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Purpose: Itaconate is well known for its strong anti-inflammatory and antioxidant effect, but 
little is known about the potential role of long non-coding RNAs (lncRNAs) in the underlying 
mechanisms of hepatic ischemia-reperfusion (IR) injury. The aim of our study is to identify 
lncRNAs related to IR injury and itaconate-mediated protection and to demonstrate the mechan
ism by which itaconate acts in liver IR injury from the new perspective of lncRNAs.
Methods: 4-Octyl itaconate (OI), a membrane-permeable derivative of itaconate, was used 
as a substitute for itaconate in our study. By using a mouse model of hepatic IR injury, serum 
and liver samples were collected to measure indexes of liver injury. Then, the liver samples 
of the mice were subjected to RNA sequencing (RNA-seq) and subsequent bioinformatics 
analysis.
Results: Itaconate attenuated liver IR injury. A total of 138 lncRNAs and 156 messenger RNAs 
(mRNAs) were markedly differentially expressed in the IR-damaged liver tissues pretreated 
with OI compared with the matched liver tissues treated with vehicle. Functional analysis 
indicated that lncRNAs may indirectly participate in the effects of itaconate. Furthermore, 41 
mRNAs were examined for the protein–protein interaction (PPI) network analysis, and a key 
gene cluster was defined. Then, combined the coexpression analysis and the cis and trans 
regulatory function prediction of lncRNAs, some “candidate” lncRNA-mRNA pairs which 
might relate to itaconate-mediated liver protection were identified, while the relationship 
requires future validation.
Conclusion: Our study revealed that itaconate could protect the liver against IR injury and 
that lncRNAs might play a role in this process. Our study provides a novel way to investigate 
the mechanism by which itaconate affects hepatic IR injury and exerts its anti-inflammatory 
and antioxidative stress effects.
Keywords: itaconate, ischemia-reperfusion injury, liver, lncRNA

Introduction
Liver ischemia-reperfusion (IR) injury is a dynamic process that involves local 
ischemic injury and inflammation-induced reperfusion insult; it is common in 
partial hepatectomy, liver transplantation, shock and other serious systemic 
diseases.1 Compared with the hepatic parenchymal cell death that occurs during 
ischemia due to deficient oxygen supply, glycogen depletion and ATP consumption, 
reperfusion injury is not only a disorder of cell metabolism but also a complex 
inflammatory immune response. Hepatocytes and nonparenchymal cells (such as 
Kupffer cells) play an important role in this process.2–4
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Itaconate is a metabolite synthesized by the decarbox
ylation of cis-aconitate in the tricarboxylic acid cycle and 
plays a vital role in reducing the inflammatory reaction 
and oxidative stress.5 Itaconate regulates the interleukin 1β 
(IL-1β)-hypoxia inducible factor-1α (HIF-1α) axis by inhi
biting succinate dehydrogenase(SDH)-mediated succinate 
oxidation and thus limits the inflammatory response by 
regulating macrophage metabolic remodeling.6 In acti
vated macrophages, itaconate can also enhance nuclear 
factor E2-related factor 2 (Nrf2) levels via alkylation of 
kelch-like ECH-associated protein 1 (KEAP1) and activate 
antioxidant and anti-inflammatory programs to inhibit of 
IL-1β production.7 In addition, itaconate inhibits hydrogen 
peroxide-induced oxidative injury by activating Nrf2 sig
naling cascades to protect osteoblasts.8 Similarly, in hepa
tocytes, itaconate can activate the Nrf2-mediated 
antioxidant response to prevent IR injury in the liver.9

Recently, an increasing number of long non-coding 
RNAs (lncRNAs) have been detected, so an increasing 
number of researches have focused on investigating the 
role of lncRNAs in liver IR injury. Some well-known 
lncRNAs have been confirmed to be involved in liver IR 
injury. For example, LncRNA HOX transcript antisense 
RNA (HOTAIR) can regulate autophagy through the miR- 
20b-5p/ autophagy related 7 (ATG7) axis in liver IR 
insult.10 In addition, maternally expressed gene 3 
(MEG3) protects hepatocytes from IR insult by downre
gulating the expression of miR-34a.11 Moreover, some 
novel lncRNAs have also been identified and proven to 

regulate liver IR injury. For instance, silencing of lncRNA 
AK139328 attenuates liver IR injury via activating the Akt 
signaling pathway and inhibiting the nuclear transcription 
factor kappa B (NF-κB) activity;12 furthermore, lncRNA 
AK054386 can act as a competing endogenous RNA to 
sequester miR-199a-5p and inhibit endoplasmic reticulum 
stress during liver IR injury.13

Despite the lack of experimental verification, RNA 
sequencing (RNA-Seq) and bioinformatics analysis pro
vide clues for subsequent experimental research, and 
inspire novel hypotheses.14 To date, there are very few 
studies on the expression profiles of lncRNAs in liver IR 
injury,12,15 and no studies on the expression profiles of 
lncRNAs in itaconate-mediated protection on liver IR 
injury. Therefore, we want to explore whether lncRNA 
is an important target for itaconate-mediated protection 
on liver IR injury and conduct further studies. Previous 
studies have reported that itaconate cannot be taken up 
by cells and, similarly, that its derivative, dimethyl ita
conate, cannot be metabolized into itaconate and cannot 
accumulate intracellularly in the form of itaconate.16 

However, 4-octyl itaconate (OI), a cell-permeable deri
vative of itaconate, overcomes these limitations7 and is 
a suitable surrogate for investigating the role of itaconate 
in the context of liver IR injury. Using a mouse model of 
partial liver IR injury, we confirmed that itaconate could 
play a protective role during hepatic IR injury in mice. 
Furthermore, RNA-seq and subsequent bioinformatics 
analysis were combined to identify lncRNAs related to 
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hepatic IR injury and itaconate-mediated protection and 
to demonstrate the mechanism by which itaconate acts in 
liver IR injury from the new perspective of lncRNAs.

