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Background: Spinal cord ischemia/reperfusion injury (SCII) is one of the most serious spinal cord 
complications that stem from varied spine injuries or thoracoabdominal aortic surgery. Nevertheless, the 
molecular mechanisms underlying the SCII remain unclear.
Methods: Male Sprague-Dawley (SD) rats were randomly divided into 5 groups of sham, SCII 24 h, 
SCII 72 h, sevoflurane preconditioning SCII 24 h (SCII 24 h+sevo), and sevoflurane preconditioning SCII 
72 h (SCII 72 h+sevo) group. We then analyzed the expression of differentially expressed micro RNAs 
(DEmiRNAs) in these groups and their target genes. Functional enrichment analysis of their target genes 
was further performed using Metascape software. The microRNA-messenger RNA-pathway (miRNA-
mRNA-pathway) network and the sevoflurane-miRNA-mRNA-pathway integrative network were further 
constructed to explore the molecular mechanisms underlying SCII and neuroprotective effects of sevoflurane 
against SCII. Molecular docking was also performed to evaluate the interactions between hub targets and 
sevoflurane. Finally, the expression levels of miR-21-5p and its target genes [mitogen-activated protein 
kinase kinase 3 and protein phosphatase 1 regulatory subunit 3B (MAP2K3 and PPP1R3B)] were measured 
using quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western blot analyses.
Results: We found that sevoflurane alters several miRNA expression following SCII at 24 and 72 h after 
reperfusion. It was shown that miR-221-3p, miR-181a-1-3p, and miR-21-5p were upregulated both at 24 
and 72 h in the sevoflurane pre-treatment reperfusion groups. Functional enrichment analysis revealed that 
target genes for the above co-DEmiRNAs at 24 and 72 h in the SCII group with sevoflurane pretreatment 
participated in the mitogen-activated protein kinase (MAPK), ErbB, apoptosis, and transforming growth 
factor-beta (TGF-beta) signaling pathways. Both MAP2K3 and PPP1R3B were found to be common targets 
for sevoflurane and miRNA-mRNA-pathway (rno-miR-21-5p). It was shown that MAP2K3 regulates the 
MAPK signaling and the T cell receptor signaling pathways, whereas PPP1R3B regulates the ErbB signaling 
pathway. Molecular docking further revealed that sevoflurane strongly binds the MAP2K3 and PPP1R3B 
proteins. Compared to the sham group, SCII induced significant under-expression of miR-21-5p but 
upregulated PPP1R3B and MAP2K3 proteins; sevoflurane pretreatment increased the expression of miR-21-
5p but decreased those of PPP1R3B and MAP2K3 proteins.
Conclusions: In general, sevoflurane regulates the expression of several miRNAs following SCII. In 
particular, sevoflurane might protect against SCII via regulating the expression of miR-21-5p, its target 
genes (MAP2K3 and PPP1R3B), and related signaling pathways.
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Introduction

Spinal cord ischemia/reperfusion injury (SCII) is a serious 
spinal injury that generally arises from ischemia in spinal 
cord tissues (1). Severe complications can result from SCII, 
including paralysis or paraplegia, with the incidence of 
paraplegia being as high as 14% (2). To date, there are no 
effective interventions for the prevention and treatment 
of SCII given the multiple pathological factors, including 
oxidative stress, blood spinal cord barrier (BSCB), 
inflammation, apoptosis, and autophagy involved in the 
development of SCII (3,4). Most importantly, there are no 
effective drugs or therapeutics against SCII, highlighting 
the serious clinical challenge facing disease management. 
Thus, it is imperative to explore novel drugs to manage 
SCII and possibly their underlying working mechanisms.

MicroRNAs (miRNAs) are small (20–22 nt) non-coding 
RNAs (ncRNAs) (5), widely expressed in mammalian 
organisms. They mainly regulate post-transcriptional 
expression of genes by binding to the 3’-untranslated region 
(3’-UTR) of messenger RNA (mRNA) of the target gene 
(6,7). It has been suggested that miRNAs regulate numerous 
biological processes such as neurogenesis, inflammation, 
apoptosis, and autophagy, all of which participate in the 
pathogenesis of central nervous system (CNS) disorders, 
including SCII, cerebral ischemia/reperfusion (I/R) injury, 
spinal cord injury (SCI), and Parkinson’s disease (8-11). 
Moreover, the expression profile of miRNAs has been 
associated with different SCII development stages (12-14).

