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Ischemic preconditioning (IPC) represents an effective intervention to relieve hepatic
ischemia-reperfusion injury (IRI). Systematic detection of circRNA expression revealing
the protection effect of IPC still remains to be elucidated. Here, we applied a microarray
to detect circRNA and mRNA expression in ischemic liver with and without IPC (n =
3 in each group). Compared with the sham group, there were 39 circRNAs and 432
mRBNAs increased and 38 circRNAs and 254 mRNAs decreased (fold change >1.5,
P < 0.05) in the group of hepatic IRI. As the result of IPC intervention, 43 circRNAs
and 64 mRNAs were increased, and 7 circBRNAs and 31 mRNAs were decreased in
the IPC group when compared with IRI. We then identified circRNA_017753 as the most
possible target that may closely relate to IPC protective signaling and predicted Jade1 as
the target related to circRNA_017753. Three possible circRNA-mMiIRNA-MRNA axes were
constructed that may play a vital role in protective mechanisms in IPC. The study for the
first time systematically detects the dysregulated circBRNAs and mRNAs in response to
hepatic IRl and IPC intervention. Our profile and bioinformatic analysis provide numerous
novel clues to understanding the pathophysiologic mechanism of IPC protection against
hepatic IRI.

Keywords: circular RNA, ischemia-reperfusion injury, ischemic preconditioning, microarray analyses, high-
throughput sequencing

INTRODUCTION

Hepatic ischemia-reperfusion injury (IRI) occurs in clinical circumstances, including hepatic
resection, transplantation, liver trauma, or septic shock (1). The reperfusion aggravates hepatic
injury after ischemia. Concerning mechanisms involve microcirculatory failure, inflammatory
cytokine release, and reactive oxygen species accumulation (2, 3). Especially in the surgical
procedures of hepatic resections and liver transplantation, IRI not only contributes to organ
damage, but also reduces the long-term survival rates. Therefore, strategies to reduce hepatic IRI
and improve patient outcomes is clinically important at any point.
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Tian et al. Microarray Analyses of Liver Ischemic Preconditioning

FIGURE 3 | mRNAs comparing the IRI and sham groups and between the IPC and IRI groups. The left (scatterplots) and right (volcano plots) show the alteration of
mRNA expression between IRl and sham groups (A) and between IPC and IRI groups (B). In the plot, red and green points represent significant altered mRNAs (fold
change > 1.5, P-value < 0.05), respectively. (C) Heat maps of mRNA profiles from the microarray data. The color scales represent expression values. Red represents
high expression, and green indicates low relative expression. Each row of colored boxes indicates single circRNA; each column indicates single sample.
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TABLE 2 | Top 10 significantly dysregulated circRNAs and mRNAs ranked by fold change between I/R and sham groups.

CircRNA

Name circRNA_type GeneSymbol Fold Change Regulation P-value
mmu_circRNA_29990 Exonic Bach1 2.195 Up 0.034
mmu_circRNA_29992 Exonic Bach1 1.987 Up 0.048
mmu_circRNA_32165 Exonic Chka 1.933 Up 0.035
mmu_circRNA_22310 Exonic Slc41a2 1.906 Up 0.043
mmu_circRNA_35001 Exonic B4galts 1.892 Up 0.032
mmu_circRNA_39714 Exonic Wdr95 3.566 Down 0.031
mmu_circRNA_34157 Exonic Qser1 2.707 Down 0.008
mmu_circRNA_000113 Antisense Rian 2.482 Down 0.037
mmu_circRNA_29383 Exonic Prodh 2.469 Down 0.004
mmu_circRNA_011844 Exonic Inpp5a 2.390 Down 0.021
mRNA

Gene Name Fold Change Regulation P-value
Gm3776 18.449 Up 0.003
Gstat 13.939 Up 0.002
Serpina7 7.287 Up 4.50191E-04
Plscri 6.328 Up 0.003
Tubb6 5.410 Up 0.002
G0s2 7.339 Down 0.001
Ppp1r3g 4.412 Down 0.027
Sftpal 4.150 Down 0.003
Usp2 4.054 Down 0.002
Ppp1r3b 4.025 Down 0.017