Materials and Methods
Animals and Animal Treatment
Male C57BL/6 mice (19–23 g), aged 8 weeks, were 
purchased from Charles River Lab Animal Center 
(Beijing, China). All the animals were housed in venti
lated cages with five mice per cage at the specific 
pathogen-free (SPF) facility of the Molecular Biology 
Centre of the Fourth Affiliated Hospital, Harbin Medical 
University. The mice were given free access to a normal 
chow diet and water. Then the mice were randomly 
divided into four groups, named IR OI group, IR Con 
group, Sham OI group, and Sham Con group, respec
tively. The mice in the IR OI group were given an 
intraperitoneal injection of OI (MCE, Shanghai, China) 
(50 mg/kg) in 40% solution of (2-hydroxypropyl)-β- 
cyclodextrin (MCE) 2 hours before the operation of 
hepatic ischemia; the IR Con group were treated intra
peritoneally with vehicle 2 hours before the onset of 
hepatic ischemia. Sham groups involved administration 
of OI or vehicle, laparotomy and exposure of the portal 
triad without hepatic ischemia. There are 5–7 mice in 
each group. The ischemic liver lobe of all mice in the 
IR groups had visible color changes and no mice died 
during the liver IR. Serum and liver samples were 
collected 6 hours after reperfusion for further study. 
All experiments involving animals were conducted 
according to the ethical policies and procedures 
approved by the Institutional Animal Care and Use 
committee of Harbin Medical University (No. 
LC2018037) and were conducted according to the Care 
and Use of Laboratory Animals (Bethesda, MD: 
National Institutes of Health, 1985).

Hepatic IR Model
The hepatic IR procedures have been mentioned 
previously.17 Briefly, the mice were anesthetized by intra
peritoneal injection of 2% sodium pentobarbital (60 mg/ 
kg), and a midline laparotomy was performed. Then, the 
left lateral and median lobes of the liver were clamped at 
its base with an atraumatic clip. Throughout anesthesia, 
the body temperature was maintained at 37°C with a heat 
lamp. After 90 minutes of ischemia, the clip was removed, 
initiating hepatic reperfusion.

Measurement of Serum Parameters
The levels of serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) were measured with spe
cific assay kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). The serum levels of tumor 
necrosis factor-α (TNF-α), interleukin 6 (IL-6) and inter
leukin 1β (IL-1β) were assessed with ELISA kits (SAB, 
Maryland, USA). All procedures were performed accord
ing to the manufacturer’s instructions.

Histological Analysis
Liver specimens were fixed in 4% paraformaldehyde, 
embedded in paraffin, stained with hematoxylin and 
eosin, and examined with a light microscope. The histo
pathological scoring analysis was performed blindly as 
previously mentioned.18

Terminal dUTP Nick-End Labeling 
(TUNEL) Assay
The methodology has been described earlier.18 TUNEL 
(Roche, Shanghai, China) staining of the live sections 
was performed according to the manufacturer’s instruc
tions, and the TUNEL-positive cells in ten randomly 
selected high-power fields were counted under microscopy 
and are expressed as a percentage of the total hepatocytes.

Caspase-3 Activity Assay
Caspase-3 activity was performed using Caspase-3 
Cellular Activity Assay Kit (Calbiochem, CA, USA), as 
described previously.19 Liver samples were used according 
to the manufacturer’s instruction.

High-Throughput Sequencing Analysis
High-throughput sequencing was performed by Annoroad 
Gene Technology Corporation (Beijing, China). RNA sam
ple extraction and quality control, library construction and 
purification, library quality assessment and quantification, 
cluster generation and sequencing analysis were carried out 
on the obtained liver tissues. Each step of the experimental 
process was strictly quality-controlled, and the resulting 
libraries were sequenced on a Novaseq instrument. An 
Agilent 2100 RNA Nano 6000 Assay Kit (Agilent 
Technologies, CA, USA) was used for RNA quality control. 
Ribo-ZeroTM GoldKits (mouse) was used for rRNA 
removal. The NEB Next Ultra Directional RNA 
LibraryPrep Kit for Illumina (NEB, Ipswich, USA) and 
QiaQuick PCR kit were used for library construction and 
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purification. An Agilent 2100 system (Agilent Technologies, 
CA, USA) and qPCR analysis (Kapa Biosystems, Woburn, 
MA, USA) were used for library quality assessment and 
quantification. TruSeq PE Cluster Kit V4 (Illumina, San 
Diego, CA, USA) was used for cluster generation. DESeq 
(http://www.bioconductor.org/packages/release/bioc/html/ 
DESeq.html) was used to analyze the differential expression 
between groups (five biological replicates per group). 
Significantly differentially expressed genes between two 
groups were identified using fold change ≥ 2.0 and P value 
≤ 0.05 as the screening indices.

Functional Analysis
Gene Ontology (GO)20 can annotate the function of genes 
from biological process, cellular component and molecular 
function. Kyoto Encyclopedia of Genes and Genomes 
(KEGG)21 focuses on metabolic pathways related to genes. 
Both of these approaches are used for gene function analysis. 
We uploaded the differentially expressed messenger RNAs 
(mRNAs) to the Database for Annotation, Visualization and 
Integrated Discovery (DAVID).22 Choosing a P-value ≤ 0.05 
as the threshold, we used the top ten GO terms and pathways 
to plot the charts or listed all the GO terms or pathways if 
their number was less than ten. The results were visualized 
by an online platform (http://www.bioinformatics.com.cn).

