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Introduction

Ischemic heart disease (IHD) is usually caused by an imbal-
ance in the myocardial supply and demand of blood. Diabetes 
mellitus, hypertension, hyperlipidemia, obesity, old age, 
cigarette smoking, and atherosclerosis are the main risk fac-
tors for IHD. IHD can lead to myocardial infarction (MI) or 
ischemic stroke,1 and has become one of the top three causes 
of death globally, causing approximately 7.2 million deaths 
each year; it has a high incidence, mortality, and disability.2 
Due to the loss of contractile tissue, the ventricular tissue is 
remodeled in both infarcted area (IA) and non-IA to adapt to 
the stimulation within a few hours after MI occurs, and the 
remodeling continues to progress.3,4 Ventricular remodeling 

after MI is also associated with functional changes in the 
infarcted heart, including a progressive increase in the end-
systolic volume index, a decline in the ejection fraction, and 
even heart failure.5,6

Several pathways and genes are involved in the regu-
lation of pathological cardiac remodeling after MI. In the 
early stage of MI, inflammatory and immune signaling 
pathways, metabolic pathways and myocardial contraction 
pathways change markedly until 24 h post-MI.7,8 In the late 
phase of MI, the main features of cardiac remodeling, includ-
ing ventricular wall thinning, myocyte hypertrophy,9 and 
myocardial fibrosis,10 lead to heart failure. Several molecu-
lar mechanisms have been revealed in our previous studies 
on a rhesus monkey model of MI induced by left anterior 
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Abstract
After myocardial infarction (MI) occurs, progressive pathological cardiac remodeling 
results in heart dysfunction and even heart failure during the following months or 
years. The present study explored the molecular mechanisms underlying the late 
phase of MI at the global transcript level. A rhesus monkey model of myocardial 
ischemia induced by left anterior descending (LAD) artery ligation was established, 
and the heart tissue was collected eight weeks after ligation for transcriptome 
analysis by DNA microarray technology. Differentially expressed genes in the core 
infarcted area and remote infarcted area of the ischemic heart were detected with 
significance analysis of microarray (SAM), and related pathways were detected 
by Gene Ontology (GO)/pathway analysis. We found that compared to the sham 
condition, prolonged ischemia increased the levels of 941 transcripts, decreased 
the levels of 380 transcripts in the core infarcted area, and decreased the levels of 8 
transcripts in the remote area in monkey heart tissue. Loss of coordination between 
the expression of genes, including natriuretic peptide A (NPPA), NPPB, and corin 

(Corin, serine peptidase), may aggravate cardiac remodeling. Furthermore, imbalance in the enriched significantly changed 
pathways, including fibrosis-related pathways, cardioprotective pathways, and the cardiac systolic pathway, likely also plays a key 
role in regulating the development of heart remodeling.
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Impact Statement

Pathological ventricular remodeling in the late 
stage of myocardial infarction is associated with 
the appearance of heart failure. The imbalance in 
the expression remarkably changed genes, includ-
ing natriuretic peptide A/B and corin, and its related 
pathways may play an important role in aggravating 
cardiac remodeling. The novel revealed molecular 
mechanisms found in the monkey model provide 
some molecular pathways that can be considered 
during the exploration of diagnostic reagents and 
therapeutic targets in the late phase of myocardial 
infarction.
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descending (LAD) artery ligation surgery. We found that 
suppression of the expression of angiogenic factors is associ-
ated with reduced capillary density,11,12 and increased lysyl 
oxidase (LOX) activity enhances collagen deposition in the 
ischemic area,13 all of which may aggravate the dysfunction 
of the heart.

However, the current knowledge about the mechanisms 
in the late phase of MI is still fragmented. In view of this, we 
explored the molecular mechanisms involved in the patho-
logical process of prolonged ischemia in the heart by identify-
ing alterations in gene expression and related pathways at the 
global transcript level. The availability of DNA microarray 
technology provides an opportunity to study the changed 
gene profile in any given tissue or cell.14 A myocardial ischemia 
model in rhesus monkeys established by LAD artery ligation 
surgery was used to mimic human pathophysiology.

Materials and methods

Animals and animal care

Male rhesus monkeys (Macaca mulatta), aged 2–3 years 
and weighing 4.5–6.0 kg, were obtained from the Chengdu 
Ping-An experimental animal breeding and research center, 
a non-human primate center in Sichuan Province accred-
ited by the Chinese government. The monkeys were accli-
matized to the laboratory conditions in the Association for 
Assessment and Accreditation of Laboratory Animal Care–
accredited facility for a period of at least one month. The  
animal diet, feeding conditions, environment enrichment, 
and amelioration of the pain after surgery followed the 
descriptions in our previous studies.12,13 The animal care 
and experimental procedures were all approved by the 
Institutional Animal Care and Use Committee at Sichuan 
University West China Hospital following the guidelines of 
the US National Institutes of Health.