Identification of circRNAs Related to
Hepatic Protection by IPC

Concerning the protection effect of IPC intervention against
IRI, we compared the circRNA alteration and direction of
alterations of the three groups to reveal the potential relevance
between circRNA changes and IPC protection. As a result,
we sorted circRNAs that showed up with opposite alteration
directions between the comparison groups (sham vs. IRI
and IRI vs. IPC). Following this method, we selected three
circRNAs that were upregulated in IRI but downregulated in
the IPC group and 12 circRNAs that showed a completely
opposite direction (Figure 7A). Concerning the type of circRNAs
and data sources of circRNAs, we then selected only one
circRNA, circRNA_017753, that was considered significatively
related to the IPC protective effect. The gnomic locus of
circRNA_017753 is on chromosome 17, and it is spliced
from Mapkl4. The circRNA_017753 expression level was then
confirmed by qRT-PCR; IPC intervention can significantly
restore the downregulation caused by hepatic IRI. Our data
indicate that circRNA_017753 may play a protective role in
hepatic IRI that arouses our desire to learn the potential
role of circRNA_017753. In addition, we also compared our
data with the microarray data of hepatic IPostC intervention
in IRI (GSE117524) (15). Though circRNA_010498 does not
show a comparative fold change to circRNA_017753 in our
data, the intersection of research (fold change > 1.5, P-
value<0.05) indicates its potential significant protective effect in

both IPC and IPostC intervention and is worth further study
(Supplementary Figure 1).

Prediction of miRNA and
CircRNA-miRNA-mRNA Pathway for
CircRNA 017753

It is well-known that circRNA regulates miRNAs by
interacting with miRNA response elements (MREs).
Such way of interaction can competitively suppress

miRNAS’ activity and is, thus, called miRNA sponges. To
figure out the function of circRNA_017753, we applied
Arraystar’s prediction software, which combined TargetScan
and miRanda databases. We predict and list the five
highest ranking target miRNAs of circRNA_017753 and
annotation of their circRNA/miRNA interactions (Table 4,
Figure 8A).

To further investigate the potential mechanisms
of circRNA_017753 in IPC, we construct the possible
circRNA_017753-miRNA-mRNA pathways. Applying
Arraystar’s miRNA prediction software, 119 genes were selected
related to the 5 miRNAs mentioned (Supplementary Table 1).
Because of the widely accepted ceRNA concept that circRNAs
may positively regulate mRNAs, we paid more attention
to the mRNAs downregulated in IRI but significantly
inhibited by IPC. By establishing the intersections of
65 mRNAs significantly increased by IPC and 119
predicted mRNA targets connected to circRNA_017753,
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TABLE 3 | Top 10 significantly dysregulated circRNAs and mRNAs ranked by fold change between IPC and I/R groups.

CircRNA
Name circRNA_type GeneSymbol Fold Change Regulation P-value
mmu_circRNA_31583 Exonic Silt 4.585 Up 0.010
mmu_circRNA_000113 Antisense Rian 3.586 Up 0.025
mmu_circRNA_37852 Exonic Igsf21 3.465 Up 0.041
mmu_circRNA_19765 Exonic Fam135a 3.335 Up 0.046
mmu_circRNA_38137 Exonic Sema3c 3.334 Up 0.029
mmu_circRNA_38159 Exonic Magi2 3.638 Down 0.001
mmu_circRNA_19091 Sense overlapping Cayl 1.866 Down 0.005
mmu_circRNA_41223 Exonic Grik5 1.851 Down 0.001
mmu_circRNA_003780 Exonic Cdyl 1.832 Down 0.042
mmu_circRNA_43573 Exonic Banp 1.718 Down 0.029
mRNA
Gene Name Fold Change Regulation P-value
Hist1hic 3.800 Up 0.032
Kctd12 3.553 Up 1.75414E-05
Rab30 2.871 Up 0.031
Ankrd33b 2.743 Up 0.003
Ldlr 2.740 Up 0.046
Ppp1r3c 3.617 Down 0.011
Cyp2b10 3.529 Down 0.007
Nrg4 2.750 Down 0.044
Phc3 2.399 Down 2.44694 E-04
Ddit4 2.241 Down 0.024
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FIGURE 4 | Selected circRNA and mRNA gRT-PCR verification between the IRI and sham groups (A) and between the IPC and IRI groups (B). Data are expressed as
the means =+ SD, n = 6. *P <0.05 compared with the sham, and **P <0.01 compared with the sham group; ##P <0.01 compared with the IRI group.