Protein-Protein Interaction (PPI) 
Network Analysis and Gene Cluster 
Identification
We applied the Search Tool for the Retrieval of Interacting 
Genes (STRING)23 to perform the PPI network analysis of 
the selected mRNAs and set a combined score > 0.4 as the 
cutoff point. Cytoscape software24 was used to dispose the 
mRNA-mRNA pairs for visualization. Moreover, we used 
the Molecular Complex Detection (MCODE) plug-in 
embedded in Cytoscape to identify the key gene clusters 
in the network (parameters: Degree Cutoff: 2, Haircut, 
Node Score Cutoff: 0.2, K-Core: 2 and Max. Depth: 100.).

Coexpression Analysis
On the basis of the Pearson correlation analysis, we eval
uated the coexpressed relationship between significantly 
differentially expressed lncRNAs and mRNAs. Pearson 
correlation coefficient (PCC) ≥ 0.70 and P < 0.05 were 
determined to be the criteria for further investigation. 
TBtools software25 was used to show the top 500 coex
pressed lncRNA-mRNA pairs.

Cis and Trans Regulatory Mechanism 
Prediction
Cis regulation is based on the relationship between the 
positions of lncRNAs and mRNAs, and the protein- 
coding genes within 300 kb upstream and downstream 
of lncRNAs were identified as potential targets. For 
trans prediction, RIsearch-2.0 software26 was used to 
predict the binding of coexpressed lncRNAs and 
mRNAs at the level of nucleic acid. The number of 
bases required for a direct interaction between two 
nucleic acids ≥ 10 and the free energy of base binding 
≤ −100 were chosen as the selection criteria, and the 
identified lncRNA-mRNA pairs may have a trans reg
ulatory relationship. The lncRNA-mRNA regulatory 
relationship was visualized by Cytoscape software.

Table 1 Primer Sequences Used to Validate lncRNA and mRNA 
Expression

Gene Primer 
Type

Primer Sequence

MSTRG.19961 Forward 

prime

GTGAGGTACTTGTGGCAAGC

Reverse 
primer

CCAAGTGCTGGGATTAACGG

Gm45301 Forward 
prime

TGCTCCACATGAGGGCTAAA

Reverse 

primer

GCTCTGCTGACTGTTGGAAG

Ptgs2 Forward 

prime

CGGACTGGATTCTATGGTGAAA

Reverse 

primer

CTTGAAGTGGGTCAGGATGTAG

Ccl3 Forward 

prime

GAAGATTCCACGCCAATTCATC

Reverse 

primer

GATCTGCCGGTTTCTCTTAGTC

Gapdh Forward 

prime

AGGTCGGTGTGAACGGATTTG

Reverse 

primer

GGGGTCGTTGATGGCAACA

Abbreviations: lncRNA, long non-coding RNA; mRNA, messenger RNA; Ptgs2, 
prostaglandin-endoperoxide synthase 2; Ccl3, chemokine (C-C motif) ligand 3; 
Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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Real-Time Quantitative Reverse 
Transcription Polymerase Chain Reaction 
(qRT-PCR)
Differentially expressed genes were selected, and the 
obtained sequences were used to design primers for the 
further verification of these lncRNAs and mRNAs by real- 
time qRT-PCR. Glyceraldehyde 3-phosphate dehydrogen
ase (Gapdh) was chosen as the internal control. 
Quantitative differential expression was calculated accord
ing to the 2–ΔΔCt method. All the primer sequences are 
shown in Table 1.

Statistical Analysis
Quantitative data were expressed as the mean values ± 
SDs. Comparisons among multiple groups were made 
with one-way analysis of variance followed by Dunnett 
t-test. The data were statistically analyzed and visualized 
by GraphPad Prism software. P < 0.05 was considered to 
be statistically significant.

Results
Itaconate-Mediated Protection Against 
Hepatic IR Injury in Mice
To verify the effect of itaconate on liver IR injury in a mouse 
model, we collected serum and liver samples and measured 
indexes of liver injury. As shown in Figure 1A and B, OI 
treatment did not affect the aminotransferase levels in the 
sham groups, while this parameter was markedly increased 
(P < 0.05) in the IR groups, compared with the Sham Con 
group. More importantly, OI pretreatment significantly 
reduced the ALT (Figure 1A) and AST (Figure 1B) levels 
induced by IR injury (P < 0.05). We measured the levels of 
TNF-α (Figure 1C), IL-1β (Figure 1D) and IL-6 (Figure 1E) 
from the four groups as well. Compared with the sham 
treatment, liver IR injury markedly increased the levels of 
these cytokines (P < 0.05) (Figure 1C–E). OI pretreatment 
attenuated the increases in the three parameters observed in 
the IR OI group to levels markedly lower than those in the IR 
Con group (P < 0.05) (Figure 1C–E).

Figure 1 Itaconate-mediated protection against liver IR injury in mice. The levels of ALT (A) and AST (B) in sera were measured by specific assay kits after 90-minute 
ischemia and 6-hour reperfusion in the Sham Con, Sham OI, IR Con and IR OI group. TNF-α (C), IL-1β (D) and IL-6 (E) levels were assessed by ELISA. The results are 
expressed as the mean ± SD of 5–7 animals per group. *Significant difference from the Sham Con group, P < 0.05. #Significant difference from the IR Con group, P < 0.05. 
Abbreviations: IR, ischemia-reperfusion; ALT, alanine aminotransferase; AST, aspartate aminotransferase; OI, 4-octyl itaconate; TNF-α, tumor necrosis factor-α; IL-1β, 
interleukin 1β; IL-6, interleukin 6; ELISA, enzyme linked immunosorbent assay; SD, standard deviation.
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Furthermore, we observed histopathological changes in 
hematoxylin-eosin (HE)-stained liver sections, and these 
changes were consistent with the serological changes. The 
sham groups treated with OI or vehicle exhibited normal 

morphology, showing that itaconate had no effect on liver 
histology (Figure 2A). The IR Con group showed distinct 
histological alterations characterized by focal necrosis, 
hemorrhagic changes and inflammatory cell infiltration, 

