DEGs at the functional level. P<0.01 was set as the cut-off
indicating statistically significant differences.

Integration of protein-protein interaction (PPI) network and
identification of hub genes. PPIs include direct physical inter-
actions and indirect functions (15). DEGs were selected from
the four data series (i.e., GSE5500, GSE18224, GSE36074 and
GSE56348), and a PPI network was constructed. The online
database STRING (http://string-db.org) was used to construct
the PPI network and analyze the functional interactions based
on the above screened DEG-encoded proteins. The hub genes
were screened by calculating the number of interconnections.
Proteins located at the center nodes may be considered as
core proteins with important physiological functions, and the
corresponding gene is a key candidate gene.

Animals and animal models. All animal care and experi-
mental procedures were approved by the Animal Care and
Use Committee of Renmin Hospital of Wuhan University
(Wuhan, China), and conformed to the Guidelines for the
Care and Use of Laboratory Animals published by the United
States National Institutes of Health (16). Adult male specific
pathogen-free (SPF) grade C57BL/6 mice (n=40, 8-10 weeks
old, weighing 23.5-25.5 g) and adult male and female SPF grade
Sprague-Dawley (SD) rats were purchased from the Institute
of Laboratory Animal Science, Chinese Academy of Medical
Sciences, Beijing, China. The TAC model was selected mainly
because of the TAC model of original chip data analysis. In
the study of TAC-mediated cardiac remodeling, the most
commonly used time points are 4 and 8 weeks. Previous
studies have reported that significant changes in cardiac
remodeling and decreased cardiac function are observed
4 weeks after TAC, whereas at 8 weeks after TAC, end-stage
HF is more likely (17,18). Furthermore, most of the original
chip data we analyzed were samples analyzed for ~4 weeks.
Therefore, testing at 4 weeks after TAC was selected. The
mice were randomly divided into two groups (TAC, n=25;
sham, n=15) and allowed to acclimatize for 7 days prior to the
experiments. The animals were anesthetized with 80 mg/kg
sodium pentobarbital (Sigma-Aldrich; Merck KGaA) by intra-
peritoneal injection, and subsequently subjected to TAC or
sham operation, as described previously (17). A total of 6
mice in the TAC group and 3 mice in the sham group died
during or after the operation. The animals were euthanized via
200 mg/kg sodium pentobarbital by intraperitoneal injection.

Echocardiographic measurement. At 4 weeks after the
operation, echocardiography was used to measure the LV
structure and function in mice that were anesthetized by inha-
lation of 1.5% isoflurane. Echocardiography was performed
using a MyLab 30CV system (Esaote SpA) equipped with a
10-MHz linear array ultrasound transducer, as previously
described (18). Two-dimensional images were captured from
the LV parasternal long axis and parasternal short axis at the
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Table I. GEO Datasets used for the bioinformatics analysis.
Study Genus Tissue GEO Platform Sham TAC (Refs.)
Bisping et al Mus musculus Left ventricular GSE5500 GPL1261 4 6 (10)
Fliegner et al Mus musculus Left ventricular GSE18224 GPL1261 8 8 1
Skrbic et al Mus musculus Left ventricular GSE36074 GPL1261 5 14 (12)
Lai et al Mus musculus Left ventricular GSE56348 GPL6246 10 10 (13)

GEO, Gene Expression Omnibus; TAC, transverse aortic constriction.

level close to the papillary muscles at a frame rate of 120 Hz.
LV end-systolic diameter (LVESD), LV end-diastolic dimen-
sion (LVEDD), LV ejection fraction (EF) and LV fractional
shortening (FS) were obtained by LV M-mode tracing with a
sweep speed of 50 mm/sec. LVESD, LVEDD, EF and FS were
analyzed for >10 beats per heart.