MI monkey model

The experimental procedures were described in our pub-
lished studies.12,13 Briefly, monkeys were divided into two 
groups: the sham-operated control (sham, n = 3) and MI 
(n = 3) groups. The monkeys in the MI group were intubated 
after anesthesia, and their hearts were exposed via the left 
fourth intercostal thoracotomy incision (4–5 cm) in the chest 
wall. Then, MI was induced by the permanent ligation of the 
LAD artery after three rounds of ischemia reperfusion for 
the LAD artery, which were conducted by a 1-min occlusion 
followed by a 5-min reperfusion. The operation of the sham 
group was consistent with that of the MI group except for the 
ligation of the LAD artery.

Tissue preparation

The monkeys were sacrificed by intravenous injection of 
potassium chloride at eight weeks after the surgery. Specific 
involved heart areas of the monkeys in the MI group were 
obtained: the IA, which was distinguished from the nor-
mal tissue through its pale appearance and stiffness, and the 
remote area (RA), which was the area at least 3 mm away 
from the IA. The two parts of the heart from the MI group 
and the heart tissue from the sham group were all collected 

in RNAlater® RNA Stabilization Solution (Invitrogen, USA) 
for total RNA extraction.

DNA microarray

Total RNA from MI or sham-operated hearts was extracted 
using TRIzol® Reagent (Invitrogen, USA) and quantified 
by a spectrophotometer. The integrity of the total RNA was 
detected by agarose gel electrophoresis. The DNA micro
array technology and part associated bioinformatics analy-
sis were supported by CapitalBio Corporation Company, 
Beijing, China. The experimental procedures provided by 
the company were followed. Briefly, an initial amount of 
100 ng of total RNA from the heart tissue was used, and the 
following procedures, including the first round of synthesis 
of first-strand cDNA and second-strand cDNA, the synthe-
sis of cRNA, the purification of the cRNA by nucleic acid 
binding beads, the second round of synthesis of first-strand 
cDNA, the hydrolysis of the cRNA, and the purification 
of the single-stranded DNA, were performed sequentially 
according to the experimental procedures of an Ambion® 
WT Expression Kit (Affymetrix, USA). The single-stranded 
DNA was quantified by a spectrophotometer and then frag-
mented by a WT Terminal Labeling Kit (Affymetrix, USA). 
After detecting the distribution range of the cDNA fragment 
size, which needed to be distributed between 40 and 70 nt, by 
gel-shift analysis (Invitrogen, USA), a WT Terminal Labeling 
Kit was used to place biotin labels on the fragmented single-
stranded DNA, and the labeling efficiency was detected by 
gel-shift analysis.

The cDNA was hybridized to a Rhesus Gene 1.1 ST 
Array Plate (Affymetrix, USA) and stained by using a 
Hybridization, Wash, and Stain Kit (Affymetrix, USA). The 
probe array was scanned by a GeneChip® Scanner 3000 
Scanner (Affymetrix, USA) controlled by the Affymetrix® 
GeneChip® Command Console® Software (AGCC).

Bioinformatics analysis

The .DAT files presented in the image signal obtained from 
the scanner were transformed into .CEL files presented in the 
digital signal by AGCC. The .CEL files were used as source 
files to perform data preprocessing via Log Scale Robust 
Multiarray (RMA) analysis,15 including background correc-
tion, integration of the probe signal into the probe group 
(probe set) signal, and signal normalization to remove the 
variability between samples from different groups caused 
by non-biological factors. Among 26,353 enriched probes 
detected by DNA microarray technology, approximately 
81.53% probes were eliminated, as they showed either 
ineffective signal values or undefined gene symbols after 
normalization. The Macaca database in DAVID (https://
david.ncifcrf.gov/home.jsp) was used to annotate the genes.

The differentially expressed genes in the IA with sham, 
RA with sham, and IA with RA comparison were detected 
by significance analysis of microarray (SAM). Genes with a 
Q value ⩽ 0.05 accompanied by a fold change (FC) (the ratio 
of IA to sham, RA to sham or IA to RA) ⩾2 or ⩽0.5 were 
defined as significantly upregulated (FC ⩾ 2) or downregu-
lated (FC ⩽ 0.5) genes. The up- or downregulated genes are 
shown in scatter plots.

https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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Cluster analysis was used to test the relevance of the gene 
expression patterns by Cluster 3.0 Manual software. The data 
used in the cluster analysis were derived from the normal-
ized gene signal value and analyzed by hierarchical and 
average linkage methods.

To investigate the pathways and functions related to the 
differentially expressed genes to reveal the molecular mech-
anisms involved in the pathological process of MI, pathway 
analysis based on the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database and Gene Ontology (GO) analy-
sis probing the functional gene function in three categories 
(cellular component, molecular function, and biological pro-
cess) were performed with Molecular Annotation System 
(MAS) 3.0.