Figure 2 Itaconate pretreatment attenuates the liver IR injury in mice. (A) Representative HE-stained photographs (200×) of liver sections were selected from four groups. 
(B) Histopathological score of hepatic damage was calculated. (C) Representative photographs (200×) of liver sections stained by TUNEL were presented from four groups. 
(D) TUNEL-positive cells were counted as described in Materials and methods. (E) Caspase-3 activity in the liver tissues was assessed by specific assay kit. Data are showed 
as mean ± SD of 5–7 animals per group. *Significant difference from the Sham Con group, P < 0.05. #Significant difference from the IR Con group, P < 0.05. Bar: 100 µm. 
Abbreviations: IR, ischemia-reperfusion; HE, hematoxylin-eosin; TUNEL, terminal dUTP nick-end labeling; SD, standard deviation; DAPI, 4ʹ,6-diamidino-2-phenylindole.
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and by comparison, pretreatment with OI significantly 
attenuated these histopathological changes (Figure 2A). 
The liver injury scores of the IR groups were markedly 
higher than those of the sham operation groups (P < 0.05) 
(Figure 2B), and compared with the control, injection with 
OI significantly reduced the increased histological scores 
caused by IR injury (P < 0.05) (Figure 2B). 
Simultaneously, to assess cellular necrosis and apoptosis, 
we performed TUNEL staining. The results of representa
tive images and positive cell count analysis are displayed 
in Figure 2C and D. There were few TUNEL-positive cells 
in the sham groups (Figure 2D); however, liver IR 
increased the percentage of positive cells to 68.52% ± 
8.39%, and this percentage was decreased to 38.51% ± 
7.01% by OI administration (P < 0.05) (Figure 2D). An 
increase in caspase-3 activity were observed in the IR 
groups and OI significantly inhibited the increase, which 
was consistent with the results of TUNEL (Figure 2E).

Differentially Expressed lncRNA and 
mRNA Profiles
We performed RNA-seq on the mouse liver tissues from the 
four groups. For convenience, we regrouped these mice into 
four groups to compare the differentially expressed genes 
and named these groups IR Con vs Sham Con, IR OI vs IR 
Con, IR OI vs Sham OI, and Sham OI vs Sham Con; in 
these groupings, the latter samples acted as controls for the 
former samples. Fold change ≥ 2.0 and P value ≤ 0.05 
served as the screening conditions to screen out the signifi
cantly differentially expressed lncRNAs and mRNAs in 
each comparison group (Table 2). Hierarchical clustering 
analysis was applied to visualize the lncRNA and mRNA 
profiles, and heatmaps were constructed, as shown in 
Figures 3A-D and 4A-D.

Since we were more interested in the mechanism 
underlying the itaconate-mediated protection against hepa
tic IR injury, we focused on the changes in lncRNAs and 
mRNAs after hepatic IR injury and after OI pretreatment. 
As shown in Table 2, there were 266 upregulated and 239 
downregulated lncRNAs and 640 upregulated and 248 
downregulated mRNAs in the IR Con vs Sham Con 
group. Additionally, there were 60 upregulated and 78 
downregulated lncRNAs and 36 upregulated and 120 
downregulated mRNAs in the IR OI vs IR Con group 
(Table 2). Here, we also showed the top five significantly 
upregulated and downregulated lncRNAs and mRNAs in 
the IR OI vs IR Con group (Tables 3 and 4).

Functional Analysis of the Differentially 
Expressed Genes
Although lncRNAs cannot encode genes, they can regulate 
gene expression, and changes in gene expression can, in turn, 
indirectly reflect the function of lncRNAs. Therefore, we 
performed functional analysis of markedly upregulated and 
downregulated mRNAs to gain a preliminary understanding 
of the potential function of the differentially expressed 
lncRNAs. As shown in Figure 5A, it seems that the protective 
role of itaconate mostly occurs by downregulating mRNAs. 
These mRNAs, which were mainly located in the extracel
lular region, participated in the inflammatory response, 
immune response, cellular response to cytokines, inflamma
tory cells and immune cell chemotaxis. In the molecular 
function domain, these mRNAs primarily participated in 
cytokine activity, chemokine activity, growth factor activity 
and chemokine receptor binding (Figure 5A). These results 
were similar to those of the mRNAs that were upregulated 
after liver IR injury (Figure 5B). In addition, the downregu
lated genes after liver IR injury were mostly located in the 

Table 2 Number of Significantly Differentially Expressed Genes in Each Comparison Group

Comparison Group Class Upregulated Downregulated Total

IR Con vs Sham Con lncRNA 266 239 505

IR OI vs IR Con lncRNA 60 78 138

IR OI vs Sham OI lncRNA 248 288 536
Sham OI vs Sham Con lncRNA 105 79 184

IR Con vs Sham Con mRNA 640 248 888

IR OI vs IR Con mRNA 36 120 156
IR OI vs Sham OI mRNA 387 275 662

Sham OI vs Sham Con mRNA 108 106 214

Abbreviations: IR, ischemia-reperfusion; lncRNA, long non-coding RNA; OI, 4-octyl itaconate; mRNA, messenger RNA.
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extracellular region and membrane structure and were asso
ciated with enzyme activity (Figure 5C), while the number of 
GO terms enriched by the genes that were upregulated after 
OI treatment was low (Figure 5D).

In the KEGG analysis, we found that 47 pathways were 
significantly enriched in the upregulated mRNAs after liver 
IR injury and 18 pathways were enriched in the downregu
lated mRNAs after OI treatment, and we identified the top 
ten pathways (Figure 6A and B). There were 14 identical 
pathways, such as malaria, TNF signaling pathway, 
Salmonella infection, and rheumatoid arthritis (Table 5). 

