
Am J Transl Res 2021;13(1):234-252
www.ajtr.org /ISSN:1943-8141/AJTR0119389

Original Article
Microarray analysis reveals a potential role of lncRNA 
expression in remote ischemic preconditioning  
in myocardial ischemia-reperfusion injury

Zhiling Lou1,2,3*, Weijia Wu1*, Ruiheng Chen1,2,3, Jie Xia1, Haochun Shi1,3, Hanwei Ge1, Jiyang Xue1,2,3,5, Hanlei 
Wang1,2,3, Zhiyong Lin1, Maoping Chu2,3,4, Qifeng Zhao1,2,3

1Department of Cardiovascular and Thoracic Surgery, The Second Affiliated Hospital & Yuying Children’s Hospital 
of Wenzhou Medical University, Wenzhou, People’s Republic of China; 2Children’s Heart Center, Institute of 
Cardiovascular Development and Translational Medicine, The Second Affiliated Hospital and Yuying Children’s 
Hospital of Wenzhou Medical University, Wenzhou, People’s Republic of China; 3Wenzhou Medical University, 
Wenzhou, People’s Republic of China; 4Pediatric Research Institute, The Second Affiliated Hospital and Yuying 
Children’s Hospital of Wenzhou Medical University, Wenzhou, People’s Republic of China; 5The First Affiliated 
Hospital of Medical College of Zhejiang University, Hangzhou, People’s Republic of China. *Equal contributors.

Received August 2, 2020; Accepted November 18, 2020; Epub January 15, 2021; Published January 30, 2021

Abstract: The challenge to avoid or reduce cardiopulmonary bypass-related injuries in cardiovascular surgery re-
mains a major issue. Remote ischemic preconditioning (RIPC) remains a promising strategy whose clinical ap-
plications appear to be significantly more realistic and extensive as compared with other conservative or surgical 
strategies. However, considering its underlying mechanism(s) are still unclear, novel ideas and methods must be 
explored to enhance its potential in clinical applications. Long noncoding RNAs (LncRNAs) are a kind of RNAs that 
have been implicated in the occurrence and development of cardiovascular diseases. The differently expressed 
LncRNAs and their biological effects during RIPC have not been explored previously. In this study, mouse and human 
LncRNA microarrays were used to investigate the expression signatures of LncRNAs and mRNAs in the myocardial 
tissue after RIPC. Therafter, homology comparisons were used to screen homologous genes from differentially ex-
pressed LncRNAs. Competing endogenous RNA (ceRNA) mechanism analysis were employed to find the matching 
relationship among homologous LncRNA, mRNA and microRNA. 554 differentially expressed mouse LncRNAs (281 
up-regulated/273 down-regulated) and 1392 differentially expresssed human LncRNAs (635 up-regulated/757 
down-regulated) were selected for further analysis. Quantitative real-time polymerase chain reaction (qRT-PCR) was 
used to quantify these LncRNAs, homology comparison and ceRNA mechanism analysis provided a pair of homolo-
gous LncRNAs (ENST00000574727 & ENSMUST00000123752) for further research investigation. Overall, in this 
study, a number of differentially expressed LncRNAs were identified which may play an important role the regulation 
of both inflammation and cell proliferation. The findings may thus unveil the mystery of RIPC and discover a novel 
protective mechanism for the mitigation of cardiovascular ischemia-reperfusion disease.

Keywords: LncRNA, remote ischemic preconditioning (RIPC), myocardial ischemia-reperfusion injury (MIRI), micro-
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Introduction 

The potential strategies to avoid or reduce the 
injury of important organs caused by cardiopul-
monary bypass remains a major focus of clini-
cal and basic research in the field of cardiovas-
cular surgery. Available, ischemic precondition-
ing has been possibly considered to be the best 
strategy of endogenous protection so far. As 
the implementation of direct ischemic precon-

ditioning is greatly limited in clinical applica-
tions, researchers in recent years have turned 
their attention to the more realistic one, remote 
ischemic preconditioning (RIPC). 

RIPC, is a low-risk, non-invasive, economical 
treatment [1], it can protect heart, brain, liver, 
kidney and other organs after ischemia-reper-
fusion (I/R) [2] and its protective effects have 
been validated in many animal experimental 
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studies and clinical practice [3]. However, the 
underlying molecular mechanism(s) of the func-
tions of RIPC remain unclear, and its procedure 
is substantially complex, involving many fac-
tors, including the expression of a wide variety 
of molecules and even genes. With the deepen-
ing of the understanding of mechanisms(s) 
regulating RIPC, the research in this area has 
significantly increasing in recent years.

RIPC primarily achieves its protective effects 
through three different steps: signal genera-
tion, signal transmission to the target organ, 
and target organs response to the signal [4]. In 
the past five years, RIPC has been extensively 
used in the conservative treatment of heart dis-
ease, however, the results have been found to 
be predominantly disappointing, mainly due to 
a lack of a thorough understanding of its pa- 
thogenesis which has resulted in the paucity of 
strong interventional procedures.

LncRNA is a kind of RNA molecules with a 
length of more than 200 bp. Like circRNA and 
tiRNA, its importance has been ignored for a 
long time, though it discovered much ealier. A 
number of previous studies have shown that 
LncRNA can play an important role in the occur-
rence and development of cardiovascular dis-
eases by regulating the proliferation, apoptosis 
and autophagy in various kinds of cells [5]. The 
role of LncRNAs in the regulation of organ isch-
emia-reperfusion injury (IRI) has also been 
gradually confirmed in prior studies. A few arti-
cles have reported that LncRNA can alleviate 
MIRI by regulating apoptosis [6]. LncRNA can 
also be used as a molecular sponge for adsorb-
ing microRNA and an epigenetic regulator that 
can modulate MIRI [7]. Interestingly, lncRNA 
microarray analysis has revealed that signifi-
cant changes in the expression profile of Lnc- 
RNAs in myocardium may occur during the ear- 
ly stages of reperfusion and the genes regulat-
ed by these LncRNAS have been found to be 
related to the control of immune response, 
spermine metabolism, chemotactic activity and 
chemokine receptor binding which have been 
also closely related to several MIRI-related sig-
nal pathways. In addition, lncRNA may also play 
an important role in myocardial ischemia-reper-
fusion through modulating gene co-expression 
network [8]. The regulatory effect of LncRNAs 
on MIRI is gradually being recognized, but their 
mechanisms remain largely unknown. In addi-

tion, the potential roles that LncRNAs might 
play in RIPC and their underlying regulatory 
mechanism(s) remain unexplored. The possibil-
ity of using LncRNAs as potential therapeutic 
targets has also not been investigated before. 
In view of the above lacuna in the field, in this 
study, LncRNA microarray has been used to 
analyze the changes of myocardial LncRNAs 
expression during the early stage after RIPC in 
both mice and humans. In addition, using bioin-
formatics and homology analysis, various dif-
ferentially expressed LncRNAs have been iden-
tified and screened out. These highly modulat-
ed LncRNAs are further verified by qRT-PCR to 
confirm potential candidate LncRNAs and thus 
build a strong foundation for further functional 
research, mechanism related studies and clini-
cal research in the future. 