we identified only one overlapping mRNA, Jadel, and
predicted three following circRNA-miRNA-mRNA signals:
circRNA_017753-miR-218-5p-Jadel,  circRNA_017753-miR-
7002-3p-Jadel, and circRNA_017753-miR-7008-3p-Jadel.
These regulatory ceRNA signaling pathways may play important
roles in the mechanisms of IPC protection and deserve
further study.

DISCUSSION

Hepatic IRI contributes significantly to organ damage in
the surgical procedures of hepatic resections and liver
transplantation. Such injury possesses a high mortality rate
caused by an intense inflammatory process occurring in the
ischemic liver. As presented in our research, not only did serum
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A Sig GO terms of DE gene-BP Sig GO terms of DE gene-BP
Response to organic substance [GO:0010033] [125 genes] Small molecule metabolic process [GO:0044281] [64 genes]
Cellular response to chemical stimulus [GO:0070887] [117 genes] Organic acid metabolic process [GO:0006082] [43 genes]
Response to chemical [GO:0042221] [150 genes] Single-organism metabolic process [GO:0044710] [89 genes]
Cellular response to organic substance [GO:0071310] [95 genes] Carboxylic acid metabolic process [GO:0019752]
Response to stress [GO:0006950] [130 genes] Oxoacid metabolic process [GO:0043436]
Response to stimulus [GO:0050896] [243 genes] Oxidation-reduction process [GO:0055114]
Cellular process [GO:0009987] [352 genes] Single-organism biosynthetic process [GO:0044711]
Positive regulation of biological pro... [GO:0048518] [171 genes] Organic acid catabolic process [GO:0016054]
Response to external stimulus [GO:0009605] [95 genes] Cofactor metabolic process [GO:0051186]
Positive regulation of cellular process [GO:0048522] [157 genes] Coenzyme metabolic process [GO:0006732]
0 H] 10 15 20 25 0 H 10 15 20
Enrichment Score (-logl0(Pvalue)) Enrichment Score (-log10(Pvalue))
Sig GO terms of DE gene-BP Sig GO terms of DE gene-BP
Response to hormone [GO:0009725] [9 genes] Regulation of cellular metabolic proc... [GO:0031323] [16 genes]
of signal [GO: [18 genes] Organic cyclic compound metabolic pro... [GO:1901360] [16 genes]
of cell i GO | [19 genes] Negative ion of ... [GO: ] 8 genes]
Regulation of signaling [GO:0023051] [19 genes] Metabolic process [GO:0008152] [22 genes]
Response to endogenous stimulus [GO:0009719] [12 genes] Regulation of metabolic process [GO:0019222] [16 genes]
Regulation of response to stimulus [GO:0048583] [20 genes] Negative regulation of nitrogen compo... [G0O:0051172] [8 genes]
Positive regulation of biological pro... [GO:0048518] [26 genes] Regulation of primary metabolic process [GO:0080090] [15 genes]
Regulation of cellular process [GO:0050794] [41 genes] Negative regulation of metabolic proc... [GO:0009892] [10 genes]
Response to estradiol [GO:0032355] [3 genes] ion of tabolic... [GO! [15 genes]
Cellular component organization or bi... [GO:0071840] [28 genes] Drug metabolic process [GO:0017144] [2 genes]
0 1 2 3 4 0 1 2 3 4
Enrichment Score (-logl0(Pvalue)) Enrichment Score (-logl0(Pvalue))
FIGURE 5 | Variously expressed mRNA GO analysis. GO analysis between the IRl and sham groups (A) and between the IPC and IRI groups (B). Top 10 up- (left) and
downregulated (right) mRNAs were analyzed by GO analysis concerning biological processes.

