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Abstract: Background: Mountainous evidence has revealed that an activated immune response in
the heart can provoke left ventricular dysfunction and result in adverse cardiac remodelling. This
study was designed to explore the potential mechanisms and identify core biomarkers in peripheral
blood mononuclear cells (PBMCs) of nonischaemic cardiomyopathy (NICM). Methods: GSE9128,
particularly, the samples of PBMCs from 3 control individuals and 4 NICM patients, was
downloaded from the GEO database to identify differentially expressed genes (DEGs). DAVID was
employed to perform gene ontology (GO) and Kyoto PBMC of Genes and Genomes (KEGG)
analyses. Meanwhile, a protein-protein interaction (PPI) network was constructed to display the
interactions among these DEGs. The expression of the top 5 upregulated and downregulated DEGs
was validated in a NICM mice model induced by isoproterenol via real-time PCR. Results: In this
study, a total of 371 DEGs (fold change > 2), consisting of 288 upregulated DEGs and 83
downregulated DEGs, were captured in the PBMCs. GO and KEGG analysis demonstrated that these
DEGs were particularly enriched in inflammatory response, immune response, extracellular exosome
and cell differentiation. Additionally, the hub genes with the 15 highest connectivity degrees were
also identified, namely, JUN, MYC, HSP90AA1, PCNA, CREB1, IL1B, IL8, SMARCA2, TLR4,
RB1, RANBP2, EGR1, PTGS2, ENO1 and XPO1. Finally, our in vitro experiment not only validated
the mRNA expression levels of the top 5 upregulated and downregulated DEGs in mice but also
further clarified their expression in subtypes of PBMCs. Conclusion: Our study unveiled potential
biomarkers and molecular mechanisms in NICM, which could provide a non-invasive strategy for
the diagnosis and treatment of NICM.

Keywords: peripheral blood mononuclear cells; nonischaemic cardiomyopathy; immune-related
biomarkers; bioinformatics analysis

mailto:zhzhouheng@gmail.com


Mathematical Biosciences and Engineering Volume 17, Issue 3, 2330–2347.

2331

Abbreviations

NICM: nonischaemic cardiomyopathy; PBMCs: peripheral blood mononuclear cells; DEGs:
differentially expressed genes; GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and
Genomes; PPI: protein-protein interaction; HF: heart failure; IL-6:interleukin-6; IFN-γ:
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1. Background

Heart failure (HF), a chronic cardiac syndrome, could give rise to a mean survival of 5 years
once it is diagnosed, placing millions of individuals globally at risk of death at present, despite the
vital progress that has been made in its diagnosis and treatment [1,2]. Nonischaemic cardiomyopathy
(NICM) is one of the most common causes of HF [3]. At present, patients diagnosed with HF due to
NICM, especially if conventional therapy shows no effect for them, require further diagnostic and
therapeutic procedures involving endomyocardial biopsy. However, endomyocardial biopsy is
invasive and thus may easily cause adverse complications [4]. Hence, it is of great necessity to
establish a series of non-invasive approaches that could be operated by routine assays in the clinic.

Increasing evidence has demonstrated that dysregulated levels of circulating pro-inflammatory
cytokines in peripheral blood mononuclear cells (PBMCs) from patients with NICM exhibit a strong
relationship with the disease severity and/or prognosis [5]. Pressure and volume overload trigger
profound alterations in cardiac extracellular matrix components, which eventually induce cardiac
remodelling by affecting the removal of pro-inflammatory cytokines [6]. Pro-inflammatory
monocytes and T-cell infiltration are also observed when myocardial dysfunction and cardiac
remodelling occur [7]. These immune cells could mediate hypertension, cardiac hypertrophy and
fibrosis by releasing certain cytokines, such as interleukin-6 (IL-6) and interferon-gamma (IFN-γ) [8,9].
PBMCs are a group of immune cells, mainly including T cells, B cells and monocytes/macrophages,
the profiling of which has drawn particular attention in a number of diseases due to the convenience
and noninvasiveness of PBMCs assessments in recent years [10,11].