LncRNAs contain significant information and 
can potentially involve multiple molecular me- 
chanism(s) than microRNA, but little is known 
about the various regulatory network of gene 
expression mediated by LncRNA and their po- 
tential mechanisms. Therefore, a detailed ex- 
ploration about the potential mechanism(s) of 
RIPC from the perspective of gene regulation 
may enhance our overall understanding of RIPC 
procedure. Thus, this study aimed at unraveling 
the underlying mechanism of RIPC related 
LncRNAs may have substantial clinical implica-
tions and practical significance for discovering 
novel intervention strategies as well as explor-
ing new therapeutic targets for MIRI.

Materials and methods

Surgical management and grouping of pa-
tients

24 children patients with non-cyanotic con- 
genital heart disease were included from the 
Department of Cardiothoracic surgery, the se- 
cond affiliated Hospital of Wenzhou Medical 
University and Yuying Children’s Hospital. 
Exclusion criteria used were as following: 1) 
patients with various severe complications 
such as severe liver disease, kidney disease or 
lung disease that can significantly affect the 
peripheral vascular disease of the upper limb; 
2) patients or their families that refused to par-
ticipate in the clinical trial. Withdrawal criteria 
used were as following: patients with anes- 
thesia, surgical accidents and other adverse 
events during the experimental observation 
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who were forced to stop the trial. All the expens-
es for the treatment of the patients were paid 
by the Children’s Heart Center of the second 
affiliated Hospital of Wenzhou Medical Uni- 
versity, which did not increase the additional 
financial burden of the subjects enrolled in this 
study. This study was approved by the Ethics 
Committee of the Department of Cardiothorac- 
ic surgery of the second affiliated Hospital of 
Wenzhou Medical University and the Ethics 
Committee of Yuying Children’s Hospital.

In addition, self-control study on pre and post 
RIPC was performed in these patients; the car-
diac tissues obtained before and after RIPC 
were randomized into control group and RIPC 
group respectively. After anesthesia and thora-
cotomy, a small amount of right atrial tissue 
was taken from above the purse-string suture 
area of the right atrium intubation. Thereafter, 
the cuff was placed on patients’ upper arm, 
inflated to 200 mmHg to block the blood flow 
for 5 minutes then cuff was relaxed to restore 
perfusion for 5 minutes., This procedure was 
repeated 4 times, and a small amount of right 
atrial tissue was used again. After the speci-
men was collected, the operation was initiated. 
Echocardiography and electrocardiogram were 
used to detect heart rhythm, cardiac correction 
and recovery of cardiac function during the 
operation or at least 3 days after operation.

Grouping and treatment of experimental ani-
mals

C57BL/6 mice, 6-8 weeks old, weighing 22-26 
g were provided by Vital River Laboratory Animal 
Technology Co., Ltd., Beijing, China. The mice 
were kept in a quiet room with 12/12 h cycle 
light/dark at a constant temperature of 20~ 
22°C and provided with adequate water and 
food supply. All the surgical procedures and 
postoperative care were carried out in accor-
dance with the guidelines for the Care and use 
of Experimental Animals issued by the Chinese 
Academy of Health. All the operations involving 
mice were approved by the Animal Research 
Committee of Wenzhou Medical University 
(wydw2016-0334). Forty C57BL/6 mice were 
randomly divided into various groups as follow-
ing: 1) Sham group (n=10): only undergo disso-
ciation of the left femoral artery and thoracoto-
my; 2) MIRI group (n=10): ligation and reperfu-
sion of the left anterior descending branch 
were given on the basis of the separation of the 

left femoral artery and thoracotomy; 3) RIPC+ 
MIRI group (n=10): separating left femoral 
artery for RIPC, left anterior descending branch 
was ligated and reperfused by thoracotomy; 4) 
RIPC group (n=10): for separating left femoral 
artery for RIPC, and the heart was obtained by 
thoracotomy.

RIPC in C57BL/6 mice

After endotracheal intubation and anesthetiza-
tion with isoflurane, the limbs of mice were 
fixed with tape, a small incision was made al- 
ong the left groin, and the femoral artery was 
removed. The left femoral artery was gently 
clamped with a microvascular clamp for 5 min-
utes, thereafter the vascular clamp was relax- 
ed, and perfusion was restored for 5 minutes. 
The same cycle was repeated for four more 
times.

MIRI mice model

After isoflurane induced anesthesia, the mice 
were endotracheal intubated and adjusted to 
the right lateral position. Thoracotomy was per-
formed on the third or fourth intercostal on the 
left side to expose the pericardium. The peri-
cardium was thereafter opened with micro-
scopic forceps and the left anterior descending 
branch of coronary artery was liagted with 6-0 
silk thread to induce myocardial ischemia. After 
30 minutes of myocardial ischemia, ligation 
was made loose so that the heart can be reper-
fused. Meanwhile, a small hose was indwelled 
in chest to extract residual air in the chest, and 
sutured layer by layer rapidly to chest cavity. 
Then mice were resuscitated by 100% oxygen 
ventilation and transferred to a warm pad. 
Thereafter, 180 minutes later, the re-anesthe-
tized mice were killed, and the samples needed 
for the experiment were obtained. The occlu-
sion and reperfusion of the left anterior de- 
scending branch could be judged by the sig- 
nificant changes in the myocardial color.

Total RNA purification 

Total RNA was extracted from the collected 
myocardial tissue with the Trizol reagent 
(15596026; Ambion, Cambridge, UK). There- 
after, RNA content was quantified with 260/280 
UV spectrophotometry. The isolated high-purity 
total RNA after quantification was subjected  
to LncRNA microarray analysis or qRT-PCR 
testing.
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LncRNA microarray analysis

Arraystar human and mouse LncRNA microar-
rays V3.0 provided by KangChen Bio-tech Co. 
Ltd. (Shanghai, China) were used to detect the 
various RNA samples. RNA labeling and array 
hybridization was conducted as previously de- 
scribed [9, 10]. The differential expression lev-
els of LncRNAs and mRNAs between the RIPC 
group and the Sham group were thereafter 
compared. In addition, among the various de- 
tected up-regulated RNAs, adjusted P value 
<0.05 and either whose FC value (fold change 
>2 & Chip intensity >500 or FC value >3 & Chip 
intensity >50 were considered as differentially 
expressed. However, as for down-regulated 
RNAs, adjusted P value <0.05 and either whose 
FC value >2 & Chip intensity >1000 or FC value 
>3 & Chip intensity >50 were defined as differ-
entially expressed.