Sevoflurane, a common inhalational anesthetic, is routinely 
used for both induction and maintenance of anesthesia 
during surgeries (15). Increasing evidence indicates that 
sevoflurane exhibits neuroprotective properties (15-17). Our 
previous study demonstrated that preconditioning with 2.4% 
sevoflurane ameliorated SCII by inhibiting the secretion 
of matrix metallopeptidase 9 (MMP-9) and microglia 
recruitment which together modulated downstream neuronal 
apoptosis and inflammatory damage to BSCB (18). In a 
related study, sevoflurane preconditioning prevented the rapid 
development of SCII in rabbits, possibly via activation of the 
extracellular-signal-regulated kinase (ERK) pathway (19).  
Numerous studies have shown that sevoflurane reduces brain 
ischemia injury by regulating miRNAs’ expression (20,21). 

However, whether sevoflurane modulates SCII by also 
regulating the expression of miRNAs remains to be validated.

In this study, therefore, we explored the expression 
profile of miRNA in SCII rats pretreated with sevoflurane. 
Also, target genes for the differentially expressed 
miRNAs (DEmiRNAs) were uncovered to dissect further 
mechanisms underlying the modulation of SCII. The 
experimental design and flowchart in this study are shown 
in Figure 1. We present the following article in accordance 
with the ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-7864).

Methods

Experimental animals

Male adult Sprague-Dawley (SD) rats (200–250 g) were 
obtained from the Animal Center of China Medical 
University. All animals were housed for at least 1 week 
before the surgical operation. All experimental procedures 
were performed in line with the National Institutes 
of Health Guide’s guidelines for the Use and Care of 
Laboratory Animals (NIH Publication No.80-23, revised 
1966). The Ethics Committee approved the protocol for 
this research of China Medical University (2020266). 

Sevoflurane pretreatment and SCII rat models

Sevoflurane pretreatment was performed as previously 
described (18). In short, rats were exposed to a mixture of 
2.4% sevoflurane, 33% oxygen, and air via spontaneous 
breathing through an unsealed facemask device. The end-
tidal sevoflurane concentration was monitored continuously 
and maintained at 1 minimum alveolar concentration 
[(MAC) 2.4–2.7%] for 1 h, followed by 30 min washout. 
A cross-clamped aortic arch was applied to establish the 
SCII rat models as previously described (3,22) under 
pentobarbital sodium anesthesia (50 mg/kg) (Beyotime 
Biotechnology, Shanghai, China). Following 14 min of 
ischemia, the clips were removed, and after that, reperfusion 
was performed for 24 or 72 h. For the sham group, the same 
procedure was performed except occlusion. Before SCII 
induction, the SCII 24 h+sevo group and SCII 72 h+sevo 
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Figure 1 The diagrammatic flow of this study. SCII, spinal cord ischemia/reperfusion injury; DEmiRNAs, differentially expressed miRNAs; 
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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groups first received sevoflurane pretreatment for 1 h. 

Neurological function assessment

The neurological function of the rats was assessed at 24 or 
72 h after reperfusion by independent investigators based 
on the Tarlov scoring system (23): here, 0 was awarded for 
mice with spastic paraplegia with no voluntary movement 
of lower limbs, 1 for spastic paraplegia and weak hind 
limb motor function, 2 for good antigravity strength with 
significant lower limb movement but the inability to stand, 
3 for abnormal standing but unable to walk normally, and  

4 for normal motor function.

RNA extraction and miRNA array

Total RNA of the L4-L6 segments of the spinal cord was 
extracted using TRIzol reagent (Takara Bio, Shiga, Japan) and 
the miRNeasy mini kit (Qiagen, West Sussex, UK) following 
the manufacturer’s instructions. The extracted RNAs were 
first labeled based on the miRCURYTM Hy3TM/HyTM Power 
labeling kit (Exiqon, Vedbaek, Denmark) and hybridized on 
a miRCURYTM LNA Array (version 18.0, Exiqon, Vedbaek, 
Denmark). After washing, the slides were scanned using an 
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Axon GenePix 4000B microarray scanner (Axon Instruments, 
Foster City, CA, USA). The scanned images were imported 
into the GenePix Pro 6.0 platform (Axon Instruments) for 
grid alignments and analysis. Replicated miRNAs were 
averaged, and miRNAs with expression intensities ≥50 in all 
samples were used to calculate the normalized expression 
using the median normalization method. The DEmiRNAs 
were identified by volcano plot filtering. Finally, hierarchical 
clustering to identify differential expression of miRNAs 
among the samples was performed using the MEV software 
(Version 4.6; TIGR, Microarray Software Suite 4, Boston, 
MA, USA). 