Histological analysis. Following completion of echocardio-
graphic and hemodynamic measurements, the mice were
immediately euthanized. Body weight, heart and lung weight,
and tibial length were measured for each mouse. Heart
weight/body weight (HW/BW, mg/g), lung weight/body weight
(LW/BW, mg/g) and heart weight/tibial length (HW/TL, mg/mm)
ratios in each group were calculated using these data. The heart
was harvested and immediately placed in 10% KCI solution to
induce diastolic arrest. Subsequently, the hearts were fixed in
4% paraformaldehyde for 3 days. Fixed myocardial tissues were
dehydrated, embedded in paraffin, and cut into 5-ym sections
as described previously (19). Sections from the middle segment
of each heart were subjected to hematoxylin and eosin (H&E)
staining for the observation of overall morphology.

For immunohistochemistry, fixation, embedding and
sectioning of cardiac specimens were performed in a similar
manner as for H&E staining. The heart sections were heated
for antigen retrieval using a pressure cooker. The sections were
incubated with anti-integrin subunit beta-like 1 (Itgbll; Santa
Cruz Biotechnology, Inc.; sc-365162, 1:50) and anti-Asporin
(Abcam; ab58741, 1:100), and developed using peroxi-
dase-coupled secondary antibodies and 3,3'-diaminobenzidine
as a substrate. Images were captured at a magnification of
x400 from 10 fields/heart.

RT-gPCR.The mRNA expression level of the DEGs with research
value was measured using qPCR, as described previously (19).
Total RNA was isolated from LV myocardium using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and mRNA
was reverse-transcribed to cDNA using oligo(dT) primers. Gene
expression levels were analyzed using the Light Cycler 480
Q-PCR System and Light Cycler 480 SYBR-Green 1 Master
Mix (Roche Diagnostics). Target gene mRNA expression was
normalized to the internal control glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The forward and reverse primer pairs
used for RT-PCR are shown in Table II.

Western blotting. The protein expression level was measured
by western blotting as described previously. The cardiac
LV tissue was lysed in RIPA lysis buffer, and the protein

concentration was measured using the BCA Protein Assay
Kit (Thermo Fisher Scientific, Inc.; 23227). Protein lysates
(50 pug) were electrophoresed on 10% sodium dodecyl
sulfate-polyacrylamide gels, and subsequently transferred
onto polyvinylidene fluoride (PVDF) membranes (EMD
Millipore; IPFL00010) by a gel transfer device. The PVDF
membranes were blocked with 5% non-fat milk for 1 h and
incubated with primary antibodies against Itgbll (Santa Cruz
Biotechnology, Inc.; sc-365162, 1:200) and Asporin (Abcam,
ab58741, 1:400), overnight at 4°C. After washing three times
with Tris-buffered saline containing Tween 20, the membrane
was stained with anti-mouse or anti-rabbit IgG (1:10,000) for
1 h. The blots were scanned and analyzed using an Odyssey
infrared imaging system (LI-COR Biosciences). Specific
protein expression levels were normalized to GAPDH (Cell
Signaling Technology, Inc.; 5174, 1:2,000).

Cultured neonatal rat ventricular myocytes (CMs) and cardiac

fibroblasts (CFs). Neonatal rat CMs and CFs were prepared
based on our published literature (20,21). Briefly, adequate
neonatal hearts from 1- to 2-day-old Sprague-Dawley (SD) rats
were cut into ~1-mm? pieces and digested in enzyme solutions.
Isolation of CMs and CFs was performed by differential time
adhesion. BrdU (0.1 mM) was used to inhibit the prolifera-
tion of the CFs present in the CM fraction. The CMs and CFs
were cultured in DMEM/F12 containing fetal bovine serum
(15% for CMs or 10% for CFs), streptomycin (100 mg/ml), and
penicillin (100 IU/ml) at 37°C in a humidified incubator with
5% CO,. CMs and CFs were stimulated by angiotensin (Ang)
IT (1 M) and transforming growth factor (TGF)p (10 ng/ml),
respectively. The effect of stimulation was evaluated by immu-
nofluorescence staining. The CM fraction was detected with
anti-a-actinin staining. CFs were stained with anti-a-smooth
muscle actin (SMA) to observe fluorescence intensity.