Bioinformatic analysis and gene expression profiling analysis could help us screen molecular
markers between patients and healthy individuals, thereby providing novel insights into diseases at
multiple levels ranging from the alterations of copy number at the genome level to gene expression at
the transcriptome level and even epigenetic alterations [12]. In this study, we sought to determine the
differentially expressed genes (DEGs) in PBMCs between patients with NICM and healthy controls
based on the gene expression profiles from GSE9128, which was downloaded from the Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). Meanwhile, we analysed gene
ontology (GO) involving biological process (BP), molecular function (MF), cellular component (CC),
and the KEGG pathways of these DEGs. Furthermore, we constructed a protein-protein interaction
(PPI) network of these DEGs and identified the top 15 hub genes with a high degree of connectivity.
Finally, we detected the mRNA levels of the top 5 upregulated and downregulated DEGs in PBMCs
from a mouse model induced by isoproterenol.
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2. Materials and methods

2.1. Microarray data

Gene expression profiles from the GSE9128 dataset were downloaded from the National Center
for Biotechnology Information (NCBI) GEO database, which is free and publicly available [13]. The
dataset, based on the GPL96 platform [HG-U133A] Affymetrix Human Genome U133A Array,
contains samples of PBMCs from 4 NICM patients and 3 normal individuals. Meanwhile, the Series
Matrix File of GSE9128 from the GEO database in PubMed was also downloaded. The peripheral
blood samples in this dataset were from Caucasian patients with NICM and healthy controls. Chronic
HF was classified according to New York Heart Association (NYHA) functional class III/IV as
lasting for more than 6 months; the left ventricular ejection fraction (LVEF) of these patients was less
than 36%. All of these NICM patients had no history of angiographically abnormal coronary arteries
and myocardial infarction. Gene expression profiling was performed by Affymetrix microarrays.

2.2. Screening differentially expressed genes (DEGs)

We screened the DEGs between NICM and healthy samples using GEO2R
(http://www.ncbi.nlm.nih.gov/geo/geo2r), an interactive analysis tool for the GEO database based on
the R language. We modified the DEGs as differentially expressed with a logFC<1 (upregulated
genes) or logFC > 1 (downregulated genes) according to the criteria described in the references [1, 2].
Meanwhile, a P value < 0.05 was regarded as significantly different, aiming to reduce the false
positive rate. Finally, after downloading the relatively raw TXT data, we employed visual
hierarchical cluster analysis to display the volcano plot and heat map of these DEGs in PBMCs
between the NICM and healthy samples using ImageGP (http://www.ehbio.com /ImageGP/ index.
php/Home/Index/index.html).

2.3. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway

Gene ontology (GO) analysis is a common framework that can annotate genes and gene
products involving functions of cellular components (CC), biological pathways (BP) and molecular
function (MF) [14]. The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a collection of
databases that help to handle genomes, biological pathways, diseases, chemical substances and drugs [15].
In our study, GO and KEGG analysis was performed by the Database for Annotation, Visualization
and Integrated Discovery (DAVID, http://david.ncifcrf.gov) (version 6.7), which is an online
biological function database integrating considerable biological data and analysis tools [16]. P < 0.05
was regarded as the cut-off criterion for significant difference. After the key BP, MF, CC and KEGG
pathways of these DEGs were determined using DAVID, a scatterplot was generated by ImageGP
according to the results of the GO and KEGG pathway analyses.

2.4. Protein-Protein Interaction (PPI) Network

The Search Tool for the Retrieval of Interacting Genes (STRING) is an online tool to assess and
integrate protein-protein interaction (PPI) information, containing physical and functional
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associations [17]. The PPI network can then identify the core hub genes and key gene modules
between patients and healthy individuals. To find the potential correlations of the DEGs, we used
STRING to map the PPI network of these DEGs. Subsequently, we used the Cytoscape software
platform on the basis of the PPI associations to select 15 hub genes according to their ranked order of
connectivity degree. Moreover, the Molecular Complex Detection (MCODE) app was also utilized to
screen the typical modules of the PPI network in Cytoscape in line with degree cutoff = 2, k-core = 2,
node score cutoff = 0.2 and max depth = 100.