GO and KEGG pathway analysis

KangChen Bio-tech Co. Ltd. (Shanghai, China) 
was commissioned to conduct GO and KEGG 
pathway analysis to systematically analyze the 
differentially expressed genes and enrich im- 
portant GO terms and KEGG pathways (P< 
0.05) [11]. The significance of the P value was 
evaluated by FDR (false discovery rate) and rec-
ommended FDR value was considered less 
than 0.05. 

Western blot analysis for tissues

The total protein was extracted from mice’s 
myocardial tissue (5 mg) and the protein con-
centration was determined with Enhanced BCA 
Protein Assay Kit (Beyotime Biotechnology). 
The following primary antibodies were used in 
this study: 1:1000 diluted Rabbit anti-Bax 
(50599-2-Ig; Proteintech Group, Inc), Bcl2 
(26593-1-AP; Proteintech Group, Inc), Caspase3 
(66470-2-Ig; Proteintech Group, Inc), cleaved-
Caspase3 (WL01992; Wanlei Biotechnology 
Co., Ltd.), TNF-α (17590-1-AP; Proteintech 
Group, Inc), IL-6 (WL02841; Wanlei Biotech- 
nology Co., Ltd.) primary antibody. The next  
day, 1:3000 diluted Goat Anti-Rabbit antibody 
(SA00001-2; Proteintech Group, Inc) was add- 
ed, and ECL was used for coloration, scanning 
and analyzing the results with the Gel imaging 
system. After quantification, the ratio of each 
protein to GAPDH was used for comparison and 
analysis.

Myocardial infarct size measurement

The myocardial infarct size was measured 
through Evans Blue (E2129; Sigma, St. Louis, 
MO)/TTC (2,3,5-triphenyltetrazolium chloride, 
T8877; Sigma) double staining method. The 
viable tissues were stained red and white by 
TTC was defined as area at risk (AAR). Non-
ischemic myocardial tissues were stained deep 
blue by Evans Blue. Infarct area (INF) appeared 
to be pale after staining. The percent of infarct-
ed area over the area at risk (INF/AAR ratio, 
IAR%) was thereafter calculated as described 
previously [12]. 

Hematoxylin-eosin staining

The hearts of mice were fixed in 4% paraformal-
dehyde. After 24 h, fixed hearts were embed-
ded with paraffin and the embedded hearts 
were sliced (5 μm thick). The sections are the- 
reafter stained with hematoxylin and eosin 
according to the standard protocol and ana-
lyzed by light microscopy.

Plasma cTnI, TNF-α concentration

The serum levels of TNF-α, and cTnI were mea-
sured using a mouse Enzyme-Linked Immu- 
noSorbent Assay kit (Boyun Biotech Co., Ltd, 
Shanghai) in accordance with the manufactur-
er’s instructions. 

qRT-PCR analysis

The total RNA was extracted from myocardial 
tissues using the Trizol reagent (15596026; 
Ambion, Cambridge, UK), RNA content was 
thereafter quantified by 260/280 UV spectro-
photometry. The same volume of RNA solution 
was used to reverse transcriptase using the 
RT-PCR kit (FSQ-101; TOYOBO, Kita-ku, Osaka, 
Japan). The expressions of various LncRNAs 
were quantified by SYBR Green (170-8882AP; 
Bio-Rad, Hercules, CA) in a two-step, real-time 
RT-PCR using CFX96 Touch Real-Time PCR 
Detection System. The expression of LncRNA 
was normalized to GAPDH mRNA content and 
was calculated using the comparative me- 
thods.

Genes homology analysis & CeRNA mecha-
nism analysis

Genes Homology Analysis and CeRNA Me- 
chanism Analysis were performed by KangChen 
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Bio-tech Co. Ltd. (Shanghai, China). The various 
detected up-regulated homologous LncRNAs, 
whose chip intensity >500, FC value >1.0, 
P<0.05 and E-value <0.05 were selected. The 
detected down-regulated homologous LncR- 
NAs, whose chip intensity >50, FC value >1.0, 
P<0.05 and E-value <0.05 were selected. Fi- 
nally, the ceRNA mechanism analysis of stable 
differentially expressed homologous LncRNAs 
was performed.

Statistical analysis

All data in this article were expressed as mean 
± SEM. The comparisons between groups were 
assessed by t-test. All statistical analyses were 
performed using Graph Pad Prism Software 
(Version 8.0, La Jolla, CA). P<0.05 was consid-
ered as statistically significant.

Results

RIPC attenuated myocardial apoptosis and in-
flammation after MIRI in mice

The levels of serum TNF-α and cTnI were mea-
sured by enzyme linked immunosorbent assay 
(Elisa) kit. Moreover, upon comparison with the 
sham group, RIPC group did not display a sig-
nificantly elevated levels of TNF-α and cTnI in 
the serum. However, in MIRI group and RIPC+ 
MIRI group, serum TNF-α and cTnI levels were 
significantly increased whereas the levels of 
these cytokines in RIPC+MIRI group were sig-
nificantly lower than that in MIRI group (Figure 
1A). The results showed that MIRI was accom-
panied by an increase of troponin and inflam-
matory factors which clearly indicated myocar-
dial injury and inflammatory state and effective 
RIPC operation could inhibit these events and 
thereby protect the myocardium. In addition, 
western blot data showed that cleaved Ca- 
spase-3, Bax, TNF-α and IL-6 were up-regulat-
ed, while Bcl-2 was down-regulated (Figure 1C, 
1D). These observations suggested that local 
myocardium was in the state of inflammatory 
microenvironment and myocardial apoptosis, 
while RIPC significantly inhibited the expression 
of various pro-apoptotic as well as pro-inflam-
matory factors and significantly alleviated myo-
cardial damage.

RIPC reversed structural changes in the myo-
cardium after MIRI in mice

HE staining clearly showed that MIRI caused 
local swelling, myocardial necrosis, myocardial 

fiber disorder and rupture, accompanied by 
substantial inflammatory cell infiltration (Figure 
1B). In contrast, these pathological changes 
were greatly found to be attenuated in the RIPC 
group, where the structure and morphology of 
cardiomyocytes were relatively normal, with 
mild swelling, partial rupture of myocardial 
fibers, and a small fraction of inflammatory cell 
infiltration in interstitium. The myocardial fibers 
in the sham and RIPC groups were found to be 
normal and the stripes were generally clear, 
and no myocardial remodeling, necrosis or neu-
trophil infiltration was observed.