Immunofluorescence staining. Immunofluorescence staining
was performed as previously described (17). Briefly, cell
coverslips were washed three times with PBS, fixed with 4%
formaldehyde, permeabilized in 0.2% Triton X-100, and stained
with anti-a-actinin (1:100 in 1% goat serum) or anti-a-SMA
(1:100 in 1% goat serum) overnight after blocking with 10%
goat serum for 60 min at 37°C. The coverslips were then
incubated with Alexa Fluor 488-goat anti-rabbit secondary
antibody for 60 min at 37°C, with DAPI (Invitrogen; Thermo
Fisher Scientific, Inc.; S36939) for nuclear staining. Images
were captured by a special Olympus DX51 fluorescence
microscope (Olympus Corporation).
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Table II. Forward and reverse primer pairs.

Gene names Forward Reverse

Mfap4 GCAACCCCTGGACTGTGATG TTGTCATGTCGCAGAAGACGG
Ltbp2 AACAGCACCAACCACTGTATC CCTGGCATTCTGAGGGTCAAA
Retnla CCAATCCAGCTAACTATCCCTCC ACCCAGTAGCAGTCATCCCA
Cthrcl TGGACCAAGGAAGCCCTGAGT TGAACAGGTGCCGACCCAGA
Pamrl ATGGAGCTAGACAGATGGGC GACCGTGTACTCTCTTGGCAA
Itgbll GTGGAAACTGTTACTGCGAGG TGGCAAGAACATTCACCACATAC
MFAPS5 GTCTTGGCAATCAGCATCCC CCAGATTAGGGTCGTCTGTGAAT
Meox1 GAAACCCCCACTCAGAAGATAGC TCGTTGAAGATTCGCTCAGTC
Aqp8 TGTGTAGTATGGACCTACCTGAG ACCGATAGACATCCGATGAAGAT
Aspn AAGGAGTATGTGATGCTACTGCT ACATTGGCACCCAAATGGACA
Srpx2 ATGGTACGCAGGCTCAGGTTA TGAGTAGCATGTGGCTTCTCC
Col8a AGGAGAAGTACCGTTAGCCAG TACCGGGCTTTCCAATTCCTG
Cilp ATGGCAGCAATCAAGACTTGG AGGCTGGACTCTTCTCACTGA
Frzb CACAGCACCCAGGCTAACG TGCGTACATTGCACAGAGGAA
Fstll CACGGCGAGGAGGAACCTA TCTTGCCATTACTGCCACACA

Statistical analysis. Data are presented as the mean + standard
error of the mean from at least six independent experiments. To
determine statistical significance, the results were compared
using Student's two-tailed t-tests. All statistical analyses were
performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc.). A P-value of <0.05 at a 95% confidence level
was considered to indicate statistically significant differences.

Results

Identification of DEGs. As shown in Table I, 4 datasets
(GSE5500, GSE18224, GSE36074 and GSES56348) were
included in the present study. Following data normalization
and DEG analysis using llog,FCl >1 and P<0.05 as cut-offs, a
total of 188, 293, 253 and 67 DEGs were identified from the
GSES500, GSE18224, GSE36074 and GSE56348 datasets,
respectively. The volcano plots and heatmaps of the first 50
DEGs are displayed in Fig. 1. In bioinformatics, the method
of collecting and intersecting multiple profile datasets is
commonly used. The selection criterion of ‘all four posi-
tive’ methods is commonly used and the results obtained
are considered as reliable. After using the Venny website
(http://bioinfogp.cnb.csic.es/tools/venny/index.html) for inte-
grated bioinformatics, a total of 24 consistent DEGs were
identified from the four profile datasets (Fig. 2), including 23
upregulated and 1 downregulated genes in the mouse model
of cardiac remodeling induced by TAC vs. sham operation
(Fig. 2A, Table I1I).