Prediction of target genes for miRNAs

The DEmiRNAs-mRNA interactions were predicted 
via using the miRDB (http://www.mirdb.org/), miRwalk 
(http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/), and 
TargetScan (http://www.targetscan.org/) database, with at 
least 2 databases included as the careening criteria.

Gene Ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis

Metascape is a web-based portal designed to provide a 
comprehensive gene list annotation and analysis resource 
for experimental biologists (24). We used Metascape (http://
metascape.org/) to perform GO and KEGG pathway 
analysis of target genes of DEmiRNAs (25). 

Construction of the miRNA-mRNA-pathway network

The association among the DEmiRNAs, mRNAs, and the 
mRNA-related pathways were analyzed using the software 
Cytoscape 3.7.2 (https://cytoscape.org). Nodes of different 
shapes and colors represented the DEmiRNAs, mRNAs, 
and pathways in the network. 

Screening of sevoflurane targets in SCII model and the 
construction of an integrative network

The key interactions among chemical-gene, chemical-
disease, and gene-disease for predicting the significant 
associations and construction of the chemical-gene-
disease networks were performed based on the comparative 
toxicogenomics database (CTD) (http://ctdbase.org/) (26). 
The same database was used to predict genes targeted by 

sevoflurane. The integrative network of sevo-miRNA-
mRNA-pathway was then visualized using the Cytoscape 
3.7.2 software.

Molecular docking

Molecular docking to identify the nature of binding between 
sevoflurane and its receptor proteins was performed using 
the AutoDock Tools (version 1.5.6, https://autodock.
scripps.edu) (27). The crystal structures of target proteins, 
protein phosphatase 1 regulatory subunit 3B [(PPP2R3B) 
PDB ID: 3VN9] and MAP2K3: mitogen-activated 
protein kinase kinase 3 [(MAP2K3) PDB ID: 2EEF] were 
downloaded from the Research Collaboratory for Structural 
Bioinformatics Protein Data Bank (RCSB PDB) database, 
whereas the structures of the sevoflurane compound were 
obtained from the PubChem database. Before docking, 
the sevoflurane compound (ligands) and target proteins 
(receptors) were subjected to remove water molecules on 
the receptors, minimize energy, add polar hydrogen atoms, 
and set atom types (28).

Quantitative reverse transcription-polymerase chain 
reaction 

The total RNA of the L4-L6 spinal cord section was extracted 
using TRIzol reagent (Takara Bio., Japan) following the 
manufacturer’s instructions. Complementary DNA (cDNA) 
was then synthesized through reverse transcription of the 
RNA using the Prime-Script RT reagent kit and gDNA Eraser 
(Takara) or MicroRNA Reverse Transcription Kit (Takara). 
Subsequently, a quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) of the DNA transcript was then 
performed using the SYBR PremixEx TaqII Kit (Takara) 
in the ABI 7500 qRT-PCR system (Applied Biosystems). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 
U6 were used as the internal control. The expression levels of 
mRNA and miRNA were assessed based on the 2-ΔΔCt equation. 
The primers (Sangon Biotech, Shanghai, China) used in this 
study are shown in Table 1.