RIPC significantly reduced the infarct size after 
MIRI

After TTC-Evans blue staining, upon compari-
son with sham operation and RIPC groups, 
IAR% increased remarkably in MIRI group and 
RIPC+MIRI group while IAR% in RIPC+MIRI 
group was relatively smaller than MIRI group to 
a certain extent (Figure 1C). The results indi-
cated that the infarct size predominantly 
increased during MIRI, and RIPC could protect 
the myocardium and thereby significantly re- 
duce the infarct size.

Microarray hybridization data of mouse and 
human

Arraystar mouse LncRNA microarray v3.0 and 
arraystar human LncRNA microarray v3.0 were 
specially designed for the global profiling of 
mouse & human LncRNAs and protein-coding 
transcripts. Thereafter, LncRNAs were carefully 
selected from authoritative public transcrip-
tome databases (including UCSC known genes, 
Gencode, Refseq, etc.) and literature review of 
papers with high impact factors. Heat maps of 
hierarchical clustering results were designed to 
depict various differentially-regulated lncRNA 
and mRNAs between the two groups. It was 
deciphered from the results of scatterplot that 
expression of log-2 ratio and distribution of 
lncRNAs and mRNAs in RIPC group and nc 
group was almost similar in both the mouse 
and human (Figure 2).

The expression levels of differentially regulat-
ed lncRNAs and mRNAs of human and mouse

For analysis purpose, presupposed >2-fold dif-
ferential expression was set as screening con-
dition. Overall, 1392 differentially regulated 
LncRNAs were selected from human LncRNA 
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microarray, including 635 up-regulated and 
757 down-regulated ones. 554 differentially 

regulated LncRNAs from mouse lncRNA mi- 
croarray, including 281 up-regulated and 273 

Figure 1. The verification of the protective effects of ischemic preconditioning in vivo. ELISA results of TNF-α and 
cTNI indicate that RIPC attenuated myocardial injury after ishemia/reperfusion (A), meanwhile representative west-
ern blot data showed that RIPC can reduce apoptosis and inflammation after MIRI (D, E), RIPC also attenuated 
harmful myocardial structural changes (B) and myocardial ischemic infarction (C). The comparison of the mean 
values between the two groups was performed using the independent-sample t test. All data has been presented as 
mean ± Standard Error of Mean (SEM). “*” means compared to Sham group, “#” means compared to MIRI group, 
“a” means compared to RIPC+MIRI group. *P<0.05, **P<0.01, ***P<0.0001.
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Figure 2. LncRNA and mRNA expression profile comparison between the RIPC group and the sham group in both the 
human and mouse. The hierarchical clustering of all target value human lncRNAs (A) and mRNAs (B). The scatterplot 
was used for assessing human lncRNA (A) and mRNA (B) expression variation between the RIPC group and the sham 
group. The hierarchical clustering of all the target value mouse lncRNAs (C) and mRNAs (D). The scatterplot was 
used for assessing mouse lncRNA (C) and mRNA (D) expression variation between the RIPC group and the sham 
group. Green lines inside the scatterplot picture represent the fold change lines (the default FC value was given 2.0). 
LncRNAs and mRNAs above the top green line were detected as up-regulated and below the bottom green line were 
detected as down-regulated, both of them were indicated as FC value >2.0 in expression. For example, “red dots” 
stand for higher relative expression levels (A), and “green dots” indicate low relative expression levels (B).

down-regulated ones have been shown in Table 
1. Moreover, analysis of the differential expres-
sion profile of mRNAs, as well as top10 differ-
entially expressed LncRNAs and mRNA after 
RIPC in both human and mouse have been list-
ed in Table 2. 

GO and KEGG analyses of differentially regu-
lated mRNAs of human and mouse

Thereafter, GO analysis (Biological processes, 
cellular components, molecular functions) was 
performed to analyze the major potentially rel-
evant functions of the closest coding genes 
according to the GO database that provided  

the essential functional classifications for the 
National Center for Biotechnology Information 
(NCBI). In this study, GO analysis initially reflect-
ed the functional significance of differentially 
expressed (up-regulated and down-regulated) 
mRNA in myocardium which experienced RIPC 
in both the human and mouse. In the human 
and mouse groups, the most enriched GO 
terms (top 10) of 3 structured networks have 
been shown in Figure 3, and the top 10 enrich- 
ed pathways have been shown in Figure 4. 
Moreover, the pathway analysis indicated that 
majority of up-regulated mRNAs were involved 
in the regulation of MAPK and TNF signaling 
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pathways, while most down-regulated mRNAs 
were involved in the modulation of NF-κB sig-
naling pathway and apoptosis in humans. 
Moreover, the pathway analysis of mice tissu- 
es revealed that significantly down-regulated 
mRNAs participated in cAMP signaling path-
way, inflammation-mediated TRP pathway and 
so forth, whereas the up-regulated mRNAs re- 
lated signaling pathways did not appear to be 
closely related to myocardial ischemia-reperfu-
sion injury. 

Homology analysis between the human 
LncRNAs & mouse LncRNAs

Furthermore, among the preliminary screened 
mouse and human LncRNAs, homology analy-
sis was performed to select homologous 
LncRNAs. We noticed that there were 5 pairs  
of up-regulated homologous LncRNAs, and, 6 
pairs of down-regulated homologous LncRNAs. 
Homologous genes are highly conserved during 
the process of biological evolution, may exert 
important biological functions, and can act as 
an important target for disease treatment. 
Therefore, it was hypothesized that the select-
ed 11 pairs of homologous LncRNAs might 
have a significant potential for further study. 
The 11 different pairs of homologous LncRNAs 
have been listed in Table 3.

Verification of various differentially expressed 
LncRNAs in microarray by qRT-PCR

The removal of mitochondrial LncRNAs and 
those which cannot be designed with suitable 
primers, including detected differentially expre- 
ssed 11 pairs of homologous LncRNAs, and 
another 17 LncRNAs which displayed a more 
stable expression but lower FC. It was found 
that ENSMUST00000163913, ENST000005- 
65841, ENSMUST00000126460 could not be 
effectively designed with suitable primers. 
Finally, only 36 LncRNAs were left for qRT-PCR 
verification (their sequence details and primers 

have been indicated in Table 4). According to 
the Genebank sequence, each primer sequen- 
ce was designed and synthesized by Shanghai 
Zhili Biology Co., Ltd. The relative expression of 
top 9 differentially expressed LncRNAs after 
qRT-PCR has been listed in Figure 5A, and the 
microarray consistency was found to be re- 
liable. 