Real-time quantitative reverse-transcription 
polymerase chain reaction

The protocols for total mRNA extraction, reverse transcription, 
real-time polymerase chain reaction (PCR) and data analysis 
were followed as described in our previous study.12 The primers 
were as follows: NPPB, 5′-CCAAGATGGTGCAAGGGTCT-3′ 
(forward) and 5′-TAATGCCGCCTCAGCACTTT-3′ (reverse); 
TBP, 5′-TGCTCACCCACCAACAGTTT-3′ (forward); and 
5′-TGCTCTGACTTTAGCACCTGT-3′ (reverse).

Statistical analysis

The data are shown as the mean ± SD. Unpaired t-tests and 
hypergeometric distribution algorithms were used in the 
present study. At least three independent experiments were 
carried out. A Q value ⩽ 0.05 combined with an FC ⩾ 2 or 
FC ⩽ 0.5 was considered to indicate significance in the SAM 
assay, and significant changes judged by a P value < 0.05 
were used in the pathway and GO analyses.

Results

Alteration of the gene expression pattern in the 
heart after prolonged myocardial ischemia

The heart tissues used in the present study were from the 
same monkey models as in our previous report, and the 
infarcted myocardia were verified by hematoxylin and eosin 
(H&E), Sirius red, and Masson’s trichrome staining.12

In total, 4680, 5174, and 4756 gene expression signal val-
ues were obtained in the sham, IA, and non-IA (remote area, 
RA) groups, respectively, after normalization. Among the 
screened differentially expressed genes, prolonged myo-
cardial ischemia increased the signals of 941 probes and 
decreased the signals of 380 probes in the IA group compared 
with the sham group, but only 8 changed probe signals were 
enriched in the RA group, and all probes were downregu-
lated. As expected, the signals of 843 probes were increased 
and the signals of 406 probes were decreased in the IA group 
compared with the RA group. The increased, decreased, and 
unchanged probe signals in the IA with sham, RA with sham, 
and IA with RA comparisons are shown as volcano plots in 
Figure 1(A) to (C).

The overall view of the gene expression patterns in the 
heatmap in Figure 1(D) shows that the repeatability of the 
experiments in every group was good, as the three parallel 

samples were all clustered. In addition, the cluster of the 
IA group, in which approximately two of three genes were 
upregulated, was distinguished from the clusters of the sham 
group and the RA group, with few differences observed 
between the sham and RA groups. These findings indicated 
that the gene expression patterns were changed remarkably 
in the IA due to prolonged myocardial ischemia but that 
prolonged ischemia had little effect on the non-IA under the 
same conditions.

Upregulated genes in the ischemic heart after 
prolonged ischemia

The top 10 upregulated genes, adjusted by Q values and sorted 
by FC values, in the IA with sham and IA with RA compari-
sons are shown in Table 1. No genes were upregulated in the 
RA group compared with the sham group. The most signifi-
cantly upregulated gene in the IA group compared with the 
sham group in the late phase of MI was natriuretic peptide 
A (NPPA), which plays a key role in cardio-renal homeosta-
sis through regulation of natriuresis, diuresis, and vasodila-
tion. Another natriuretic peptide family member, natriuretic 
peptide B (NPPB), which also contributes to cardio-renal 
homeostasis, was also upregulated by 15.5666-fold in the IA 
group. In addition, the upregulated genes in the IA, includ-
ing thrombospondin 4 (THBS4) and nephroblastoma over-
expressed gene (NOV), also contribute to cardioprotection 
after stimulation. Genes that regulate cell motility, growth, 
or differentiation were dramatically upregulated in the IA 
group compared with the sham group, including versican 
(VCAN); extracellular growth factor (EGF)-containing fibu-
lin-like extracellular matrix protein 1-like (EFEMP1); secreted 
frizzled-related protein 4 (SFRP4); SPARC-related modular 
calcium-binding protein 2-like (SMOC1); and collagen, type 
III, alpha 1 (COL3A1). In addition, when the IA group was 
compared with the RA group, the gene expressions of NPPA, 
NOV, VCAN, EFEMP1, and SMOC1 were also upregulated in 
the IA group, with lower FC values than those in the compari-
son of the IA group with the sham group. Prolonged ischemia 
also specifically upregulated the gene expression of cerulo-
plasmin (CP), thrombospondin 2 (THBS2), tenascin C (TNC), 
and adipocyte enhancer-binding protein 1-like (AEBP1) in 
the IA group compared to the RA group.

Quantitative reverse-transcription polymerase chain reac-
tion (RT–qPCR) analysis of NPPB mRNA expression was 
performed to confirm the microarray data (Figure 1(E)).