As shown in Figure 6C and D, there were 6 pathways related 
to the downregulated mRNAs after IR injury and the upre
gulated mRNAs after OI administration; among these path
ways, both the PPAR signaling pathway and retinol 
metabolism were related to both groups of mRNAs.

PPI Network Construction and Gene 
Cluster Analysis
To further identify the lncRNAs possibly associated with 
the function of itaconate, we emphasized 41 mRNAs that 
were simultaneously differentially expressed only in both 

Figure 3 LncRNA and mRNA expression profiles after hepatic IR injury and after OI pretreatment. Heatmaps were drawn to show the results of hierarchical clustering 
analysis for the differentially expressed genes, fold change ≥ 2.0 and P value < 0.05 as the filtering criteria. (A and B) are showed lncRNA and mRNA expression profiles of 
the IR Con vs Sham Con group, (C and D) displaying differentially expressed lncRNAs and mRNAs of the IR OI vs IR Con group, respectively. The color scale represents the 
variation of expression values. Green indicates low expression and red indicates high expression. 
Abbreviations: lncRNA, long non-coding RNA; mRNA, messenger RNA; IR, ischemia-reperfusion; OI, 4-octyl itaconate.
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the IR Con vs Sham Con group and the IR OI vs IR Con 
group (Figure 7A). Most of these differentially expressed 
mRNAs were upregulated after liver IR injury but down
regulated after OI pretreatment before liver IR injury 
(Figure 7B). These 41 mRNAs were examined to con
struct the PPI network using the STRING database, 
which consisted of 24 nodes and 46 edges (Figure 7C). 
Using the plugin “MCODE”, we identified a significant 
gene cluster (score: 6.571) in this PPI network. There 
were eight identified genes, namely, interleukin 6 (Il6), 
interleukin 1 beta (Il1b), prostaglandin-endoperoxide 
synthase 2 (Ptgs2), matrix metallopeptidase 13 (Mmp13), 

chemokine (C-C motif) ligand 3 (Ccl3), chemokine 
(C-C motif) ligand 4 (Ccl4), oncostatin M (Osm), and 
interleukin 1 family, member 9 (Il1f9) and 23 edges 
(Figure 7D).

Cis and Trans Regulatory Function 
Prediction of lncRNAs
Furthermore, we performed Pearson correlation analysis 
on all the markedly differentially expressed lncRNAs and 
mRNAs in the IR OI vs IR Con group and selected PCC ≥ 
0.70 and P < 0.05 as the thresholds. We identified 2874 

Figure 4 LncRNA and mRNA expression profiles in the IR OI vs Sham OI and the Sham OI vs Sham Con group. Heatmaps were drawn to show the results of hierarchical 
clustering analysis for the differentially expressed genes, fold change ≥ 2.0 and P value < 0.05 as the filtering criteria. (A and B) are showed lncRNA and mRNA expression 
profiles of the IR OI vs Sham OI group, (C and D) displaying differentially expressed lncRNAs and mRNAs of the Sham OI vs Sham Con group, respectively. The color scale 
represents the variation of expression values. Green represents low expression and red represents high expression. 
Abbreviations: lncRNA, long non-coding RNA; mRNA, messenger RNA; IR, ischemia-reperfusion; OI, 4-octyl itaconate.
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lncRNA-mRNA pairs, most of which (2421/2874) were 
positively correlated, and the rest (453/2874) were nega
tively correlated. A Circos map was drawn to display the 
top 500 lncRNA-mRNA pairs (Figure 8A). Based on the 
results of the coexpression analysis, the cis and trans 
regulatory mechanisms of the lncRNAs was predicted, 
and the results were as follows.

We searched the adjacent coding genes of each lncRNA 
(within 300 kb on the same chromosome) and identified five 
pairs of regulatory relationships (Figure 8B). LncRNA 
MSTRG.19961 might cis-regulate Ccl3 (251397bp, PCC= 
−0.79633184) and Ccl4 (266137bp, PCC = −0.714979773), 
which were identified above (Figure 8C). For the prediction 
of trans regulatory mechanisms, we used RNA interaction 
software to predict the potential binding of lncRNAs and 
mRNAs at the level of nucleic acid. A total of 413 lncRNA- 
mRNA pairs that may have direct regulatory mechanisms 
were identified (Figure 8D). LncRNA Gm16045 was found 

to have 31 potential trans-targeted genes including Osm and 
Il19f. In addition, Il6 and Ccl4 were trans-regulated by 
lncRNA D330050G23Rik, and Ptgs2 was trans-regulated 
by lncRNA Gm45301. LncRNA MSTRG.15746 and Il6 as 
well as lncRNA MSTRG.74451 and Il1f9 may have trans- 
regulatory relationships (Figure 8D). These results suggested 
that lncRNAs and their targeted genes might be associated 
with the protective effect of itaconate, indicating that the 
regulatory role of lncRNAs is an ideal entry point to study 
the mechanism by which itaconate alleviates liver IR injury.

Validation of Gene Expression Using qRT- 
PCR
To validate the reliability of the sequencing results, some 
lncRNAs and mRNAs were chosen for qRT-PCR analysis. 
The qRT-PCR results indicated that the expression of 
lncRNA MSTRG.19961 was upregulated (Figure 9A) 

Table 3 The Top Five Upregulated and Downregulated lncRNAs in the IR OI vs IR Con Group

lncRNA Regulation Log2 FC P-value Chr Strand

MSTRG.71622 Up 4.019809821 0.004781685 3 +
MSTRG.77804 Up 3.940331445 0.006558533 4 –

MSTRG.81818 Up 3.85884802 0.004975173 4 +

MSTRG.19646 Up 3.237892789 0.041562274 11 +
MSTRG.66533 Up 2.922372056 0.016237046 2 +

MSTRG.95431 Down −4.091151015 0.001598667 6 +

Gm2511 Down −4.053316967 0.001985725 7 –
MSTRG.44046 Down −3.773367156 0.012606973 16 +

MSTRG.95095 Down −3.705136963 0.010920314 6 –
MSTRG.112518 Down −3.684913095 0.013508003 9 –

Abbreviations: lncRNAs, long non-coding RNAs; IR, ischemia-reperfusion; OI, 4-octyl itaconate; FC, fold change.