DEG GO analysis in TAC-induced cardiac remodeling. To
explore the biological function of DEGs in a mouse model
of TAC-mediated pressure overload-induced LV remodeling,
the 24 screened DEGs were uploaded to DAVID version 6.8.
The DEGs were found to be enriched in biological processes,
including extracellular fibril organization, cell adhesion, wound
healing, elastic fiber assembly, and negative regulation of cell
growth and cartilage development. For cell component, the

Table III. DEGs identified from the four profiles (n=24).

DEGs Genes

Upregulated Ltbp2, Postn, Cilp, Mfap4, Thbs4, Col8al,
Timp1, Nppa, Gdf15, Pamr1, Lox, Actal,
Itgbll, Ctgf, Cnksrl, Frzb, Mfap5, Meox1,
Tgfb2, Aqp8, Fstll, Aspn, Srpx2
Downregulated Retnla

DEGs, differentially expressed genes.

DEGs were mainly enriched in extracellular region, protein-
aceous extracellular matrix, extracellular space, extracellular
matrix, basement membrane, and extracellular exosome.
Molecular function analysis revealed that the upregulated
DEGs were mainly enriched in growth factor activity, heparin
binding, and calcium ion binding (Fig. 2B and Table IV).
No DEGs were found to be significantly enriched in KEGG
pathway enrichment analysis.

Integration of PPI network and identification of hub genes.
The 24 screened DEGs from these four datasets were selected
to construct a PPI network using the STRING online database.
A total of 18 DEGs (all upregulated) of the 24 commonly
altered DEGs were filtered into the DEG PPI network complex.
These 18 DEGs included (in descending order) Postn, Lox,
Ctgf, Itgbll, Aspn, Fstll, Mfap5, Actal, Nppa, Tgfb2, Timpl,
Col8al, Ltbp2, Mfap4, Thbs4, Cilp, Pamrl and Frzb sequen-
tially (Fig. 3).

Establishment of a cardiac pathological remodeling model
in mice. For 4 weeks after TAC, the remodeling responses of
these mice in response to pressure overload were detected. TAC
mice exhibited a significant cardiac pathological remodeling
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Figure 1. Volcano plot and heatmaps of differentially expressed genes (DEGs): (A) Volcano plot of DEGs for dataset GSES500; (B) volcano plot of DEGs for
dataset GSE18224; (C) heatmaps of DEGs for dataset GSE5500; (D) heatmaps of DEGs for dataset GSE18224.



1452

G

GSE36074

Figure 1. Continued. Volcano plot and heatmaps of differentially expressed genes (DEGs): (E) Volcano plot of DEGs for dataset GSE36074; (F) volcano plot
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phenotype, including increased HW/BW, LW/BW and HW/TL
ratios (Fig. 4A-C). To investigate cardiac function, echocar-
diographic examination was performed. TAC mice exhibited

deteriorated cardiac remodeling and dysfunction compared
with sham-operated mice, as indicated by LVEDD, LVESD,
FS and EF (Fig. 4D-H). H&E staining and cardiomyocyte