TNF-a and IL-6 increase in the IRI group, the evaluation of F4/80
and infiltrating of Ly6G + staining demonstrated an intense
inflammatory process in IRI. IPC has been most investigated
in the past decades as a life-saving intervention. Though widely
applied clinically, the exact molecular mechanisms behind the
protection effect of IPC still remain largely unclear. A majority
of the existing research mainly focuses on protein-coding RNA
while research on ncRNAs (long ncRNAs and circRNAs) remain
insufficient. It was not until the mechanism of powerful miRNA
sponges revealed circRNAs as a potential target for treatment
and diagnosis scientists’ attention was widely attracted. In
our research, by utilizing circRNA microarray analysis, we
first report circRNA alteration profiles induced by hepatic IRI
and the protection intervention of IPC systematically. More
importantly, through bioinformatic comparison of circRNA
alteration and the direction of alteration, we identified one
possible circRNA, circRNA_017753, related with hepatic
protection by IPC intervention. By comparing the data with

the previous microarray data of hepatic IPostC, we identified
one possible circRNA, circRNA_010498, that may have a
potential protective effect in both IPC and IPostC. Also, by
integrated application of TargetScan and miRanda databases,
we predicted three circRNA-miRNA-mRNA pathways that
may take effect in the mechanisms of IPC protection against
hepatic IRI.

In our research, the microarray profiles identified 77
circRNAs that were significantly altered (39 up- and 38
downregulated) after hepatic IRI, whereas a total of 50 circRNAs
altered significantly due to the IPC intervention (43 up- and
7 downregulated). As previously reported, the majority of
circRNAs arise from exons; our profiles identified that about
2/3 altered circRNAs were exonic (18). Though none of the
circRNAs in our top dysregulated list have been reported
before as the reason for nascent circRNA functional study, it
is encouraging to see some mRNAs regarded as alternative
transcripts of these circRNAs reported to take effect in different
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Sig pathway of DE gene

Fluid shear stress and atherosclerosis [15 genes]

Protein processing in endoplasmic reticulum [16 genes]

IL-17 signaling pathway [11 genes]
Prostate cancer [11 genes]
HTLV-I infection 120 genes]
Apoptosis [13 genes]
PI3K-Akt signaling pathway 23 genes]
Toxoplasmosis [11 genes]
Th17 cell differentiation

NF-kappa B signaling pathway

0 1 2 3 4 5
EnrichmentScore (-log10(Pvalue))

Sig pathway of DE gene

Ovarian steroidogenesis 2 genes

Lysine degradation

2 genes]

Aldosterone synthesis and secretion [2 genes]

0 05 1 15
EnrichmentScore (-logl0(Pvalue))

FIGURE 6 | Variously expressed mRNAs KEGG pathway analysis. KEGG pathway analysis between the IRl and sham groups (A) and between the IPC and IRI groups
(B). Top 10 up- (left) and downregulated (right) mRNAs were analyzed by KEGG analysis.

Sig pathway of DE gene

Phenylalanine metabolism [6 genes]

Peroxisome 9 genes]

tyrosine and tryptop
PPAR signaling pathway

Biosynthesis of unsaturated fatty acids
Biosynthesis of amino acids

Primary bile acid biosynthesis
Glycerolipid metabolism

Tyrosine metabolism

AMPK signaling pathway

0 | 2 3 4 5 6
EnrichmentScore (-logl10(Pvalue))

Sig pathway of DE gene

Drug metabolism - cytochrome P450 2 genes]

Chemical carcinogenesis [2 genes]

Insulin resistance 12 genes]

0 0.5 1
EnrichmentScore (-logl0(Pvalue))