CeRNA mechanism analysis of the homolo-
gous LncRNA ENSMUST00000123752 

In order to facilitate the follow-up exploration 
and verification, ceRNA mechanism analysis 
was performed for the binding site prediction  
of mouse LncRNA (LncRNA ENSMUST0000012- 
3752), and it was named as LncRNA ENSMU- 
ST00000123752 ischemic preconditioning-re- 
lated LncRNA1 (IPCRL1), and the correspond-
ing homologous LncRNA ENST00000574727 
was named as ischemic preconditioning-relat-
ed LncRNA2 (IPCRL2). There was a comple-
mentary binding site found between IPCRL1 
and miR-128-3p. Interestingly, it was noted th- 
at the predicted target protein JNK-interacting 
protein3 (JIP3, Mapk8ip3), and its mRNA co- 
uld bind to the same binding site (Figure 5C). 
Additionally, CeRNA mechanism was shown in 
endogenous competing relation conception 
map (Figure 5D). 

Discussion

MIRI remains a major problem in clinical prac-
tice and it is the basic pathophysiological pro-
cess that occurs during the treatment of cardio-
pulmonary resuscitation, thrombolysis of myo-
cardial infarction, cardiopulmonary bypass and 
so on. Therefore, finding safe and effective 
treatment modalities and drugs to alleviate 
MIRI remains one of the primary focuses of 
research in the field of cardiovascular medi-
cine. When myocardial tissue has been subject-
ed to non-fatal ischemia-reperfusion, it can 
often show adaptive compensatory responses 
with defensive and protective significances, 
which are called ischemic preconditioning. In 
recent years, myocardial ischemic precondi-
tioning has become one of the most effective 
strategies for both the prevention and treat-
ment of MIRI. However, RIPC has a more realis-
tic and extensive application space as the 
implementation of direct ischemic preconditi- 
oning has been greatly limited in clinical prac-

Table 1. The number of various differentially 
expressed LncRNAs
LncRNAs Spacies FC2-5 FC5-10 FC≥10 Total
Up Mouse 247 24 10 281
Down Mouse 239 29 5 273
Up Human 617 13 5 635
Down Human 731 21 5 757
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Table 2. Top10 differentially expressed LncRNAs and mRNA after RIPC in the human and mouse
Sepuence name Gene symbol FC
Top10 Up-regulated human LncRNAs
    ENST00000507926 CTD-2306M5.1 61.2128103
    NR_028308 BRE-AS1 30.9319247
    ENST00000564531 RP11-1100L3.8 14.7943499
    uc001jpa.1 BC022313 14.3805754
    NR_026860 LINC00473 12.6209272
    TCONS_00019322 XLOC_009167 9.7478118
    ENST00000457058 RP11-109I13.2 9.2358625
    ENST00000417650 RP11-439L18.1 8.5209731
    ENST00000508443 CTB-47B11.3 7.243086
    TCONS_00017313 XLOC_008149 7.0343197
Top10 Up-regulated human mRNAs
    ENST00000338488 NR4A3 350.7761867
    NM_005252 FOS 264.2330283
    NM_173200 NR4A3 92.7188392
    NM_001114171 FOSB 62.3703608
    NM_006732 FOSB 58.6511585
    NM_002089 CXCL2 42.6043755
    ENST00000307407 IL8 29.8900665
    ENST00000294829 FAM71A 22.987126
    NM_000450 SELE 21.876733
    NM_001174090 SLC4A11 20.5018814
Top10 Down-regulated human LncRNAs
    uc001ukd.1 AX747752 19.4261082
    uc001tdk.2 KRT19P2 15.7030871
    ENST00000519609 RP11-32D16.1 13.8072969
    ENST00000552167 RP11-359M6.1 13.1343691
    ENST00000431401 RP1-290I10.5 10.7059655
    uc003cmy.1 DQ592230 9.8065073
    NR_024089 LINC00162 9.4575664
    ENST00000464537 RP11-420J11.2 8.9155883
    ENST00000581210 KRT16P1 8.2424453
    chrX:136212300-136224525+ chrX:136212300-136224525 7.8726809
Top10 Down-regulated human mRNAs
    NM_001083537 FAM86B1 57.6879463
    NM_005823 MSLN 17.0867096
    NM_016352 CPA4 15.2902808
    NM_002276 KRT19 13.1581887
    NM_001126102 HP 13.1148645
    NM_005143 HP 12.4122693
    ENST00000322165 HSD17B6 12.0160265
    NM_005556 KRT7 11.9192372
    NM_013404 MSLN 11.5713044
    NM_017625 ITLN1 10.5037021
Top10 Up-regulated mouse LncRNAs
    ENSMUST00000136102 Plekhm2 54.2768466
    NR_045285 Gm5083 39.6142257
    BG068257 mouselincRNA1118 19.6325586
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tice. The protective effect of RIPC has been 
confirmed in several animal experiments and 
clinical studies and it has been found to be ben-
eficial in protecting heart, brain, liver, kidney 
and other organs after ischemia-reperfusion. 
We found that after MIRI, myocardial tissue 
swelling, myocardial necrosis, myocardial fiber 
disorder and rupture was observed.

Besides protein-coding genes, non-coding 
RNAs have attracted significant attention in 
recent years and can regulate various biologi-
cal processes. According to the findings of the 
Human Genome Project, the number of total 
protein-coding genes in humans accounts for 
less than 2% of the entire human genome 
sequence, and the remaining 90% of the non-