4 Tpye

B Sham
TAC
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Table IV. Significant enriched analysis of differentially expressed genes.
Category Term Description Count P-value
GOTERM_BP_DIRECT G0:0043206 Extracellular fibril organization 3 0.000070
GOTERM_BP_DIRECT GO:0007155 Cell adhesion 6 0.000194
GOTERM_BP_DIRECT GO0:0042060 Wound healing 3 0.005265
GOTERM_BP_DIRECT GO0:0048251 Elastic fiber assembly 2 0.008103
GOTERM_BP_DIRECT G0:0030308 Negative regulation of cell growth 3 0.009136
GOTERM_BP_DIRECT GO:0061037 Negative regulation of cartilage development 2 0.009255
GOTERM_CC_DIRECT GO:0005576 Extracellular region 20 <0.000001
GOTERM_CC_DIRECT GO:0005578 Proteinaceous extracellular matrix 11 <0.000000
GOTERM_CC_DIRECT GO:0005615 Extracellular space 15 <0.000000
GOTERM_CC_DIRECT GO0:0031012 Extracellular matrix 9 <0.000000
GOTERM_CC_DIRECT GO:0005604 Basement membrane 4 0.000192
GOTERM_CC_DIRECT GO0O:0070062 Extracellular exosome 9 0.008497
GOTERM_MF_DIRECT GO:0008083 Growth factor activity 5 0.000016
GOTERM_MF_DIRECT GO:0008201 Heparin binding 5 0.000019
GOTERM_MF_DIRECT GO:0005509 Calcium ion binding 5 0.006123
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Figure 2. Identification of differentially expressed genes (DEGs) from the four data sets and Gene Ontology (GO) analysis. (A) Identification of 24 common
DEGs from the four microarray datasets using venny website (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Different color areas represented different
microarray datasets. The cross-sectional areas reflect the commonly altered DEGs. Statistically significant DEGs were defined using P<0.05 and llogFCI>1 as
cut-offs. (B) DEG GO analysis classified the DEGs into 3 groups, namely molecular function, biological processes and cellular component.

cross-sectional area also confirmed the adverse effect of TAC
surgery on cardiac remodeling (Fig. 41 and J). Several sections
of the heart were stained with picrosirius red for assessment
of interstitial fibrosis (Fig. 4K and L). Based on these results,
the successful establishment of a TAC-induced cardiac patho-
logical remodeling model in mice was confirmed.

Validation of gene expression levels of DEGs in a mouse
model of cardiac remodeling. The mRNA expression levels
of DEGs were detected using RT-PCR in a mouse model of
TAC-induced cardiac remodeling, excluding the 9 published
genes Postn, Lox, Ctgf, Nppa, ANP, Actal, Timpl, Tgfb2 and

Clip, which have been previously confirmed to be directly
involved in the occurrence and development of myocardial
remodeling (these 9 genes have been found to be upregulated,
which is consistent with the results of a large number of
published studies) (22-30). Hence, the mRNA expression level
of the remaining 16 DEGs was determined by RT-PCR. As
shown in Fig. 5, compared with the sham group, the expression
of Itgbll, Aspn, Fstll, Mfap5, Col8al, Ltbp2, Mfap4, Pamrl,
Cnksrl, Aqp8, Meoxl1, Gdf15 and Srpx was upregulated,
and that of Retnla was downregulated in the mouse model
of cardiac pathological remodeling, which is consistent with
the results of the bioinformatics analysis. Frzb was not found
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Figure 3. Differentially expressed gene (DEG) protein-protein interaction (PPI) network analysis. (A) Using the STRING online database, a total of 18 genes
were filtered into the DEG PPI network complex. (B) Sorting the number of nodes of the 18 DEGs.

to be significantly differentially expressed, as determined by
PCR. The reason for the inconsistency is that the sensitivity of
different detection methods varies.

Detection of the protein level of key DEGs by western blot-
ting and immunohistochemistry. According to the results of
the PCR and combined with the hub genes by PPI network
analysis, Itgbll and Aspn were selected, and their protein
expression level was determined by western blotting and
immunohistochemistry. As shown in Fig. 6, western blotting
and immunohistochemistry confirmed that TAC surgery
significantly increased the protein expression level of Itgbll
and Asporin (protein encoded by Aspn gene), consistently with
the results of PCR and bioinformatics analysis.