Downregulated genes in the ischemic heart after 
prolonged ischemia

Among the top 10 downregulated genes in the comparison of 
the IA group with the sham group (Table 2), corin (Corin, ser-
ine peptidase) was the most remarkably downregulated gene. 
Corin is a serine protease in the heart and cleaves pro-NPPA 
or pro-NPPB to the active form to prevent dilated cardiomyo-
pathy from progressing into heart failure by promoting salt 
and water excretion.16,17 The functions/components of the 
other top 10 downregulated genes in the comparison of the 
IA group with the sham group were as follows: DNA rep-
lication (including NAD-dependent DNA ligase, ligA), oxi-
doreductase activity (including dehydrogenase/reductase 
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SDR family member 7C-like, DHRS7C, and flavin contain-
ing monooxygenase 2, FMO2), nervous system development 
(including nuclear receptor subfamily 4 group A member 
2, NR4A2, and fibroblast growth factor 12, FGF12), fibrous 
sheath (including amyotrophic lateral sclerosis 2 chromosome 
region candidate 12, ALS2CR12), inhibition of metalloprotein-
ases (including TIMP metallopeptidase inhibitor 4, TIMP4), 

apoptosis resistance (including phosphatidylethanolamine-
binding protein 4, PEBP4), and bactericidal activity (includ-
ing defensin beta 1, DEFB1). DEFB115, another member of 
the DEFB family, was also downregulated in the RA group 
compared to the sham group (Table 2). When the IA group 
was compared with the RA group, a tendency was observed 
in the gene expressions of corin, DHRS7C, DEFB1, FGF12, and 

Figure 1.  Gene expression patterns in monkey heart tissue. Volcano plots showing the significantly changed genes in the comparisons of (A) the infarcted area (IA) 
group with the sham group, (B) the remote area (RA) group with the sham group, or (C) the IA group with the RA group by significance analysis of microarray (SAM). 
Each point represents a gene expression signal. A Q value ⩽ 0.05 and fold change (FC) ⩾ 2 or ⩽ 0.5 were considered to indicate a significant change. (D) Hierarchical 
cluster analysis of gene expression patterns in the sham, IA, and RA groups. Each rectangle represents a gene expression signal. (E) RT-qPCR analysis of the mRNA 
expression of NPPB. *P ⩽ 0.05 versus sham group. (A–D) Upregulated genes are colored red, downregulated genes are colored green, and genes without changes 
are colored black.
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NR4A2 that were similar to that in the comparison of the IA 
group with the sham group. In addition, the gene expression 
of myosin light chain kinase family member 4 (MYLK4) and 
myosin light chain 7 (MYL7), which are involved in the cardio-
vascular system, was also downregulated in the comparison 
of the IA group with the RA group (Table 2).

Enriched pathways related to the differentially 
expressed genes in the ischemic heart

Pathway analysis was performed to detect the important 
signaling pathways associated with the pathological process 

of prolonged myocardial ischemia, and the top 15 up- or 
downregulated pathways, sorted by P values, in the com-
parison of the IA group with the sham group are shown in 
Figure 2(A). No pathways were enriched in the comparison 
of the RA group with the sham group. Furthermore, the 
interactions between the enriched pathways were used to 
draw a pathway network to find the key pathways (Figure 
2(B)). The results showed that in the comparison of the IA 
group with the sham group, pathways related to the extra-
cellular matrix (ECM) exhibited the highest statistical sig-
nificance among the upregulated pathways, including the 
ECM–receptor interaction and focal adhesion pathways 

Table 1.  Top 10 upregulated genes in hearts subjected to chronic myocardial ischemia.

ID Gene name Functions FC

IA vs sham
  1 Natriuretic peptide A (NPPA) Hormone that plays a key role in mediating cardio-renal homeostasis, and is involved in 

vascular remodeling and regulating energy metabolism.
39.5601

  2 Versican (VCAN) May play a role in intercellular signaling and in connecting cells with the extracellular matrix. 
May take part in the regulation of cell motility, growth, and differentiation. Binds hyaluronic acid.

33.8225

  3 EGF-containing fibulin-like extracellular 
matrix protein 1-like (EFEMP1)

Binds EGFR, the EGF receptor, inducing EGFR autophosphorylation and the activation of 
downstream signaling pathways.

33.4518

  4 Thrombospondin 4 (THBS4) Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions and is involved 
in various processes, including cellular proliferation, migration, adhesion and attachment, 
inflammatory response to CNS injury, regulation of vascular inflammation, and adaptive 
responses of the heart to pressure overload and in myocardial function and remodeling.

32.0951

  5 Complement C1q tumor necrosis 
factor-related protein 3-like (CTRP3)

CTRP3 is an adipokine with pleiotropic functions in cell proliferation, glucose and lipid 
metabolism, and inflammation.

27.0516

  6 Nephroblastoma over-expressed gene 
(NOV)

Regulation of cell apoptosis, tumor invasion, and tumor metastasis. 24.2085

  7 Latent-transforming growth factor beta-
binding protein 2-like (LTBP1)

Key regulator of transforming growth factor beta (TGFB1, TGFB2, and TGFB3) that controls 
TGF-beta activation by maintaining it in a latent state during storage in extracellular space.

23.0516

  8 Secreted frizzled-related protein 4 
(SFRP4)

Function as modulators of Wnt signaling through direct interaction with Wnts. They have a role 
in regulating cell growth and differentiation in specific cell types (by similarity).