2.5. Animals

All animal experimental procedures in this study were approved by the Animal Care and Use
Committee of Renmin Hospital of Wuhan University and were performed in accordance with the
Care and Use of Laboratory Animals published by the US National Institute of Health (Revised 2011)
(approval number: WDRX-2017K012). C57/B6 male mice (8-10 weeks old) weighing 25.1 ± 1.6 g
were obtained from the Institute of Laboratory Animal Science of the Chinese Academy of Medical
Sciences (Beijing, China). The animals were randomly divided into two groups (20 per group) for
treatment, the control group and the NICM group. For the mouse model of NICM, isoprenaline
(dissolved in sterile saline) was injected (60 mg/kg/day) intraperitoneally once daily for 2
consecutive weeks [18]. Success for HF model creation was assessed by serial echocardiography
demonstrating dilation, hypertrophy, and ventricular dysfunction [19].

2.6. PBMC isolation and RNA extraction

Blood samples were collected by intracardiac puncture (3–5 mL per animal). As described
previously [20], the PBMCs of the mice were isolated from whole blood by density gradient
centrifugation with Ficoll-Paque Plus reagent and suspended in QIAzol Lysis Reagent (Qiagen,
Dusseldorf, Germany). Subsequently, the layer with the PBMCs was removed and washed twice with
saline (0.9%), and the recovered cells were used for total RNA extraction.

2.7. Quantitative Real-Time PCR

Total RNA was isolated using a TRIzol (Invitrogen, Carlsbad, CA, USA) assay, the
concentrations and purities of which were quantified using an ultraviolet spectrophotometer. The
RNA was then reverse transcribed according to the previous description [21]. The expression levels
of the top 5 upregulated genes and the top 5 downregulated genes in PBMCs were normalized to
GAPDH. Relative mRNA expression levels were analysed by the 2− cycle threshold (CT) method.
Apart from detecting the mRNA levels of the top 5 upregulated genes and the top 5 downregulated
genes in the control group and NICM group, we also measured the mRNA levels of these genes in
the isolated different cell types, the T cells (CD4+ and CD8+), B cells (CD20+) and monocytes
(CD14+), from the obtained PBMCs of the mice by positive selection (Anti-PE MicroBeads
UltraPure, Miltenyi Biotec, Teterow, Germany).

2.8. Data analysis
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The obtained data are presented as the mean ± SD (standard deviation) and were assessed by a
two-tailed Student’s t-test. P < 0 05 was considered statistically significant.

3. Results

3.1. Identification of DEGs

In the present study, a comparison of 3 healthy samples with 4 NICM samples was executed by
employing the GEO2R online analysis tool based on a P value < 0.05 and logFC ≤ −1 or logFC ≥ 1
criteria. After analysing the GSE9128 microarray, a total of 371 DEGs were selected, consisting of
288 upregulated DEGs and 83 downregulated DEGs. The expression proportion of these DEGs is
displayed in the volcano plot (Figure 1A). The expression levels of the top 10 upregulated and top 10
downregulated DEGs are displayed in a heat map to visualize the results (Figure 1B). Among these
371 DEGs, the top 5 upregulated DEGs were EGR3, MBNL1, PTGS2, EGR2 and TXNIP, while the
top 5 downregulated DEGs were GABARAPL3, NPIPB3, RGS1, CREM and JUN. The biological
functions and gene titles of these 10 DEGs are presented in Table 1.

Figure 1. Volcano plot and heat map of the differentially expressed genes (DEGs) in
peripheral blood mononuclear cells (PBMCs) between normal samples and patients with
nonischaemic cardiomyopathy (NICM). (A) Volcano plot of genes detected in PBMCs
from patients with NICM. Red indicates upregulated DEGs; blue indicates
downregulated DEGs; green indicates no difference. (B) Heat map of the top 10
upregulated DEGs and top 10 downregulated DEGs in PBMCs.
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Table 1. The top 5 up-regulated and down-regulated differentially expressed genes in
PBMCs from patients with NICM.