Expression of Itgbll and ASPN in CMs and CFs. CMs and
CFs were extracted from neonatal rats, and stimulated by
Ang IT (1 uM) and TGF-f (10 ng/ml), respectively. As shown
in Fig. 7A and B, CMs were stained with anti-a-actinin and
CFs were stained with anti-a-SMA. Ang II (1 #M) increased
the cross-sectional area of CMs (Fig. 7A and C), and TGF-3
(10 ng/ml) increased the fluorescence intensity of a-SMA in
CFs (Fig. 7B). The mRNA expression of Itgbll and ASPN in
CMs and CFs was also detected. It was observed that Itgbll
and ASPN were mainly expressed in CFs (Fig. 7D), and their
expression was markedly increased following TGF-f3 stimula-
tion (Fig. 7E), while the expression of Itgbll and ASPN in CMs
was very low, and there was no significant difference following
stimulation by Ang II (Fig. 7F).

Discussion

In recent decades, ongoing research has unveiled that cardiac
remodeling plays an important role in the pathophysiology

of HF. In recent years, the emergence and rapid development
of gene chip (microarray) and high-throughput sequencing
technology has provided valuable targets for early detec-
tion, diagnosis, treatment and prognosis of various diseases,
including HF. Comprehensive analysis of various microarray
and high-throughput sequencing technologies using bioin-
formatics methods increases the sample size and reduces
the impact of research error on the results, thus effectively
improving their reliability.

In the present study, four microarray datasets (GSE5500,
GSE18224, GSE36074 and GSE56348) were collected and
downloaded for TAC-induced cardiac remodeling. These
datasets were analyzed using limma package of R software,
common DEGs (defined as log,FC>1 or log,FC<-1 and an
adjusted P-value <0.05) were obtained, and 24 commonly
altered DEGs (23 upregulated and 1 downregulated) were
identified in the first step. Subsequently, these 24 DEGs were
separated by GO terms into three groups, namely cellular
component, molecular functions and biological process, using
DAVID version 6.8. The result of GO term analysis indicated
that these 24 DEGs datasets were mainly enriched in extracel-
lular fibril organization, cell adhesion, wound healing, elastic
fiber assembly, negative regulation of cell growth and cartilage
development, extracellular region, proteinaceous extracellular
matrix, extracellular space, extracellular matrix, basement
membrane, extracellular exosome, growth factor activity,
heparin binding and calcium ion binding. These functions are
closely associated with the development of cardiac remodeling.

In the third step, a DEG PPI network complex was
developed and a total of 18 DEGs (all upregulated) of the 24
commonly altered DEGs were filtered into this DEG complex,
including (in descending order of the number of nodes) Postn,
Lox, Ctgf, Itgbll, Aspn, Fstll, Mfap5, Actal, Nppa, Tgfb2,
Timpl, Col8al, Ltbp2, Mfap4, Thbs4, Cilp, Pamrl and Frzb.
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Figure 5. Reverse transcription-quantitative polymerase chain reaction analysis validation of mRNA expression levels of the selected common differentially expressed
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TAC and sham-operated groups. Values shown are normalized to GAPDH (n=6); “P<0.01, “"P<0.001; NS, not significant; TAC, transverse aortic constriction.

Of these 24 DEGs, 9 (Postn, Lox, Ctgf, ANP, Actal,
Timpl, Tgfb2, Clip and Thbs4) have been previously reported
to be directly involved in the development of cardiac remod-
eling (22-30); therefore, the level of expression of these genes was
not examined in subsequent analyses. To verify the expression
of the remaining 15 DEGs, a TAC-induced pressure overload
model was constructed to elucidate the mechanism underlying

cardiac remodeling. To verify whether the cardiac pathological
remodeling model in mice was successfully established, echocar-
diography was used to detect cardiac function in the experimental
and control groups, and gross morphological evaluation of the
hearts was performed by H&E staining. RT-PCR was used to
verify that the expression of Itgbll, Aspn, Fstll, Mfap5, Col8al,
Ltbp2, Mfap4, Pamrl, Cnksrl, Aqp8, Meox1, Gdf15 and Srpx
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Figure 6. Western blotting and immunohistochemistry validation of protein expression levels of Itgbll and Aspn. (A) Immunohistochemistry images of
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TAC, transverse aortic constriction.

was upregulated and that of Retnla was downregulated in the
mouse model of cardiac pathological remodeling, which was
consistent with the results of the bioinformatics analysis. Frzb
was not significantly differentially expressed, as determined by
RT-PCR. The reason for this inconsistency is that the sensitivity
of different detection methods varies.