15 2

physiopathologic mechanisms related to the IRI process. For
example, Bachl is the alternative transcript of circRNA_29990
and circRNA_29992 (2 of the top 5 upregulated circRNAs in
hepatic IRI), and its protein inhibits the transcription of HO-
1 and related genes involved in the oxidative stress response
by binding to Maf genome recognition elements (19). Bachl
deficiency may increase resistance to ischemic stresses by
elevating HO-1 expression (20, 21). Several studies also reveal
its important role in ischemic or oxidative damage (22-24).
More importantly, Bachl is identified to repress Wnt/B-Catenin
signaling and angiogenesis in peripheral ischemic injury in a
recent study (25). Magi2 is the transcript of circRNA_38159
(one of the top five downregulated circRNAs listed in IPC); it
encodes scaffolding proteins binding to PTEN and is identified an
important element in the ischemic injury of the central nervous
system. As it is well-known that circRNAs may regulate its linear
counterparts (26), the circRNAs listed may play crucial roles

in hepatic IRI and IPC by regulating the transcription of the
parent genes.

The data on dysregulated mRNAs are also inspiring. In the
list of top 10 dysregulated mRNAs in hepatic IRI, G0s2 (G0/G1
switch gene 2) decreased the most among all downregulated
mRNAs and is widely recognized as a direct activator of oxidative
phosphorylation at the early phase of hypoxia (27, 28). A
recent study just identified that its overexpression can alleviate
ATP decrease in myocardial cells and increase their hypoxic
resistance during ischemia (29), suggesting its crucial role in
hepatic IRL. Also, we can identify some new clues on the
protection mechanisms of IPC in our profile of dysregulated
mRNAs between IPC and I/R groups. For instance, Ddit4
(DNA-damage inducible transcript 4), widely recognized as an
autophagy regulator by negatively regulating mTORC1, is found
downregulated in the IPC group (30). Our result is consistent
with the previous research that Ddit4 is a novel protection
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circRNA_19091
circRNA_36666
circRNA_41223

upregulated circRNAs

IRI group versus sham
group

38 significantly
dowrregulated circRNAs

circRNA_000113
circRNA_000895
circRNA_001946
circRNA_010498
circRNA_017753
circRNA_19700
crcRNA_25559
crcRNA_29347
cdrcRNA_36807
crcRNA_39051
crcRNA_42480
drcRNA_43544

circRNA-017753 levels

FIGURE 7 | Identification of circRNAs related to hepatic protection by IPC and gRT-PCR validation. (A) The Venn diagram shows the circRNAs with an opposite
direction of the alterations between the two comparison groups (sham vs. IRl and IRl vs. IPC). (B) gRT-PCR detected expression levels of circRNA_017753 in mouse
liver among the three groups. Data are expressed as the means + SD, n = 6. *P <0.05 compared with the sham group; #P <0.05 compared with the IRI group.

1.5
-1 #
1.0 [
*
0.5+
0.0 : :
Sham IRI IPC

TABLE 4 | The identified circRNAs and its predicted miRNA response elements (MRES).

CircRNAs Alias (circBase) Chrom Gene Symbol MRE1 MRE2 MRE3 MRE4 MRE5
mmu_circR mmu_circ Chr17 + Mapk14 mmu-miR-103-  mmu-miR-103-  mmu-miR-196b- mmu-miR-7675- mmu-miR-6409
NA_017753 _0000737 2-5p 1-5p 3p 3p

molecule that prevents ischemic injury in hepatocytes (31). Also,
the protective effect of Ddit4 is found to be vital in cardiac and
cerebral IRI (32-34). All these consistencies prove the reliability
of our profile and provide us the credibility of other listed mRNAs
in the mechanisms of IPC protection against hepatic IRI, thus
making it worth further study.

We can also profit from GO and KEGG pathway analysis of
altered mRNAs, which may reveal the key processes of hepatic
IRI pathogenesis. The data emphasize the crucial roles of the
inflammatory process and apoptosis in the IRI process, such
as pathways of PI3K-AKT, NF-Kappa B, IL-17 signaling, and
apoptosis. Moreover, the pathways of the metabolic process and
regulation of signaling are prominent when comparing the IPC
and IRI groups, indicating that related genes may play vital roles
in IPC protection mechanisms. Our observation was partially

consistent with a previous study revealing the relationship with
metabolic process and the IPC protective mechanism (35).