Table 4 The Top Five Upregulated and Downregulated mRNAs in the IR OI vs IR Con Group

mRNA Regulation Log2 FC P-value Chr Strand

Hsd17b14 Up 3.41456671 0.021101567 7 +

Mesp2 Up 2.754709071 0.016055081 7 +

Mybpc3 Up 2.483217871 0.040256373 2 +
Cux2 Up 2.247214652 0.003997402 5 –

Anxa8 Up 2.245431703 0.031322302 14 +

Ccl19 Down −4.540876959 0.000108196 4 –
Chrne Down −3.348936056 0.023273987 11 –

Grem1 Down −3.275591963 0.038552212 2 –

Armc12 Down −3.261208193 0.038625845 17 +
Gm4131 Down −3.26075815 0.038512268 14 –

Abbreviations: mRNAs, messenger RNAs; IR, ischemia-reperfusion; OI, 4-octyl itaconate; FC, fold change; Hsd17b14, hydroxysteroid (17-beta) dehy
drogenase 14; Mesp2, mesoderm posterior 2; Mybpc3, myosin binding protein C3; Cux2, cut-like homeobox 2; Anxa8, annexin A8; Ccl19, chemokine 
(C-C motif) ligand 19; Chrne, cholinergic receptor, nicotinic, epsilon polypeptide; Grem1, gremlin 1; Armc12, armadillo repeat containing 12.
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and the expression of Gm45301 was downregulated 
(Figure 9B) in the IR OI vs IR Con group. Two mRNAs, 
Ptgs2 (Figure 9D) and Ccl3 (Figure 9E), were upregulated 
in the IR Con vs Sham Con group and downregulated in 
the IR OI vs IR Con group, whereas they were not sig
nificantly different in the other two comparison groups. 
These results were consistent with our sequencing results 
(Figure 9C and F).

Discussion
Itaconate did not receive much attention until its strong 
anti-inflammatory effect through the regulation of macro
phage metabolic remodeling was revealed. Studies of ita
conate, an immunometabolite, have been focused on the 
elucidation of its anti-inflammatory mechanisms and its 
role in antibacterial, antiviral and some inflammatory 
diseases.5 By the mouse model of partial hepatic IR injury, 
we verified that OI, that is, itaconate, can markedly attenu
ate liver IR insult, as shown by the reduction in transami
nase levels, decrease in inflammatory cytokine release, 
alleviation of liver tissue insult and inhibition of hepato
cyte apoptosis. These results demonstrated the protective 

effect of itaconate in hepatic IR injury through its anti- 
inflammation, antioxidative and antiapoptotic effects. 
Even though the mainstream research on liver IR injury 
focuses on hepatocytes, more and more studies have 
reported that nonparenchymal cells were indispensable in 
this process.2–4 Yi et al revealed that itaconate have 
a hepatocyte-specific protective effect by activating Nrf2- 
driven signaling in liver IR injury,9 but it is worth further 
consideration and research on whether itaconate protects 
the liver from IR injury through macrophage metabolic 
remodeling.

Then, we sequenced the RNA from experimental liver 
tissues and carried out comprehensive bioinformatics ana
lysis. Functional analysis was performed to provide 
a reference for itaconate-mediated protection and evidence 
for identifying the corresponding lncRNAs. Intriguingly, 
the mRNAs that were downregulated after OI pretreatment 
seemed to better reflect the effect of itaconate and showed 
high functional consistency with the mRNAs that were 
upregulated after IR injury. GO analysis indicated that 
these mRNAs participated in the inflammatory response 
and immune response, involving multiple inflammatory 

Figure 5 GO analysis of significantly differentially expressed mRNAs. GO terms of upregulated and downregulated mRNAs in the IR Con vs Sham Con group and the IR OI 
vs IR Con group. (A) Downregulated mRNAs after OI pretreatment. (B) Upregulated mRNAs after hepatic IR injury. (C) Downregulated mRNAs after hepatic IR injury. (D) 
Upregulated mRNAs after OI pretreatment. The top ten or all the GO terms with P value < 0.05 were listed. 
Abbreviations: GO, Gene Ontology; mRNAs, messenger RNAs; IR, ischemia-reperfusion; OI, 4-octyl itaconate; BP, biological process; CC, cellular component; MF, 
molecular function.
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cells and immune cells together with multiple cytokines 
and chemokines. These results are consistent with what we 
know about the pathophysiological mechanism of liver IR 
injury.2,27,28 In addition, KEGG analysis revealed some 
interrelated pathways of liver IR injury, including the 
TNF signaling pathway,29,30 NOD (nucleotide oligomeri
zation domain)-like receptor signaling pathway,31 chemo
kine signaling pathway,32 Toll-like receptor signaling 
pathway,33,34 and PI3K (phosphatidylinositol 3 kinase)- 
Akt signaling pathway,35,36 which also suggested that 

these signaling pathways might be involved in the protec
tive effect of itaconate.