The Itgbll gene encodes a B-integrin-related protein. The
Itgbll protein is an extracellular matrix protein that promotes
ovarian cancer cell migration and adhesion through Wnt/PCP
signaling and the FAK/SRC pathway (30). The Itgbll protein
may promote bone metastasis of breast cancer by activating
the TGF-f signaling pathway (31). The Wnt/PCP, FAK/SRC
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Figure 7. Expression of Itgbl1 and Asporin in cardiomyocytes (CMs) and cardiac fibroblasts (CFs). (A) Immunofluorescence staining of CMs with anti-a-actinin.
(B) Immunofluorescence staining of CFs with anti-a-SMA. (C) The cell surface area of CMs in the indicated groups (n=6 samples, with 100+ cells per group).
(D) Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis validation of mRNA expression levels of Itgbll and ASPN in CMs
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analysis validation of mRNA expression levels of Itgbll and ASPN in Ang II-treated CMs (n=6 sample) ‘P<0.05, “P<0.05, NS, not significant. ASPN, Asporin;

SMA, smooth muscle actin; TGF, transforming growth factor; Ang, angiotensin.

and TGF-f signaling pathways play an important role in
the process of cardiac remodeling. Similarly, Itgbll is a key
regulator of fibrosis in patients with hepatitis B virus-related
liver fibrosis (32). This evidence suggests that Itgbll may be
involved in the pathogenesis of cardiac remodeling. Aspn
encodes Asporin, a cartilage extracellular protein that belongs
to the small leucine-rich proteoglycan family. Asporin regu-
lates chondrogenesis through regulating TGF-f signaling; it
can also bind to collagen and calcium and may induce collagen
mineralization (33). There are currently no studies on the
effects of Aspn on remodeling of various tissues.

The Fstll gene encodes a protein similar to follistatin. A
previous study reported that the Fstll levels in a patient with
asthma were associated with increased smooth muscle mass,
and suggested that Fstll may contribute to airway remodeling in
such patients (34). In addition, another study also confirmed that
Fstll is involved in TGF-f1-mediated pulmonary fibrosis (35).
Fstll may also be used as a potential mediator of exercise-induced
cardioprotection post-myocardial infarction (36). However, there
has yet been no study that elucidates whether Fstll participates
in pressure overload-mediated cardiac remodeling.

The microfibril-associated protein (Mfap)4 and Mfap5
genes encode extracellular matrix proteins that are involved in
cell adhesion and intercellular interaction. A number of studies
have confirmed the involvement of Mfap4 in vascular remod-
eling after vascular injury and airway remodeling induced
by bronchial asthma (37,38). Furthermore, the expression of
Mfap4 in the serum and liver of patients with liver cirrhosis was
found to be significantly increased (39). Mfap5 is associated
with obesity-associated adipose tissue and extracellular matrix
remodeling and regulates adipose tissue inflammation (40).

Collagen type VIII alpha 1 chain (Col8al) encodes one of
the two a chains of type VIII collagen, which is a key compo-
nent of the basement membrane of the corneal endothelium. A
previous study demonstrated that Col8al mediates vessel wall
remodeling following arterial injury and fibrous cap formation
in atherosclerosis. The latent transforming growth factor beta
binding protein 2 (Ltbp2) gene encodes a protein that belongs
to the latent TGF-p-binding protein (LTBP) family, and this
protein shares similarities with the fibrillins. Ltbp2 is a potential
prognostic blood biomarker that may reflect the level of differ-
entiation of lung fibroblasts into myofibroblasts in idiopathic
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pulmonary fibrosis (41). Peptidase domain containing associ-
ated with muscle regeneration 1 (Pamrl) is a putative tumor
suppressor that is frequently inactivated by promoter hyper-
methylation in breast cancer tissues (42). However, there is little
research on Pamrl, so its role remains elusive.