DEGs Gene title Gene
symbol

LogFC Biological function

Up-regul
ated

early growth
response 3 EGR3 3.25296217 Regulating systemic

autoimmunity
muscleblind like
splicing regulator 1 MBNL1 3.22538031 Regulating pre-mRNA

alternative splicing

prostaglandin-endop
eroxide synthase 2 PTGS2 3.21406038

Catalyzings the
conversion of
arachidonic acid to
prostaglandins; Immune
response suppression

early growth response
2 EGR2 2.96759548

Intrinsic negative
regulator of DC
immunogenicity；
Mmonocyte/macrophage
cell fate determination

thioredoxin interacting
protein TXNIP 2.76192581

Linking oxidative stress
to inflammasome
activation

Down-r
egulated

GABA type A receptor
associated protein like
3 pseudogene

GABAR
APL3 −1.78817386 Inhibiting

inflammasome

nuclear pore complex
interacting protein
family member B3

NPIPB3 −1.82835573 Modulating Type I
interferon

regulator of G-protein
signaling 1 RGS1 −1.87910047 Regulating chemokine

signalling

cAMP responsive
element modulator CREM −1.93814192

Suppresseing IL-2 and
TCRζ chain gene
transcription

Jun proto-oncogene,
AP-1 transcription
factor subunit

JUN −2.12183042 Modulating
inflammation

3.2. GO Enrichment Analysis

To gain a more extensive and in-depth knowledge of the selected DEGs, we used DAVID to
analyse significantly enriched GO functions. By analysing GO enrichment of all upregulated and
downregulated DEGs via DAVID, we discovered that the upregulated DEGs in BP were principally
enriched in inflammatory response, immune response, response to lipopolysaccharide, cellular
response to mechanical stimulus and negative regulation of translation, while the downregulated
DEGs were enriched in circadian regulation of gene expression, negative regulation of
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sequence-specific DNA binding transcription factor activity, innate immune response, cellular
response to hydrogen peroxide and negative regulation of I-kappaB kinase/NF-kappaB signaling. For
CC, the upregulated DEGs were mainly enriched in extracellular exosome, nucleus, membrane and
nucleoplasm and cytosol, while the downregulated DEGs were enriched in nucleus, nucleoplasm,
centrosome and transcription factor complex. MF analysis revealed that the upregulated DEGs were
mainly responsible for ATP binding, poly(A) RNA binding, chromatin binding, nucleotide binding
and GTP binding. By contrast, the downregulated DEGs may function in protein binding,
mitochondrial uncoupling and cytokine activity. The details of the GO analysis are presented in
Figure 2 A–C and Table 2.

Table 2. Gene ontology analysis of differentially expressed genes in PBMCs from
patients with NICM.

Expression Category Term Count PValue

Up-regulated

GOTERM_BP
_DIRECT

GO:0006954~inflammatory
response 9 0.008

GOTERM_BP
_DIRECT GO:0006955~immune response 8 0.012

GOTERM_BP
_DIRECT

GO:0032496~response to
lipopolysaccharide 7 0.001

GOTERM_BP
_DIRECT

GO:0071260~cellular response
to mechanical stimulus 6 2.66E-04

GOTERM_BP
_DIRECT

GO:0017148~negative
regulation of translation 5 0.001

GOTERM_CC
_DIRECT

GO:0070062~extracellular
exosome 51 1.41E-04

GOTERM_CC
_DIRECT GO:0005634~nucleus 49 0.011

GOTERM_CC
_DIRECT GO:0016020~membrane 27 5.87E-05

GOTERM_CC
_DIRECT GO:0005654~nucleoplasm 27 0.021

GOTERM_CC
_DIRECT GO:0005829~cytosol 19 0.049

GOTERM_MF
_DIRECT GO:0005524~ATP binding 25 0.039

GOTERM_MF
_DIRECT

GO:0044822~poly(A) RNA
binding 23 0.006

GOTERM_MF
_DIRECT GO:0003682~chromatin binding 11 0.008

GOTERM_MF
_DIRECT GO:0000166~nucleotide binding 10 0.016

Continued on next page
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Expression Category Term Count PValue
GOTERM_MF
_DIRECT GO:0005525~GTP binding 10 0.044