Furthermore, we focused on 41 mRNAs that were 
markedly differentially expressed only in two comparison 
groups and exhibited the exact opposite trends in expres
sion in these groups. As mentioned above, most of these 
mRNAs were upregulated in the IR Con vs Sham Con 
group and downregulated in the IR OI vs IR Con group. 
We performed PPI network analysis of these mRNAs and 
identified one key gene cluster that consisted of eight 

Figure 6 KEGG analysis of significantly differentially expressed genes. KEGG pathways of upregulated and downregulated mRNAs in the IR Con vs Sham Con group and the 
IR OI vs IR Con group. (A) Downregulated mRNAs after OI pretreatment. (B) Upregulated mRNAs after hepatic IR injury. (C) Downregulated mRNAs after hepatic IR 
injury. (D) Upregulated mRNAs after OI pretreatment. The top ten or all the pathways with P < 0.05 were listed. 
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; mRNAs, messenger RNAs; IR, ischemia-reperfusion; OI, 4-octyl itaconate.
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mRNAs (Il6, Il1b, Ptgs2, Mmp13, Ccl3, Ccl4, Osm and 
Il1f9). Previous research37,38 and our study confirmed that 
proinflammatory cytokines, including IL-6 and IL-1β, are 
increased during IR injury. Moreover, our results showed 
that OI pretreatment significantly reduced the levels of 
these cytokines, and many studies have also demonstrated 
that itaconate can exert an anti-inflammatory effect by 
inhibiting the transcription and release of IL-1β and IL-6 
in lipopolysaccharide (LPS)-activated macrophages 
through several mechanisms.5–7 PTGS2, also known as 
Cyclooxygenase-2 (COX-2), was greatly expressed after 
liver IR injury, while COX-2 deficiency alleviated liver 
damage after IR injury.39 It was reported that dimethyl 
fumarate inhibits macrophage activation by enhancing 
antioxidant function through the Nrf-2 pathway, causing 
COX-2 protein expression to decrease markedly at the 
initial stage of liver IR injury.40 Our results confirmed 
that OI, which is also an Nrf2 activator,7 might also play 
the same role. MMP-13 can promote early liver injury and 
fibrosis by regulating the expression of proinflammatory 
mediators, and the expression and processing of connec
tive tissue growth factor (CTGF) and transforming growth 
factor-β1 (TGF-β1) in mice.41 Although research on 
MMP-13 in liver IR injury is not available, a study sug
gested that MMP-13 is important in IR-related brain 
injury, and the level of MMP-13 gradually increased with 
time after cerebral IR and was markedly higher than that in 
the sham group after 48 hours.42 CCL3 and CCL4, also 

known as macrophage inflammatory protein-1α (MIP-1α) 
and macrophage inflammatory protein-1β (MIP-1β), were 
examined in liver endothelial cells several hours after liver 
transplantation reperfusion, and they were continuously 
expressed during acute cellular rejection. It seemed that 
inhibition of the secretion of these chemokines was one of 
the mechanisms of the success of corticosteroid therapy 
for acute rejection.43 However, Osm and Il19f have rarely 
been studied in IR injury to date.

Cis regulation occurs when lncRNAs regulate the adja
cent gene expression on the same chromosome or regulate 
the chromatin status to affect gene transcription.44 The 
lncRNA MSTRG.19961, which is located on chromosome 
11, might act as a cis regulator of Ccl3 and Ccl4, which 
are located on the same chromosome. Our study showed 
that both of these genes were downregulated in mice 
pretreated with itaconate, while lncRNA MSTRG.19961 
was upregulated. Accordingly, itaconate might have 
a positive regulatory effect on lncRNA MSTRG.19961. 
Itaconate, as an Nrf2 activator, plays a hepatoprotective 
role during liver IR injury by activating Nrf2 antioxidative 
response in hepatocytes.8 So far, the regulatory relation
ship between Ccl3 or Ccl4 and Nrf2 has not been studied 
in liver IR injury. Whereas the mRNA level of Ccl3 was 
significantly increased in cerebral hypoperfusion mice; 
similarly, the mRNA level of Ccl3 increased significantly 
in Nrf2 −/− hypoperfused mice compared with sham 
mice.45 Dimethyl fumarate, an Nrf2-activating drug, can 

Table 5 14 Identical Pathways in Both the IR Con vs Sham Con and the IR OI vs IR Con Group

KEGG Pathways IR Con vs Sham Con IR OI vs IR Con

Count P-value Count P-value

TNF signaling pathway 17 9.79E-07 9 2.25E-06

Chemokine signaling pathway 15 0.008420059 10 2.38E-05
Malaria 10 3.37E-05 6 3.79E-05

Salmonella infection 11 3.46E-04 6 3.88E-04

NOD-like receptor signaling pathway 8 0.003434381 5 0.001098843
Chagas disease (American trypanosomiasis) 10 0.009535324 6 0.001380861

Rheumatoid arthritis 12 1.17E-04 5 0.004188718

PI3K-Akt signaling pathway 25 0.001160169 9 0.006804498
Toll-like receptor signaling pathway 9 0.024256493 5 0.008729861

Legionellosis 8 0.003434381 4 0.010716493

Pertussis 7 0.043575921 4 0.021562541
Hematopoietic cell lineage 12 1.62E-04 4 0.030878788

African trypanosomiasis 6 0.006820615 3 0.032081657

Influenza A 12 0.0363439 5 0.048605997

Abbreviations: IR, ischemia-reperfusion; OI, 4-octyl itaconate; KEGG, Kyoto Encyclopedia of Genes and Genomes; TNF, tumor necrosis factor; NOD, nucleotide 
oligomerization domain; PI3K, phosphatidylinositol 3 kinase.
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dampen the levels of CCL3;46 a synthetic oleanolic triter
penoid that appears to be potent activator of Nrf2 sup
pressed the expression of CCL4.47 Our qRT-PCR results 
showed that the increase of MSTRG.19961 expression in 
the IR OI vs IR Con group was not very high, however. As 
potential candidate genes, whether Ccl3 or Ccl4 involves 
Nrf2 dependent hepatoprotection by itaconate or they are 
regulated by MSTRG.19961 needs further verification. In 
addition, lncRNAs regulate the expression of distant genes 
through a trans-acting mechanism.44 A total of 413 
lncRNA-mRNA pairs that may have direct regulatory 
relationship were identified. All of these results demon
strated the potential protective effect of itaconate on liver 
IR injury, and these lncRNA-mRNA pairs could be good 

alternatives for studying the mechanism by which itaco
nate ameliorates liver IR injury.