The connector enhancer of kinase suppressor of Ras 1
(Cnksrl) gene encodes a protein containing several motifs
involved in PPI. The Cnksrl protein can mediate the association
among different signaling pathways (43). Similar to the Pamrl
gene, there is little research on the exact role of the Cnksrl
gene. The aquaporin 8 (Aqp8) gene encodes a protein that
belongs to a family of small integral membrane proteins, and
functions as a water channel (44). The sushi repeat-containing
protein X-linked (Srpx) gene encodes the Srpx protein, which
is involved in phagocytosis during disk shedding, cell adhesion
to cells other than the pigment epithelium, or signal transduc-
tion (45). At present, it remains unknown whether Aqp8 and
Srpx are involved in the remodeling of cardiac or other tissues.
The mesenchyme homeobox 1 (Meox1) gene encodes a member
of a subfamily of antennapedia-like homeobox-containing
proteins. Meox1 is part of a regulatory circuit that serves
an essential, non-redundant function in the maintenance of
rostro-caudal sclerotome polarity and leads to remodeling of
the cranio-cervical joints of the axial skeleton (46). Meox1
promotes vascular smooth muscle cell phenotypic modulation
and balloon injury-induced vascular remodeling via regulating
the FAK-ERK1/2 signaling cascade (47).

The growth differentiation factor 15 (Gdf15) gene encodes
a secreted ligand of the TGF-f superfamily of proteins, which
bind various TGF-f receptors (TGF-pR) and leads to activa-
tion of Smad family transcription factors. The TGF-f/Smad
signaling pathway is closely associated with cardiac remod-
eling. Resistin-like alpha (Retnla) is also referred to as
hypoxia-induced mitogenic factor (Himf). In a model of lung
inflammation, Retnla knockout led to lung inflammation
and higher Th2 cell cytokine production compared with that
observed in wild-type mice. Retnla strongly activates Akt
phosphorylation, and treatment with Retnla has been shown
to result in a significant reduction of apoptosis in cultured
embryonic lung cells (48,49). Retnla is involved in immune
response-induced pulmonary vascular remodeling and
enhanced inflammatory response typically observed after
intermittent ovalbumin challenge (50).

There were certain limitations to the present study. First,
the amount of data obtained from the GEO database is not
sufficiently comprehensive, as some of the data samples are
too small to screen for common DEGs, and were thus excluded.
Second, DEGs represent only one type of molecular changes
that occur in the mouse model of TAC-induced cardiac
remodeling. Other factors, including non-coding RNAs (such
as microRNAs, long non-coding RNAs and circular RNAS),
gene mutations and metabolomic changes, should also be
considered to provide a comprehensive understanding of the
development of cardiac remodeling. Third, of the 15 DEGs,
only the protein levels of Itgbll and Asporin were verified
by western blotting and immunohistochemistry. Fourth, the
findings of the present study only indicated that the expression
of some genes was altered during cardiac remodeling, but did
not elucidate the underlying mechanism. This study is only
part of our research group on HF. Through bioinformatics
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analysis, the DEGs were screened and preliminarily verified.
By screening the candidate genes, related gene knockout and
overexpression mouse models are constructed in order to
provide a solid early basis for exploring the pathogenesis and
treatment of HF in the future.

In conclusion, the present study identified DEGs in mouse
hearts with TAC-induced cardiac remodeling and sham
samples by bioinformatics analysis, thereby indicating the
crucial role of DEGs in the process of cardiac remodeling.
The study findings provide a set of candidate genes for future
investigation of the mechanisms and selection of biomarkers
for cardiac remodeling. In future research, knockout or
transgenic mice will be used to further elucidate the patho-
physiological mechanisms underlying the involvement of these
genes in cardiac remodeling in vivo and in vitro.
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