    ENSMUST00000153836 Asxl3 16.6523791
    BF180946 mouselincRNA0005 16.1865307
    TCONS_00032441 XLOC_024323 14.4913109
    ENSMUST00000175707 Vmn1r-ps142 12.7990311
    TCONS_00004283 XLOC_003982 11.4696996
    mouselincRNA0499- mouselincRNA0499 11.1981243
    uc007tsn.1 Tcrd 10.8516461
Top10 Up-regulated mouse mRNAs
    NM_009341 Tcp10b 16.1522272
    NM_011325 Scnn1b 13.3807131
    NM_153524 Mrgpra4 9.0141778
    NM_146334 Olfr1330 8.9121771
    NM_001081449 Vmn2r54 7.8662994
    NM_011456 Serpinb9e 7.587836
    NM_001099301 Obp2b 7.2571405
    NM_001159422 Ccdc58 6.7617881
    NM_146789 Olfr1230 5.6599084
    NM_001005748 Phactr1 5.4333252
Top10 Down-regulated mouse LncRNAs
    ENSMUST00000173563 Gm2302 43.4009886
    AK017761 AK017761 16.2941162
    mouselincRNA0933- mouselincRNA0933 13.2961955
    ENSMUST00000152439 Gm14009 11.5085008
    TCONS_00004249 XLOC_003927 11.1955942
    uc009qiv.2 DQ690356 9.9517056
    ENSMUST00000152128 Gm16080 9.6625515
    NR_045965 1700084F23Rik 9.6499683
    ENSMUST00000157528 Gm26348 9.6431601
    ENSMUST00000123663 Gm13707 9.5857546
Top10 Down-regulated mouse mRNAs
    NM_177855 Med12l 28.4145113
    NM_001163028 Bcmo1 27.8440333
    NM_147038 Olfr1416 19.690464
    NM_010199 Fgf12 16.3330758
    NM_008081 B4galnt2 12.6905967
    NM_010990 Olfr48 12.6787376
    NM_001166375 March1 11.8556742
    NM_053015 Mlph 11.3830897
    NM_001081153 Unc13c 8.8654521
    NM_009411 Tpbpa 7.2739333
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Figure 3. Gene Ontology (GO) analysis for functional classification of the differentially expressed LncRNAs. The GO 
categories contained 3 different domains: biological process (BP), molecular function (MF), and cellular component 
(CC). The up-regulated GO of human (A), the down-regulated GO of human (B), the up-regulated GO of mouse (C), the 
down-regulated GO of mouse (D) were arranged sequentially. P value denotes the significance of GO term enrich-
ment in the differentially expressed protein-coding RNAs list. The lower the P value was, more significant was the GO 
term (p value ≤ 0.05 is recommended).
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coding sequences can be transcribed, result- 
ing in a large number of non-coding RNAs. 
Moreover, as a result of the rapid development 
of high-throughput RNA sequencing technolo-
gy, a large number of novel non-coding RNAs 
have been discovered in recent years. The most 
famous non-coding RNAs identified is microR-
NA (miRNA), which has been implicated to play 
a key role in regulating a variety of biological 
and pathological processes [13, 14]. Yu et al. 
have reported previously that silencing LncRNA 
AK139328 can significantly up-regulate the 
expression of miR-204-3p and thereafter effec-
tively inhibit cardiomyocyte autophagy, thus 
attenuating MIRI in diabetic mice [15]. On the 
contrary, Zhu et al. have reported that LncRNA 
AK139128 can mediate autophagy and apop-
tosis of cardiomyocytes after MIRI by targeting 
miR-499/FOXO4 axis [16]. Moreover, Liang et 

way, cAMP signaling pathway, Toll-like receptor 
signaling pathway and TNF signaling pathway 
were most significantly enriched in up-regulat-
ed genes, while NF-κB signaling and apoptosis 
pathways were mostly enriched in the down-
regulated genes. For example, for NF-κB signal-
ing pathway, mRNAs of various activating fac-
tors of this pathway such as TRADD, TNF R1, 
RANKL, LTB, LTA and crucial kinase IKKβ we- 
re markedly observed to be down-regulated. 
However, for apoptosis pathway p53 mRNA  
was found to be down-regulated, which in addi-
tion, to down-regulated TRADD, as well as TNF 
R1 can also be effectively coupled with apopto-
sis pathway. Meanwhile, the four pathways en- 
riched in up-regulated genes appeared to be 
activated; however, this result cannot be ex- 
plained by only studying the activation status of 
these pathways. In fact, among the various up-

Figure 4. Pathway enrichment analysis. A, B. The up-regulated gene and down-regulated gene pathway of the hu-
man. C, D. The up-regulated gene and down-regulated gene pathway of the mouse. This figure shows the top 10 
significant pathways related to both up-regulated and down-regulated genes. The P value (Fisher P value) denoted 
the significance of the pathway correlated to the various conditions. The lower the p value was, the more significant 
the pathway (the recommended P value cut-off was 0.05). The size of selection counts point indicated the number 
of corresponding genes. The larger the point was, the more genes involved in this pathway.

Table 3. The list of detected homologous LncRNAs
No. Sequence name Regulation FC Spacies
1 NR_026778 Up 2.7203589 human

ENSMUST00000154437 Up 1.0567851 mouse
2 Uc010rog.2 Up 2.1087689 human

NR_003513 Up 1.0640434 mouse
3 ENST00000446406 Up 2.2950602 human

NR_001592 Up 1.3577539 mouse
4 ENST00000527314 Up 1.5297628 human

ENSMUST00000163913 Up 9.7726336 mouse
5 NR_037719 Up 3.1086571 human

NR_033133 Up 5.9252023 mouse
6 ENST00000565841 Down 3.9193896 human

AK050947 Down 8.2915752 mouse
7 NR_073081 Down 2.5207779 human

AK158081 Down 1.2406486 mouse
8 ENST00000509649 Down 2.3379888 human

NR_002928 Down 1.1492311 mouse
9 uc001tdk.2 Down 15.7030871 human

ENSMUST00000126460 Down 1.0307194 mouse
10 ENST00000574727 Down 7.2125214 human

ENSMUST00000123752 Down 1.1493588 mouse
11 NR_037845 Down 1.0515052 human

AK133331 Down 4.1421506 mouse

al. have revealed that the LncRNA 
ROR/miR-124-3p/TRAF6 axis can 
regulate both apoptosis and inflam-
mation of human cardiomyocytes 
induced by hypoxia/reoxygenation 
[17]. We hypothesized in this study 
that differentially expressed LncR- 
NAs after RIPC may also play an 
important role in MIRI, hence we 
used high-throughput LncRNA micro-
array to screen and potentially iden-
tify the differentially expressed Lnc- 
RNAs in mouse and human myocar-
dium in the early stage after RIPC.

In addition, without existing databas-
es and limited reference information 
being available to reveal the func-
tional annotations of various identi-
fied LncRNAs, a correlation between 
LncRNA and mRNA was constructed, 
and the potential functions of vari-
ous differentially expressed mRNA 
was systematically deciphered thro- 
ugh GO annotation and pathway an- 
alysis.