21.3911

  9 SPARC-related modular calcium-
binding protein 2-like (SMOC1)

Plays essential roles in both eye and limb development. Probable regulator of osteoblast 
differentiation.

19.8608

10 Collagen, type III, alpha 1 (COL3A1) Collagen type III occurs in most soft connective tissues along with type I collagen. Involved in 
regulation of cortical development.

17.6959

  IA vs RA
  1 Versican (VCAN) May play a role in intercellular signaling and in connecting cells with the extracellular matrix. 

May take part in the regulation of cell motility, growth, and differentiation. Binds hyaluronic acid.
27.4615

  2 EGF-containing fibulin-like extracellular 
matrix protein 1 (EFEMP1)

Binds EGFR, the EGF receptor, inducing EGFR autophosphorylation and the activation of 
downstream signaling pathways.

20.2731

  3 Nephroblastoma over-expressed (NOV) Regulation of cell apoptosis, tumor invasion, and tumor metastasis. 19.0714
  4 Natriuretic peptide A (NPPA) Hormone that plays a key role in mediating cardio-renal homeostasis, and is involved in 

vascular remodeling and regulating energy metabolism.
16.5886

  5 SPARC-related modular calcium-
binding protein 2-like (SMOC1)

Plays essential roles in both eye and limb development. Probable regulator of osteoblast 
differentiation.

16.3932

  6 Latent-transforming growth factor beta-
binding protein 2-like (LTBP1)

Key regulator of transforming growth factor beta (TGFB1, TGFB2, and TGFB3) that controls 
TGF-beta activation by maintaining it in a latent state during storage in extracellular space.

15.2188

  7 Ceruloplasmin (ferroxidase) (CP) Ceruloplasmin is a blue, copper-binding (6–7 atoms per molecule) glycoprotein. It has 
ferroxidase activity oxidizing Fe(2+) to Fe(3+) without releasing radical oxygen species. It is 
involved in iron transport across the cell membrane.

13.3460

  8 Thrombospondin 2 (THBS2) Adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions. Ligand for CD36 
mediating antiangiogenic properties.

12.9640

  9 Tenascin C (TNC) Extracellular matrix protein implicated in guidance of migrating neurons as well as axons during 
development, synaptic plasticity as well as neuronal regeneration. Promotes neurite outgrowth 
from cortical neurons grown on a monolayer of astrocytes

12.7538

10 Adipocyte enhancer-binding protein 
1-like (AEBP1)

As a positive regulator of collagen fibrillogenesis, it is probably involved in the organization and 
remodeling of the extracellular matrix.

11.5426

The top 10 upregulated genes detected by SAM in the comparisons of the IA group with the sham group and the IA group with the RA group, with no genes 
upregulated in the comparison of the RA group with the sham group. A Q value ⩽ 0.05 and FC ⩾ 2 or ⩽ 0.5 were considered to indicate a significant change. Probes 
with no gene symbols were eliminated, and the differentially expressed genes were sorted by FC.
FC: fold change; IA: infarcted area; CNS: central nervous system; RA: remote area; SAM: significance analysis of microarray.
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(Figure 2(A)), which also showed high degree values (num-
bers of pathways interacting with the pathway) of 7 and 11, 
respectively (Figure 2(B)). Furthermore, intracellular signal-
ing pathways, including the PI3K-AKT signaling pathway 
with a degree of 8 and the TGF-beta signaling pathway with 
a degree of 6, and regulation of the actin cytoskeleton with 
a degree of 7 were also significantly upregulated by pro-
longed ischemia (Figure 2(A) and (B)). Among the down-
regulated pathways, the calcium signaling pathway showed 
the highest degree of 12, which may be closely related to 
the downregulation of cardiac muscle contraction after MI 
(Figure 2(A) and (B)).

GO analysis revealed the gene functions in three catego-
ries: biological process, molecular function, and cellular 
component. The enriched terms in the IA group compared 

to the sham group showed that ECM interactions domi-
nated the upregulated pathways in the late phase of MI, 
which was consistent with the results from pathway analy-
sis. Moreover, among the terms of the biological process 
category associated with upregulated genes, a series of pro-
cesses related to the developmental system were enriched, 
including the development of the skeletal system, heart, 
and cartilage (Figure 2(C)). In addition to the myocardial 
contraction pathways, which were also detected in path-
way analysis, GO analysis also revealed other categories 
of terms that were associated with genes downregulated 
by prolonged ischemia, such as lipid metabolism, in which 
cellular lipid metabolic process, phospholipid biosynthetic 
process, phospholipid metabolic process, and fatty acid 
metabolic process were involved (Figure 2(C) and (E)).  

Table 2.  Top 10 downregulated genes in hearts subjected to chronic myocardial ischemia.