Down-regulat
ed

GOTERM_BP
_DIRECT

GO:0032922~circadian
regulation of gene expression 3 0.008

GOTERM_BP
_DIRECT

GO:0043433~negative
regulation of sequence-specific
DNA binding transcription
factor activity

3 0.011

GOTERM_BP
_DIRECT

GO:0045087~innate immune
response 3 0.001

GOTERM_BP
_DIRECT

GO:0070301~cellular response
to hydrogen peroxide 2 0.003

GOTERM_BP
_DIRECT

GO:0043124~negative
regulation of I-kappaB
kinase/NF-kappaB signaling

2 ≤0.001

GOTERM_CC
_DIRECT GO:0005634~nucleus 14 0.032

GOTERM_CC
_DIRECT GO:0005654~nucleoplasm 13 7.15E-04

GOTERM_CC
_DIRECT GO:0005813~centrosome 5 0.019

GOTERM_CC
_DIRECT

GO:0005667~transcription
factor complex 3 0.007

GOTERM_MF
_DIRECT GO:0005515~protein binding 58 0.003

GOTERM_MF
_DIRECT

GO:0008083~mitochondrial
uncoupling 5 0.031

GOTERM_MF
_DIRECT GO:0005125~cytokine activity 5 0.032

GO: Gene Ontology.

3.3. KEGG pathway analysis

To obtain more integrated information regarding the crucial pathways of these selected DEGs,
KEGG pathways were also analysed via DAVID, the result of which is presented in Table 3 and
Figure 2D. The downregulated DEGs were enriched in protein processing in the endoplasmic
reticulum, legionellosis, NF-kappa B signaling pathway, NOD-like receptor signaling pathway,
estrogen signaling pathway while the upregulated DEGs were enriched in inflammatory bowel disease
(IBD), TGF-beta signaling pathway, neurotrophin signaling pathway and Epstein-Barr virus infection.



Figure 2. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis in PBMCs of NICM. (A) The enriched GO terms in the biological
process (BP); (B) the enriched GO terms in the cellular component (CC); (C) the
enriched GO terms in the molecular function (MF); (D) the enriched KEGG pathways in
PBMCs of NICM.

3.4. Identification of hub genes and typical modules

Furthermore, 15 hub genes identified from the Cytoscape software, which occupy the core
position in the PPI network, were found in accordance with a high degree of connectivity (Table 4 &
Figure 3A). We built the PPI network from the top 15 hub genes via the information from the
STRING protein query of public databases. The top 15 hub genes, possessing a high degree of
connectivity in NICM, are as follows: JUN, MYC, HSP90AA1, PCNA, CREB1, IL1B, IL8,
SMARCA2, TLR4, RB1, RANBP2, EGR1, PTGS2, ENO1 and XPO1. Among the top 15 hub genes,
only one gene (JUN) was significantly downregulated in the PBMCs from the patients with NICM,
while the others were significantly increased in the PBMCs. Intriguingly, JUN is not only the DEG
with the highest connectivity but is also the downregulated DEG with the highest fold change.
Additionally, the top 15 hub genes could interact with 149 DEGs directly. These hub genes could
also interact with each other and exhibited a strong correlation. For example, JUN could directly
interact with IL8, RB1, EGR1, PTGS2, IL1B, SMARCA2, CREB1, HSP90AA1, TLR4 and MYC,
while CREB1 interacts with IL1B, PTGS2, JUN, SMARCA2, RB1, MYC, XPO1, TLR4 and
HSP90AA1. Moreover, we used the MCODE plug-in to detect the highest modules in the PPI
network. We identified the top 2 modules of the network; Module 1 (Figure 3B) was associated with
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immune response and protein processing in the endoplasmic reticulum, while Module 2 (Figure 3C)
was associated with the signaling pathway and cellular response to inflammation. Collectively, the
PPI network suggested that the top 15 hub genes, especially JUN and CREB, may play essential
roles in the immune response of NICM.

Table 3. KEGG pathway analysis of differentially expressed PBMCs from patients with NICM.