We observed that in human’s path-
way analysis, MAPK signaling path-
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regulated genes in these different pathways, 
several product proteins of them belonged to 
anti-injury factors, and their up-regulation can 
be related to the antagonism of damage-relat-
ed signaling pathways to some extent such as 
HSP72 in MAPK pathway, Hip1 at the terminal 
end of cAMP signaling pathway. Hip1 also plays 
an important role in Hedgehog signaling path-
way and can improve cardiac angiogenesis, 
promote cardiac repairment and thereby en- 

hance cardiac functions after myocardial in- 
farction. The activation of Epac2-Rap1 signal-
ing cascade in cAMP pathway is generally con-
sidered to exert adverse effects but prior stud-
ies have indicated that the existence of Epac2-
Rap1 signal can significantly reduce the pro-
duction of mitochondrial ROS and attenua- 
te the susceptibility to myocardial arrhythmia 
[18]. In addition, numerous studies have shown 
that inhibition of cAMP-PKA pathway can signifi-

Table 4. The list of primers of selected LncRNAs
Sequence name Forward (5’-3’) Reverse (5’-3’)
uc010rog.2 TGACTGACTATGACTGCTGAG TGCTATCTTCCTGTTGCCATT
ENST00000566457 TCTGCTCGGCTCTGTCAT GGCTCTTGGTTATGGTTCTTG
ENST00000509649 GCACATTTGACTTGGAAGCA CGCCCAGCCAACATTCTT
ENST00000527314 TAGGAGATCGGGACCAGCTT GTGCGGACAACCTCAGCTAC
NR_037845 GTGGCGTGATGTCTGCTTA GAGGCTGAAGTAGGCGAATC
ENST00000574727 CCTGTTCTGTGTATTGCTTCC CTGACTCTCCTTGCTACCATT
ENSMUST00000123752 AAGACTGCTCTGCCTGGT GCTCTGAAGACATCCGTTGA
NR_040512 GCAGGAATATGGAGCACAGT ACTTCAGGAGACAGTAACAGAC
ENSMUST00000173563 TCAGAGTGATTCAGACAGTGTT AAGGTCCAGCCAGCAGAT
ENSMUST00000154036 CTGGCTGAACTGGAACTTAGA CCAAGGAACCTGACATCTTCT
AK133331 TGGTGCTTATCTAACTGGATGT TGCTGTGGTCTCGTCTTAC
ENSMUST00000148722 GTGTCTCCTGTACTGACTTGT CTTCGCCATCCATCCTGAA
TCONS_00003974 TCATGGTTCTTCAGGCTGTATA ATGCTGGCTCCTCTTCTCT
NR_001592 GAGACTCAAAGCACCCGTGA AGATGGACGACAGGTGGGTA
ENST00000446406 GGAGCACCTTGGACATCT CCTACTCCACACTCCTCAC
NR_033133 CCAACAGCCATCTCCGTAG AGACAGACACAGAAACAAAGAC
NR_037719 GCTCACTGACACCGTTTG TCATTGGCTTCCAGGACTG
ENSMUST00000130038 CCTTACTCCCTGCCCTTCT ATCCACTTGTCTCTGCTTCTC
ENSMUST00000134981 TGCTGCTTCCTGTTGTGT TGTTCTTCCTTCGTCTATATGG
NR_046186 ACTTACCCTTGAAGAGGAAATG CTCATCAGTGCTATCATCATCA
TCONS_00023846 GATGTAATTGTATGCGACCTG AACCTCTCAATCCCAGATTT
TCONS_00019322 AGCAGAAGCAACAGGTCAA ACGGAGTAAGCAAGTCACAA
ENSMUST00000136102 AGCAGGTGCAGTTGAGTG GGAACTTGTTATGTAGCAGAGG
ENSMUST00000128411 AGAAGTGTTATTGCCACCAGAT TGCTGACCAGGATAGACCAA
AK050947 TTGGTATGAAGGTGTGAGAGG TGGAGGTCTGTAGCACTGTA
NR 073081 AGGACTGGCACAAGTTCTG TTCTCAGCGAAGTACACCTT
AK158081 TGAGAGGCAGGCAAGGAA TAGCGGTGGAGTGGTCAA
uc001tdk.2 AGCCACTACTACAGGACCAT GCCAGTTGAGCATTGTTGAT
ENSMUST00000145313 AATGCTGTCTCACCTACCAT CAGAGTAGATGCTTGAAGGAG
ENSMUST00000146263 CTGTGGCTGAAGAGTCTCC CAATTCTGGTGATGATGTCTGA
ENST00000420279 AACCACATGAAGCAACTTAGC TCGGTAGACTCCAAGCAGAA
NR_026778 GGCGGCAAGACAGACATT CCTTCTAGGTATCACCTCATCC
ENSMUST00000154437 AAAGCCCTTCAAGCTCCTAG TCCAAGTCCAGTCACAATAGAT
NR_003513 GGCAGAGCAGCAGTTGAT GACCTCCACTACGCACCTA
NR_002928 GCTGTCACCATTGCTTGTT TCCTAGAACTGCCAACCATC
AK133331 TGGTGCTTATCTAACTGGATGT TGCTGTGGTCTCGTCTTAC
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cantly suppress apoptosis. Wu et al. found that 
the inhibition of miR-200a can attenuate the 
cAMP/PKA signal pathway by up-regulating the 
expression of DRD2 in PD rats, thus inhibiting 
the apoptosis of striatum [19]. Moreover, Xu et 
al. have reported that MIRI can increase DRG 
cAMP, and an intrathecal injection of selective 

cAMP-PKA inhibitors could effectively reduce 
myocardial injury [20]. 

Interestingly, the activation of these different 
signaling pathways reflect that the human’s 
heart in the early stage of RIPC may be in pos-
sible state where it can be co-expressing both 

Figure 5. qRT-PCR validation of differential expressed lncRNAs. 8 LncRNAs were confirmed by qRT-PCR analysis to 
display significant changes between RIPC group and sham group (A). The data was expressed as the mean ± SEM 
(*P<0.05, **P<0.01). (B) qRT-PCR patterns of 9 lncRNAs were found to be consistent with that of the microarray 
data. The competing binding site was predicted by ceRNA mechanism analysis (C) and interaction has been shown 
in conception map (D).
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pro-injury and anti-injury related factors simul-
taneously. However, because of the particulari-
ty of sample collections, we cannot completely 
rule out the possible influence of patients’ 
inherent cardiac pathological state on produc-
tion of various pro-injury factors. 

We noticed that in mouse’s pathway analysis, 
Hedgehog signaling pathway was predominant-
ly enriched in up-regulated genes, while cAMP 
signaling pathway, dilated cardiomyopathy re- 
lated pathway, adrenergic signaling in cardio-
myocytes and inflammatory mediator regula-
tion of TRP channels were mostly enriched in 
the down-regulated genes.

Interestingly, the majority of significant signal-
ing pathways affected above are well known for 
their close relationship with apoptosis, inflam-
mation and oxidative stress which are the most 
commonly observed pathological processes in 
MIRI. The remaining signaling pathways were 
directly or indirectly involved in maintenance of 
cardiac structure, as well as regulation of myo-
cardial angiogenesis, myocardial regeneration 
and repairment. However, although the regula-
tory relationship and specific mechanisms 
between these differentially expressed Lnc- 
RNAs and various signaling pathways cannot 
be determined at present, but these enriched 
signaling pathways have been found to be inex-
tricably linked with MIRI, hence the differential-
ly expressed LncRNA after RIPC may exhibit 
potential beneficial functions, thus establish- 
ing the significance of our findings. We further 
deepened the association through the homolo-
gous genes in these differentially expressed 
LncRNAs and identified the potential clinically 
meaningful targets and pathways for various 
LncRNAs, so as to clearly establish a complete 
chain of evidence related to RIPC-LncRNAs-
biological targets-signaling pathways.