ID Gene name Functions FC

IA vs sham
1 Corin, serine peptidase (Corin) Serine-type endopeptidase involved in atrial natriuretic peptide (NPPA) and brain 

natriuretic peptide (NPPB) processing.
0.0829

2 Defensin beta 1 (DEFB1) Has bactericidal activity. May act as a ligand for C-C chemokine receptor CCR6. 0.0863
3 NAD-dependent DNA ligase (ligA) Located on the surface of the pathogenic leptospira and are reported as a potential 

virulent factor.
0.1193

4 Dehydrogenase/reductase SDR family member 
7C-like (DHRS7C)

NADH-dependent oxidoreductase which catalyzes the oxidation of all-transretinol to all-
transretinal. Plays a role in the regulation of cardiac and skeletal muscle metabolic functions.

0.1410

5 Phosphatidylethanolamine-binding protein 4 
(PEBP4)

Promotes AKT phosphorylation, suggesting a possible role in the PI3K-AKT signaling 
pathway.

0.1641

6 Nuclear receptor subfamily 4 group A member 
2 (NR4A2)

Transcriptional regulator which is important for the differentiation and maintenance of 
meso-diencephalic dopaminergic (mdDA) neurons during development.

0.1937

7 Flavin containing monooxygenase 2 (FMO2) Catalyzes the oxidative metabolism of numerous xenobiotics, including mainly 
therapeutic drugs and insecticides that contain a soft nucleophile.

0.2242

8 TIMP metallopeptidase inhibitor 4 (TIMP4) Complexes with metalloproteinases (such as collagenases) and irreversibly inactivates 
them by binding to their catalytic zinc cofactor.

0.2321

9 Amyotrophic lateral sclerosis 2 chromosome 
region candidate 12 (ALS2CR12)

Regulation of GTPase 0.2372

10 Fibroblast growth factor 12 (FGF12) Involved in nervous system development and function. Involved in the positive regulation 
of voltage-gated sodium channel activity.

0.2475

  RA vs sham
1 Defensin beta 115 (DEFB115) Has antibacterial activity 0.4717
  IA vs RA
1 Dehydrogenase/reductase SDR family member 

7C-like (DHRS7C)
NADH-dependent oxidoreductase which catalyzes the oxidation of all-transretinol to all-
transretinal. Plays a role in the regulation of cardiac and skeletal muscle metabolic functions.

0.0641

2 Defensin beta 1 (DEFB1) Has bactericidal activity. May act as a ligand for C-C chemokine receptor CCR6. 0.0725
3 Interleukin 2 receptor, alpha (IL2RA) Receptor for interleukin-2. The receptor is involved in the regulation of immune tolerance 

by controlling regulatory T-cells (TREGs) activity.
0.0962

4 Corin, serine peptidase (Corin) Serine-type endopeptidase involved in atrial natriuretic peptide (NPPA) and brain 
natriuretic peptide (NPPB) processing.

0.1346

5 Myosin light chain kinase family, member 4 
(MYLK4)

Have an important role in the development of colorectal cancer cells 0.1481

6 SPARC/osteonectin, cwcv and kazal like 
domains proteoglycan 3 (SPOCK3)

May participate in diverse steps of neurogenesis. Inhibits the processing of pro-matrix 
metalloproteinase 2 (MMP-2) by MT1-MMP and MT3-MMP. May interfere with tumor invasion.

0.2149

7 Glycerol-3-phosphate dehydrogenase 1 (GPD1) Has glycerol-3-phosphate dehydrogenase activity. 0.2167
8 Fibroblast growth factor 12 (FGF12) Involved in nervous system development and function. Involved in the positive regulation 

of voltage-gated sodium channel activity.
0.2219

9 Myosin light chain 7 (MYL7) MYL7 is expressed in heart ventricles and atria, inactivation leads to embryonic lethality 
and abnormal cardiac morphogenesis.

0.2306

10 Nuclear receptor subfamily 4 group A member 
2 (NR4A2)

Transcriptional regulator which is important for the differentiation and maintenance of 
meso-diencephalic dopaminergic (mdDA) neurons during development.

0.2450

The top 10 downregulated genes detected by SAM in the comparison of the IA group with the sham group, the IA group with the RA group, and the RA group with 
the sham group. A Q value ⩽ 0.05 and FC ⩾ 2 or ⩽ 0.5 were considered to indicate a significant change. Probes with no gene symbols were eliminated, and the 
differentially expressed genes were sorted by FC.
FC: fold change; IA: infarcted area; NAD: beta-Nicotinamide adenine dinucleotide trihydrate; NADH: Nicotinamide adenine dinucleotide; RA: remote area; SAM: 
significance analysis of microarray.
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In addition, GO analysis also revealed enrichment in the 
category of mitochondrial components and function, which 
included the mitochondrial matrix and inner membrane, 

the integral inner membrane component respiratory chain 
complex II, ubiquinone binding, and electron carrier activity 
(Figure 2(D) and 2(E)).