Conclusion
In summary, our study confirmed that itaconate can protect 
the liver from IR injury in mice and used RNA-Seq and 
bioinformatics analysis to identify lncRNAs relevant to 
this itaconate-mediated protection. Although this work is 
only preliminary and further experimental verification is 
needed, this is a breakthrough study that provides 
a completely new understanding of the mechanism by 
which itaconate affects liver IR injury and exerts its anti- 
inflammatory and antioxidative stress effects.

Figure 7 PPI network and significant gene cluster of selected mRNAs. (A) Venn diagram was used to demonstrate the counts of unique or common mRNAs among diverse 
comparison groups. (B) Heatmap shows the expression of 41 mRNAs that were significantly differentially expressed only after hepatic IR injury and after OI pretreatment. 
The color scale represents the variation of expression. Red indicates upregulation and green indicates downregulation. (C) 41 genes were filtered (combined score > 0.4) 
into the PPI network including 24 nodes and 46 edges. (D) One key gene cluster of eight mRNAs was identified by the plugin “MCODE”. Red represents upregulated mRNA 
and green represents downregulated mRNA. 
Abbreviations: PPI, protein-protein interaction; mRNAs, messenger RNAs; IR, ischemia-reperfusion; OI, 4-octyl itaconate; MCODE, Molecular Complex Detection.
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Abbreviations
lncRNAs, long non-coding RNAs; IR, ischemia-reperfusion; 
OI, 4-octyl itaconate; RNA-Seq, RNA sequencing; mRNAs, 
messenger RNAs; PPI, protein-protein interaction; SDH, 

succinate dehydrogenase; IL-1β, interleukin 1β; HIF-1α, 
hypoxia inducible factor-1α; Nrf2, nuclear factor E2-related 
factor 2; KEAP1, kelch-like ECH-associated protein 1; 
HOTAIR, HOX transcript antisense RNA; ATG7, autophagy 

Figure 8 Cis and trans regulatory mechanism of lncRNAs. (A) The coexpressed lncRNA-mRNA pairs (PCC ≥ 0.70 and P < 0.05) are displayed by the Circos diagram. The 
outer ring shows the distribution of the chromosomes of the mouse; the middle circle shows the distribution of markedly differentially expressed mRNAs and the inner ring 
shows the distribution of differentially expressed lncRNAs. The internal lines indicate that the top 500 lncRNA-mRNA pairs. Green line indicates negative correlation and 
red line indicates positive correlation. (B) Five pairs of cis-regulated lncRNAs and mRNAs. Left and right of the ordinate are lncRNA and mRNA, respectively; the abscissa 
shows the distance between mRNA and lncRNA. (C) LncRNA MSTRG.19961 regulates Ccl3 and Ccl4 in cis. The abscissa shows the distance between the mRNA and 
lncRNA. The ordinate shows the PCC between the mRNA and lncRNA. (D) LncRNA-mRNA network reflected trans regulatory function of lncRNAs. Red diamond 
indicates upregulated lncRNA and green diamond indicates downregulated lncRNA. Red ellipse indicates upregulated mRNA and green ellipse indicates downregulated 
mRNA. The node size represents the number of lncRNA-mRNA pairs. 
Abbreviations: lncRNAs, long non-coding RNAs; mRNA, messenger RNA; PCC, Pearson correlation coefficient; Ccl3, chemokine (C-C motif) ligand 3; Ccl4, chemokine 
(C-C motif) ligand 4.
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related 7; MEG3,maternally expressed gene 3; NF-κB, 
nuclear transcription factor kappa B; SPF, specific pathogen- 
free; ALT, alanine aminotransferase; AST, aspartate amino
transferase; TNF-α, tumor necrosis factor-α; IL-6, interleukin 
6; ELISA, enzyme linked immunosorbent assay; TUNEL, 
Terminal dUTP nick-end labeling; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; 
DAVID, Database for Annotation, Visualization and 
Integrated Discovery; STRING, Search Tool for the 
Retrieval of Interacting Genes; MCODE, Molecular 
Complex Detection; PCC, Pearson correlation coefficient; 
qRT-PCR, quantitative reverse transcription polymerase 
chain reaction; Gapdh, Glyceraldehyde 3-phosphate dehy
drogenase; SD, standard deviation; HE, hematoxylin-eosin; 
Il6,interleukin 6; Il1b, interleukin 1 beta; Ptgs2, prostaglan
din-endoperoxide synthase 2; Mmp13, matrix metallopepti
dase 13; Ccl3, chemokine (C-C motif) ligand 3; Ccl4, 
chemokine (C-C motif) ligand 4; Osm, oncostatin M; Il1f9, 
interleukin 1 family, member 9; NOD, nucleotide oligomer
ization domain; PI3K, phosphatidylinositol 3 kinase; LPS, 
lipopolysaccharide; COX-2, Cyclooxygenase-2; CTGF, con
nective tissue growth factor; TGF-β1, transforming growth 

factor-β1; MIP-1α, macrophage inflammatory protein-1α; 
MIP-1β, macrophage inflammatory protein-1β; FC, fold 
change; Hsd17b14, hydroxysteroid (17-beta) dehydrogenase 
14; Mesp2, mesoderm posterior 2; Mybpc3, myosin binding 
protein C3; Cux2, cut-like homeobox 2; Anxa8, annexin A8; 
Ccl19, chemokine (C-C motif) ligand 19; Chrne, cholinergic 
receptor, nicotinic, epsilon polypeptide; Grem1, gremlin 1; 
DAPI, 4ʹ,6-diamidino-2-phenylindole; BP, biological pro
cess; CC, cellular component; MF, molecular function.
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