In fact, after homology analysis and qRT-PCR 
verification, a pair of human and mouse homo- 
logous LncRNAs (ENST00000574727 & ENS- 
MUST00000123752) were identified for our 
further research object. ENST00000574727, 
IPCRL2, human LncRNA, also known as ALO- 
X12P2-003 or ALOX12E, is located at chromo-
some 17 forward strand, with a length of 43- 
26bp. ENSMUST00000123752, IPCRL1, mou- 
se LncRNA, also known as Alox12e-002, Alox- 
12-ps1; Alox12-ps2, is a 793 bp LncRNA, loca- 
ted at Chromosome 11 reverse strand. The 

functions of these LncRNAS have not been dis-
covered and confirmed previously. We observed 
that demonstrated a similar down-regulation 
trend as that of JNK mRNA. Hence, their poten-
tial functions were deciphered through a ceRNA 
mechanism analysis and subsequently match-
ing the complementary binding sites. Finally, a 
possible target for IPCRL1 through ceRNA 
mechanism analysis was established. This ce- 
RNA mechanism analysis showed that there 
were several complementary matched se- 
quences between the 3’-UTR of JIP3 (Mapk- 
8ip3) mRNA and miR-128-3p seed site which 
could also complementarily bind to IPCRL1. 
This suggested that there may possibly be a 
competitive adsorption of miR-128-3p between 
IPCRL1 and JIP3 mRNA. Therefore, a novel 
hypothesis related to RIPC was established and 
it was hypothesized that through the LncRNA/
miR-128-3p/JIP3 mRNA ceRNA mediated me- 
chanisms, the robust activation of JNK pathway 
could be effectively inhibited thereby leading to 
the reduction of MIRI. However, further experi-
mental demonstration in gene knockout ani-
mals, are required to validate these obser- 
vations.

In recent years, miR-128-3p has been reported 
to be closely associated with myocardial infarc-
tion and myocardial ischemia-reperfusion inju-
ry. For instance, Liu et al. found that Se- 
lenomethionine could attenuate LPS-induced 
myocardial inflammation and oxidative stress 
through modulation of miR-128-3p/p38MAPK/
NF-κB pathway, also clarified the negative regu-
lation relationship between miR-128-3p and 
p38 MAPK [21]. On the contrary, Ma et al. dis-
covered that the fat-1 transgenic myocardium 
had a better cardiac function, a smaller fibrotic 
area, and fewer apoptotic cardiomyocytes than 
the wild type myocardium after myocardial 
infarction. These findings indicated that the 
upregulation of 9 different miRNAs, including 
miR-128-3p, could be closely related to the 
enhancement of myocardial anti-apoptotic abil-
ity [22]. In addition, Chen et al. found that the 
inhibition of miR-128-3p by Tongxinluo can 
effectively protect the human cardiomyocytes 
from IRI via upregulation of p70s6k1/p-p70s6k1 
cascade [23]. At the same time, other studies 
have proposed that miR-128-3p may be closely 
related to the MAPK signaling pathway [21, 24, 
25], For example, JNK pathway can function as 
an important part of MAPK pathway. A few stud-
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ies have confirmed that that miR-128-3p can 
negatively regulate the phosphorylation and 
activation of JNK pathway, for example, Xie et 
al. reported that miR-128-3p can negatively 
control the JNK/MAPK pathway by repressing 
multiple factors required for the phosphoryla-
tion of the JNK/MAPK pathway and thereby fur-
ther promote cells from undifferentiated myo-
blasts to differentiate into skeletal muscle cells 
[26]. Moreover, in the differential expression 
profile of various mRNA, the down-regulation of 
JNK3 was also observed. Moreover, a series of 
prior high-quality studies related to the ceRNA 
mechanism of LncRNAs, have suggested that 
miR-128-3p can play a role of bridge connec-
tion [27-29]. It appears to be a similar case, as 
JIP family proteins have become an important 
research hotspot for heart diseases and injury, 
which has been mainly based on the irreplace-
able role of JIP in JNK activation. More interest-
ingly, different members belonging to JIP family, 
sucha s JIP1 and JIP3 actually have diametri-
cally opposite effects. For example, He et al. 
concluded that the TNFα-activated JNK activity 
in H9c2 cells could be completely abolished by 
JIP-1 and when JIP-1 was over-expressed in car-
diomyocytes, cell death was found to be sig- 
nificantly reduced after simulated myocardial 
infarction [31]. Xu et al. suggested that the 
depletion of endogenous JIP1 by siRNA treat-
ment could significantly increase the IR-induced 
JNK activity, whereas siRNA-mediated deple-
tion of endogenous JIP3 effectively inhibited 
JNK activity [32]. Ma et al. reported that JIP3-
sliencing can significantly reduce myocardial 
hypertrophy by inactivating JNK [33]. Yin et al. 
used JIP3 siRNA to reduce the expression of 
JIP3 and found that the levels of MA2K7/p- 
JNK/cleaved caspase-3 decreased substan-
tially [34] and the activation of JNK pathway 
was effectively suppressed. Overall findings 
suggest that, JIP3, as the direct substrate of 
JNK [30], can play an important role in the acti-
vation of JNK pathway. 

Moreover, the result of the study of microRNA, 
which is another kind of non-coding RNA, which 
can control diverse biological functions and 
anti-microRNA therapy, has been successfully 
and safely used in the phase II clinical trials of 
hepatitis [35]. Thus based on our data and 
understanding, an in-depth study of the role of 
different LncRNAs in RIPC and elucidation of 
their potential mechanisms of action could lead 

to a rapid development of targeted therapy for 
cardiovascular diseases undergoing MIRI which 
could be significantly useful in clinical settings. 

In summary, a number of differentially expre- 
ssed LncRNAs were identified and validated, 
which may be closely related to MIRI. Addi- 
tionally, several LncRNAs with stable expres-
sion and significant FC, including homologous 
LncRNAs IPCRL1 and IPCRL2 were selected 
and validated in this study. The data also sug-
gested that IPCRL1 may mediate MIRI by tar-
geting JIP3 activation through a ceRNA regula-
tion mechanism. However, the current estab-
lished hypothesis has to be further verified by 
several more experiments. Overall, by continu-
ously exploring the functions and mechanisms 
of these LncRNAs, the mystery of RIPC could be 
unraveled and a novel protective mechanism  
of cardiovascular ischemia-reperfusion dis-
ease could be identified in future. 
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