Figure 2.  Significantly changed pathways or GO categories in the ischemic heart. (A) Pathway analysis of the up- or downregulated genes in the comparison of 
the IA and sham groups. (B) Pathway network analysis showed the interactions between the significantly changed pathways. Pathways involving all upregulated 
genes are colored red, those involving all downregulated genes are colored green, and those containing up- and downregulated genes are colored yellow. The arrow 
indicates the downstream direction in the pathway. GO analysis of the up- or downregulated terms in the (C) biological process, (D) molecular function, and  
(E) cellular component categories. In both pathway and GO analyses, the gene count showed the number of genes enriched for the corresponding terms. 
Significant changes were judged by a P value < 0.05, and the terms were sorted by the –log10(P value).
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Discussion

Although the development of clinical reperfusion therapies 
for acute MI has greatly reduced the mortality resulting from 
MI, cardiac remodeling progressively occurs in the follow-
ing months or years due to myocardial fibrosis in the IA 
and compensatory responses to ventricular dilatation in the 
non-IA, leading to a decreased ejection fraction and dysfunc-
tion of the heart.18–20 To further understand the molecular 
mechanisms during the late phase of cardiac remodeling, 
we employed DNA microarray technology to systemati-
cally explore the related genes and pathways involved in 
the development of cardiac remodeling on a genome-wide 
level. A rhesus monkey model of prolonged myocardial 
ischemia was established by LAD artery ligation. The IA 
and RA in the hearts from the MI group and the heart tissue 
from the sham group were collected at eight weeks after the 
surgery. We found that compared to the sham group, the IA 
group exhibited 941 upregulated transcripts and 380 down-
regulated transcripts, while the RA group exhibited only 8 
downregulated transcripts. The significantly changed genes 
enriched in the present study, such as NPPA/NPPB and corin, 
and their related pathways, such as fibrosis-related path-
ways, cardioprotective pathways, and the cardiac systolic 
pathway, may act as key factors in regulating the develop-
ment of heart remodeling.

We found multiple significantly changed biological pro-
cesses involved in the IA, but few changes were found in the 
non-IA, as illustrated by the findings that 1321 and 8 tran-
scripts were differentially expressed in the IA and RA groups 
compared to the sham group, respectively. The results were 
consistent with the histological examination results in our 
published studies, which showed that MI induced ventricular 
wall thinning, chamber dilatation, collagen deposition, and a 
capillary density decrease in the IA, with little or no damage 
found in RAs at eight weeks after MI in a monkey model.12,13

Among the genes with significantly altered expression, 
corin encodes a serine protease promoting the hydrolysis 
of the inactive form pro-NPPA or pro-NPPB into the active 
form. The coordination of corin and NPPA/NPPB protein 
results in the prevention of heart failure during cardiac 
remodeling.21,22 However, disorder in mRNA expression 
was observed between corin (decreased) and NPPA/NPPB 
(increased) in the present study. The reduction in corin acti-
vation may lead to impairment of the cleavage function for 
natriuretic peptide.23 Both NPPA and corin were ranked high 
in the significantly up- and downregulated gene lists, respec-
tively, and NPPB expression was also dramatically increased, 
suggesting that the imbalance in the expression of NPPA/
NPPB and corin may play a key role in aggravating cardiac 
dysfunction. In experimental dilated cardiomyopathy, the 
expression of corin mRNA is decreased during the patho-
logical process, and this reduction starts before the develop-
ment of heart failure, while the presence of NPPA and NPPB  
protein in plasma is only observed in the later stage of 
heart failure.24 These observations suggest that corin may 
be valuable as a potential marker for the possibility of the 
development of heart failure after MI.

By GO/pathway analysis, we found several impor-
tant pathways enriched in the late stage of MI. Among the 
upregulated pathways in the comparison of the IA group 

with the sham group were ECM–receptor interaction and 
TGF-beta signaling pathway, which may be the main fea-
ture in the chronic phase of MI given its highest statistical 
significance and high degree of association with other path-
ways. Excessive deposition of ECM-related proteins, mainly 
type I and type III collagen, contributes to the process of 
fibrosis and many other pathological remodeling processes 
after MI.25,26 The deposited collagen is produced by activated 
myofibroblasts, which are differentiated from fibroblasts. 
Phenotypic transformation is required for the regulation of 
TGF-β1.27,28 Therapeutic strategies targeting the TGF-β sign-
aling pathway improve left ventricular remodeling.29,30 The 
present study found that 21 and 14 differentially expressed 
genes were enriched in the ECM–receptor interaction and 
TGF-beta signaling pathways, respectively, including genes 
encoding collagens that are involved in ECM–receptor 
interactions, such as COL1A2, COL3A1, COL4A2, COL5A2, 
COL6A2, and COL6A3. Reducing collagen deposition and 
promoting cardiomyocyte regeneration may be key strate-
gies for heart remodeling therapy.