Category Term Count % P-Value Genes

Down-regu
lated

ptr04141:Protein
processing in
endoplasmic
reticulum

11 0.030 5.49E-04

SEC23A, HSP90AB1, HSP90B1,
HSP90AA1, UBE2J1, MAN1A1,
EDEM3, UBE2D1, SAR1B,
TRAM1, SSR1

ptr05134:Legionello
sis 7 0.020 5.25E-04 CXCL2, CXCL8, IL1B, TLR4,

HSPD1, CASP1, SAR1B
ptr04064:NF-kappa
B signaling pathway 7 0.020 0.004304

358
PTGS2, BCL2A1, CXCL8, IL1B,
TLR4, TAB2, ATM

ptr04621:NOD-like
receptor signaling
pathway

6 0.017 0.002195
688

HSP90AB1, HSP90AA1,
CXCL8, IL1B, CASP1, TAB2

ptr04915:Estrogen
signaling pathway 6 0.017 0.023154

474

HSP90AB1, HSP90B1,
HSP90AA1, FKBP5, CREB1,
PRKACB

Up-regulat
ed

cjc05321:Inflammat
ory bowel disease
(IBD)

3 0.030 0.000636
646 JUN, SMAD3, RORA

cjc04350:TGF-beta
signaling pathway 3 0.030 0.039106

93 SMAD7, ID1, SMAD3

cjc04722:Neurotrop
hin signaling
pathway

3 0.030 0.000546
883 NFKBIE, JUN, MAPKAPK2

cjc05169:Epstein-B
arr virus infection 3 0.030 0.000983

148 NFKBIE, JUN, TNFAIP3

KEGG: Kyoto Encyclopedia of Genes and Genomes; FDR: False Discovery Rate.

3.5. Validation of dysregulated genes in PBMCs from a mouse model induced by isoprenaline

To ensure the credibility of the GSE9128 microarray and obtain further credible analysis, we
re-identified the top 5 upregulated genes and the top 5 downregulated genes via qPCR in a mouse
model induced by isoprenaline. The results from PCR (Figure 4) demonstrated that the mRNA
expression levels of EGR3, MBNL1, PTGS2, EGR2 and TXNIP in PBMCs from mice with NICM
were significantly higher than those in control mice (P < 0.05), while the mRNA expression levels of
GABARAPL3, NPIPB3, RGS1, CREM and JUN in the NICM group were statistically lower than
those in the control group (P < 0.05).
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Figure 3. Protein-protein interaction (PPI) network of the top 15 hub genes with high
connectivity degrees and module analysis. (A) PPI network of the top 15 hub genes. (B)
Module 1. (B) Module 2.

Table 4. Top 15 hub genes with higher degree of connectivity.

Gene Degree of connectivity P value Log FC

JUN 47 ≤0.001 -2.121
MYC 44 ≤0.001 1.932
HSP90AA1 40 0.040 1.155
PCNA 35 0.004 1.649
CREB1 33 0.006 1.617
IL1B 33 0.009 1.351
IL8 33 ≤0.001 1.241
SMARCA2 30 0.002 1.131
TLR4 30 0.008 1.821
RB1 28 0.003 1.176
RANBP2 28 0.002 1.855
EGR1 24 0.003 1.721
PTGS2 24 0.001 3.214
ENO1 23 0.013 1.953
XPO1 22 0.015 1.067
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Figure 4. Validation of the top 5 upregulated and top 5 downregulated DEGs in a mouse
model induced by isoprenaline.*P < 0.05, **P < 0.001, ***P < 0.0001 compared with
the control group.