It is worth mentioning that, in our data, only one circRNA,
circRNA_017753, was selected to have a relationship with the
protective mechanisms of IPC with the most possibility. Our
data on the microarray and qRT-PCR both confirm its decrease
in the IRI group and upregulation with IPC intervention. We
speculate that the decreased level of circRNA_017753 may reflect
hepatic dysfunction during IR, and IPC may alleviate the hepatic
dysfunction by the circRNA adjustment. Thus, circRNA_017753
may play a crucial role in the protective mechanism of hepatic IRI
and may be a possible therapeutic target of hepatic injury.

To make the analysis more comprehensive, we also compared
our data with previous data on hepatic IRI and IPostC prevention
(14, 15). Because of different experimental environments and
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FIGURE 8 | (A) Prediction of MIRNA and the circRNA-miRNA-mRNA pathway. Detailed structure of circRNA/miRNA interactions. The MRE sequence, miRNA seed
type, precise base positions and target miRNA nucleotides are presented as annotation in 2-D structure column. Thirty nucleotides downstream and upstream the
seed sequence are presented in “local AU.” Red bars present A/U, and black bars present G/C. The most likely relative MRE position are presented in position
column. (B) Overlap of the predicted mRNA target related to circRNA_017753 and significantly upregulated mRNAs caused by IPC intervention.

targets

Jadel

model construction methods (such as reperfusion 4h after
ischemia 1h by Zhang P et al.), though reported circRNAs,
such as circRNA_005186, exhibit the same alteration trend in
our study in both IRI and prevention, the fold change of these
circRNAs does not meet our screening criteria (fold change > 1.5,
P-value<0.05). However, it is worth noting that, by constructing
the intersection of our data and GSE117524, circRNA_010498
shows sufficient significance as a protective factor in both IPC
and IPostC intervention.

It is widely recognized today that circRNAs regulate gene
expression by serving as miRNA sponges. Based on sequence
comparing and bioinformatic methods, we predicted the five
potential candidate miRNAs for circRNA_017753 with the
most possibility. Then, by applying prediction software that
combines TargetScan and miRanda databases, we are able to
construct three circRNA-miRNA-mRNA regulatory axes that
may have a protective effect in IPC intervention. Even though
three circRNA-miRNA-mRNA axes have not been previously
reported, the predicted molecule of Jadel was found to have
a huge possibility to play a part in the hepatic IPC protection
mechanism. As a component of the HBO1 complex, Jadel was
identified as a key regulator of apoptosis (36). In previous
study, by promoting acetylation of histones, it functioned as
a key regulator of cycle progression and redifferentiation in
renal tubule regeneration after IRI (37). Further studies on Jadel
and related circRNA-miRNA-mRNA axes are in progress in
our laboratory.

The current study has some limitations that should be
admitted. First, our data was obtained in an animal model and
may not fully represent human pathological pathways. However,
there is a high degree of similarity between human and mouse
research in circRNAs. As it is demonstrated in previous research
that most circRNAs present to be conserved between mouse and
human (38), most of the circRNAs detected in our microarray
data are conserved and of great interest for human research.

Second, our research focuses on integral hepatic parenchyma
injury and IPC prevention, thus less consideration was put into
the design of circRNA profiling in different hepatic zones. In the
development of spatial transcriptomics and microarray methods,
specific profiling for circRNA expression in different hepatic
zones would be of great interest and worth further study.

CONCLUSION

Our study for the first time delineates the expression data
of dysregulated circRNAs and mRNAs in response to hepatic
IRI and IPC intervention. Our profile and bioinformatic
analyses provide numerous novel clues on the pathophysiologic
mechanism of IPC protection. Several potential circRNA-
miRNA-mRNA axes we predicted may offer promising targets
for hepatic ischemic prevention and treatment.
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