Furthermore, cardioprotective pathways were also 
found to be major features in hearts subjected to protracted 
ischemia, including focal adhesion and the PI3K-AKT signal-
ing pathway, which all showed highly significant differences 
and high degrees. Focal adhesion contributes to interior and 
exterior cell signaling and to the connection of cells with 
the ECM, regulating cell motility,31 anchorage-dependent 
cell proliferation, and survival.32 Myocardial stress activates 
a cytoskeletal-based survival pathway, while inhibition of 
focal adhesion kinase abolishes ischemic preconditioning- 
or heat stress–induced PI3K-AKT signaling and its induced 
cardioprotection in ischemia/reperfusion injury.33,34 It shows 
the opposite effect in endothelial cells and cardiomyocytes; 
inhibition of PI3Kβ activity in endothelial cells protects the 
heart from heat failure, while PI3Kβ in cardiomyocytes pro-
tects against myocardial ischemic injury.35 The present study 
found that 28 differentially expressed genes were enriched in 
focal adhesion or the PI3K-AKT signaling pathway, indicat-
ing that prolonged ischemia induced an extensive cardio-
protective effect.

The most noteworthy pathway significantly downregu-
lated by prolonged ischemia was the calcium signaling path-
way, which was enriched for 5 differentially expressed genes 
and showed the highest degree of 12 among all enriched 
pathways. Ca2+, calmodulin, and Ca2+-dependent protein 
kinase II, which are involved in the calcium signaling path-
way, regulate a series of proteins related to excitation–con-
traction coupling, and dysfunction of cell coupling leads to 
arrhythmias.36 Targeting the calcium signaling pathway has 
been applied to the treatment of arrhythmias in heart fail-
ure,37 and the loss of myocardial contraction-related genes 
may be an important point of concern.

In addition to the rhesus monkey model, several small 
animals, such as mice and rats, and large animals, such  
as dogs and pigs, have been widely used in IHD-related 
studies.38–40 Among those transcriptomic studies, in the rat 
MI model (at least eight weeks after MI), the main upregu-
lated pathways were cytoskeletal and ECM proteins. Gene 
expression levels of NPPA, NPPB, collagen III, biglycan, 
fibronectin, biglycan, THBS4, lysyl oxidase, and complement 
factor B were significantly upregulated, and contractile genes 
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were downregulated.41–43 These changes were consistent 
with our study. While several changes, including the matrix-
related gene osteopontin, returned to baseline between two 
and six weeks after surgery,41 the appearance of upregulated 
genes (atrial natriuretic factor and ECM genes) in the interven-
tricular septum42 differed from our study, with continuously 
elevated expression levels of osteopontin and undetectable 
upregulated genes in the RA group in our monkey model. 
Compared with a study using a chronic ischemic swine 
model of MI, our results presented similar changes in hyper-
trophic cardiomyopathy, cardiogenesis, and embryonic stem 
cell pluripotency and varying degrees of apoptosis signaling 
and hypoxia signaling.44

In ischemia and reperfusion (I/R) injury, another cause 
of MI, several remarkably changed pathways were also 
observed by transcriptome analysis. Bile acid pathway 
derivatives and intermediates predominated in the late rep-
erfusion phases in an I/R porcine model.45 Antigen immu-
nomodulatory pathways were activated and neprilysin was 
downregulated in both ischemia-affected and non-affected 
zones during the late phase of cardio protection in a domes-
tic pig model.46 A study using a rat model of I/R showed that 
apoptosis is important in the pathogenesis of MI, and ECM 
proteins such as types I and III collagen were upregulated in 
late inflammatory phases.47 The changes in ECM genes were 
also prominent in our study.

Experimental animal models of MI that can mimic human 
pathophysiology are essential for the translation study of 
clinical applications. Some disadvantages exist in small ani-
mal models, such as the smaller size of the heart, the differ-
ences in anatomy and physiology of the coronary arteries, 
the faster contractile kinetics, and the different sensitivity to 
exercise and anesthetics compared with those of humans.48,49 
It was found that in a rat MI model, although similar changes 
in mitogenic cardiomyocytes that were present in humans 
were observed, they were spatially and temporally restricted. 
Using a large animal model to perform multicenter validation 
is the final step of validation prior to clinical testing.50 Taking 
this into consideration, a non-human primate MI model of 
monkeys was employed in the present study because mon-
keys are more similar to humans in terms of heart size, coro-
nary anatomy, and physiology, and are encouraged to be used 
as an animal model in preclinical studies.49,51,52

In conclusion, the present study employed an MI model 
of rhesus monkeys to identify the key genes and pathways 
involved in promoting the development of pathological myo-
cardial remodeling during chronic ischemia. Asynchrony in 
the expression of corin and NPPA/NPPB may aggravate car-
diac remodeling. Moreover, ECM–receptor interactions, the 
TGF-beta signaling pathway, focal adhesion, the PI3K-AKT 
signaling pathway, and the calcium signaling pathway may 
be critical for the development of pathological myocardial 
remodeling. Further studies will focus on the mechanisms 
of heart failure caused by the loss of coordination between 
the significantly changed pathways.
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