3.6. Exploring the expression of dysregulated genes in subtypes of PBMCs

Furthermore, we detected the mRNA levels of the top 5 upregulated and top 5 downregulated
genes in the subtypes of the PBMCs. To our knowledge, the main subtypes of PBMCs consists of T
cells, B cells and monocytes. Therefore, we principally explored the mRNA levels of these 10 genes
in CD4+ T cells, CD8+ T cells, CD14+ monocytes and CD20+ B cells (Figure 5). EGR3 was mainly
expressed in T cells in mice with NICM. MBNL, PTGS2 and EGR2 were consistently higher in
monocytes; however, their expression was significantly higher in mice with NICM. TXNIP was
mainly expressed in CD4+ T cells, CD8+ T cells and CD20+ B cells, the expression of which was
significantly increased in the presence of NICM. Regarding the downregulated genes, we found that
JUN was highly expressed in T cells in normal subjects, while its level was reduced in T cells but
increased in B cells in mice with NICM. CREM was principally expressed in T cells, while its level
was decreased in T cells in mice with NICM. RGS1 was primarily expressed in B cells in normal
mice. The level of NPIPB3 was higher in T cells and monocytes of normal mice compared with the
mice with NICM. The mRNA levels of GABARAPL3 in the four types of immune cells were
consistently higher in normal mice than in mice with NICM.
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Figure 5. Expression levels of the top 5 upregulated and top 5 downregulated DEGs in
the different isolated cell types (CD4+ T cells, CD8+ T cells, CD14+ monocytes and
CD20+ B cells) of PBMCs from control mice and NICM mice.

4. Discussion

Patients with left ventricular dysfunction resulting from NICM possess an annual rate of death
from any cause of approximately 7 percent when they received standard medical therapy for HF [22].
The aetiology of NICM is complicated and multifactorial, and at present, it is recognized that NICM
is usually an integrated pathologic change implicated with genetic factors, mechanical stress,
metabolic disorders, and infectious (mainly viral) causes, as well as toxicity-related causes [23]. The
potential pathophysiological mechanisms underlying these alterations in NICM remain incompletely
explored, and it is believed that the interplay among altered sarcomeric and cytoskeletal proteins,
autoimmune mechanisms, postinfection immune mechanisms, direct pathogen damage, and free
oxygen radical species are associated with the development and progression of NICM [24]. In
particular, immune mechanisms in NICM have received increasing attention and have been unveiled
in recent years. Some therapeutic strategies have also been proposed to indirectly modulate the
inflammatory and immune status of patients with NICM. However, to date, our knowledge of
immune mediators and mechanisms in NICM is still too superficial. Hence, some key
immune-related diagnostic biomarkers and therapeutic targets in PBMCs should be verified as early
as possible.

In this study, we first performed a comprehensive investigation on the expression profile of
PBMCs obtained from patients with NICM and healthy individuals. Our study included 3 normal
individuals and 4 patients with NICM from the GSE9128 GEO database. In our analysis, a total of
371 DEGs (accounting for 2.1 % of all detected genes) were found: 288 upregulated genes and 83
downregulated genes. Among the 371 DEGs, we identified the top 5 upregulated (EGR3, MBNL1,
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PTGS2, EGR2 and TXNIP) and top 5 downregulated (GABARAPL3, NPIPB3, RGS1, CREM and
JUN) genes between healthy individuals and patients with NICM. Furthermore, we detected their
mRNA levels in PBMCs in a mouse model induced by isoprenaline, and the results based on our
experiments validated the bioinformatics analysis. Thus, we hypothesize that these 10 DEGs are
expected to be promising biomarkers for the diagnosis of NICM. Meanwhile, based on a PPI network,
we selected 15 hub genes with high connectivity, which all occupied the core node of the network,
indicating that these hub genes may exert pivotal influence in the immune response of NICM.
Furthermore, by annotating and analysing all DEGs in the PBMCs, we found that immune response,
inflammatory response, extracellular exosome and cell differentiation were enriched in the
progression of NICM. In fact, most of the DEGs, especially the top 5 upregulated/downregulated
genes and the top 15 hub genes, perform vital immunoregulatory functions.

EGR3 is a transcription factor of the Cys2His2-type zinc finger transcription factor family that
can inhibit IL-2 and interferon (IFN)-γ secretion in T cells and upregulate the level of the E3 ligase
Cbl-b, which is important for the modulation of T cell energy and tolerance [25]. In a NICM model
induced by transverse aortic constriction (TAC), IL-2 was significantly downregulated, and
pretreatment with IL-2 was effective in the selective induction of regulatory T cells (Tregs) and in
alleviating the development of cardiac remodelling through decreasing cardiac systemic
inflammation [26]. On the other hand, the frequency of T helper (Th) 17 cells, which are derived
from naive Th cells, was significantly elevated in patients with HF [27]. Meanwhile, EGR3 could
trigger a Th17 response by enhancing the development of γδ T cells, suggesting that EGR3 may
mediate the activation of Th17 cells and induce HF [28]. In our study, EGR3 was significantly
increased in T cells of patients and mice with NICM. Thus, we speculate that EGR3 may suppress
the secretion of IL2 by inhibiting Tregs and promoting Th17 cells, thereby deteriorating cardiac
injury and dysfunction.

Excessive inflammation and monocyte/macrophage activation are featured in cardiac
remodelling associated with NICM [29]. However, the roles of monocytes/macrophages in cardiac
remodelling and HF remain controversial. For example, inhibition of macrophages in hypertensive
rats resulted in an acceleration of cardiomyopathy, which was evidenced by left ventricle systolic
dysfunction [30]. Other studies have provided primary evidence that the localization of macrophages
may contribute to inflammation, fibrosis and cardiac injury induced by TAC [31,32]. RGS1 was
reported to inactivate G-protein signalling and suppress the response to continuous chemokine
stimulation. A recent study reported that in non-activated monocytes, RGS1 was low, the expression
of which was immediately upregulated upon the activation of monocytes by pro-inflammatory
signals during the recruitment phase. Subsequently, monocytes began to differentiate into
macrophages, resulting in the increased expression of RGS1. The increased RGS1 further terminated
chemokine signalling, eventually reducing the capacity for inflammatory cell migration and
increasing the accumulation of macrophages [33]. In our study, we found that RGS1 was highly
expressed in monocytes in the control group and that the mRNA level of RGS1 was significantly
decreased in patients and mice with NICM, which hinted to us that RGS1 may exert a protective role
in NICM by blocking the differentiation of monocytes/macrophages. In fact, another top 5
upregulated gene in our study, EGR2 was also uncovered to regulate the differentiation of monocytes
into macrophages by modulating the expression of colony-stimulating factor-1 (CSF-1). In the
inflammatory response, the hub gene (TLR4) has been reported to be significantly activated in
monocytes and macrophages in atherosclerosis [34]. Collectively, our study suggested that the DEGs



Mathematical Biosciences and Engineering Volume 17, Issue 3, 2330–2347.

2344

we screened participated in the differentiation of monocytes into macrophages in the development of
NICM from the perspective of bioinformatics analysis.

Another finding in our study was that the inflammatory response played an essential role in the
development of NICM [35]. Although a vast number of studies have proven the biological status of
inflammation in NICM, few studies have provided evidence using bioinformatics analysis. The GO
and KEGG pathway analysis in our study revealed that many inflammatory pathways in patients with
NICM were activated, including the NF-kappa B signaling pathway, mitochondrial uncoupling,
Toll-like receptor signaling, NOD-like receptor signaling pathway and TGF-beta signaling pathway.
Additionally, many of the screened DEGs and hub genes were also associated with inflammation,
including TXNIP, GABARAPL3, CREM, JUN, PCNA, TLR4, IL8, IL1B and HSP90AA1. To our
knowledge, activation of the immune system is not independent of inflammation in the progression
of HF. In chronic HF, activating the immune system can usually contribute to the activation of the
complement system, secretion of pro-inflammatory cytokines, and production and release of
autoantibodies, indicating that immune-inflammatory activation in patients with NICM may occur
synchronously but not in isolation [36].

5. Conclusion

Taken together, using a series of bioinformatics analyses, we performed an integrated and novel
illustration of mRNA expression profiles to identify DEGs expressed in PBMCs, which may play
critical roles in the occurrence and development in patients with NICM. Genes and pathways
implicated in inflammation and the immune response were significantly altered in the PBMCs of
NICM. These findings will greatly contribute to unveiling the molecular mechanisms of NICM and
promoting a non-invasive diagnosis. To allow these biomarkers and targets to be used more routinely
in the clinic, further investigations into these genes in PBMCs should be performed.
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