Western blotting

The L4-L6 segment of spinal cord tissues was lysed 
using radioimmunoprecipitation (RIPA) lysis buffer 
(R0010, Solarbio, Beijing, China) supplemented with 
phenylmethylsulfonyl fluoride [(PMSF) P0100, Solarbio] 
as previously described (9). The tissue homogenates were 

http://www.mirdb.org/
http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.targetscan.org/
http://ctdba
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Table 1 Primers sequences used for qRT-PCR in this study

miRNA/gene Forward primer Reverse primer

miR-21-5p 5'-CAAAGUGCTCATAGTGCAGGTAG-3' –

Let-7a-5p 5'-CGCTGAGGTAGTAGGTTGTATAGTT-3' –

miR-338-3p 5'-CTCCAGCATCAGTGATTTTGTTGA-3' –

miR-221-3p 5'-TAGCTACATTGTCTGCTGGGTTTC-3' –

miR-20b-5p 5'-CAAAGTGCTCATAGTGCAGGTAG-3' –

miR-3561-5p 5'-CACTGTGTCAATCCAGGGTAGA-3' –

miR-466c-3p 5'-CGCTATACATGCACACATACACAC-3' –

MAP2K3 5'-GTCAGTTCCAGGACAACCAGAGC-3' 5'-GCACCAGAGCCTAGACATCAAGC-3'

PPP1R3B 5'-GATCCTCCTGCCTCTGCCTCTG-3' 5'-CCACCTTCTTGCCGTTCTCCTTAC-3'

GAPDH 5'-GGGAAACTGTGGCGTGAT-3' 5'-GGGTGTCGCTGTTGAAGT-3'

U6 5'-CTCGCTTCGGCAGCACA-3' 5'-AACGCTTCACGAATTTGCGT-3'

qRT-PCR, quantitative reverse transcription polymerase chain reaction; MAP2K3, mitogen-activated protein kinase kinase 3; PPP1R3B, 
protein phosphatase 1 regulatory subunit 3B; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

centrifuged at 12,000 rpm for 15 min at 4 ℃ to separate the 
lysis buffer’s proteins of interest. The protein concentrations 
were quantified using a bicinchoninic (BCA) protein 
assay kit (Beyotime Biotechnology). After that, 50 μg of 
total protein extracts were separated using 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE, KGP113K, KeyGen Biotech. Co. Ltd., Nanjing, 
China) and transferred on to polyvinylidene fluoride 
(PVDF) membranes (Millipore, Temecula, CA, USA). The 
membranes were blocked for 1.5 h using 5% nonfat dried 
milk dissolved in tris buffered saline with Tween 20 (TBST). 
The membranes were then incubated at 4 ℃ overnight with 
several primary antibodies; anti-MAP2K3 (Affinity, AF 
6327; 1:1,000), anti-PPP1R3B (Abcam, ab 235049; 1:1,000), 
and anti-β-actin (ZSGB-BIO, China; 1:5,000). After 3 
washes using TBST, the membranes were incubated for 2 h  
at room temperature with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit (Protein Tech, SA00001-2)  
or anti-mouse (Protein Tech, SA00001-1) secondary 
antibodies. Finally, proteins were then visualized using the 
electrochemiluminescence (ECL) kit (Bio-Rad, USA). The 
intensity of bands was measured using the Image Lab 5.0 
software (https://www.bio-rad.com).

Statistical analysis

Data were analyzed using the Graph-Pad Prism 8 software 
(GraphPad Software, Inc., San Diego, CA, USA). Continuous 

data were expressed as mean ± standard deviation (SD). The 
differences between groups were analyzed using the 2-tailed 
Student’s unpaired t-test. Statistical significance was set at 
P<0.05. All experiments were performed at least 3 times.

Results

Neurological evaluation

The rats’ neurological function was evaluated at 24 and 72 h  
after reperfusion based on the Tarlov scores (Figure 2A). The 
SCII group was found to show significantly lower Tarlov 
scores. Compared to controls, sevoflurane pretreatment 
generated a markedly improved neurological function at each 
time point (P<0.05).

Sevoflurane pretreatment altered the expression of multiple 
miRNAs

Compared to sham rats, we identified 31 DEmiRNAs 24 h  
after SCII induction, 30 of which were downregulated, 
and 1 was upregulated (Figure 2B and Table 2). However, 
sevoflurane pretreated SCII rats (24 h) exhibited over-
expression of 52 miRNAs, with no miRNA shown to be 
downregulated (https://cdn.amegroups.cn/static/public/
atm-20-7864-1.xlsx). Among the identified DEmiRNAs, 
19 (Figure 2C and Table 3) were intersected. At 72 h post-
reperfusion, we uncovered 60 DEmiRNAs, 43 of which were 

https://www.bio-rad.com
https://cdn.amegroups.cn/static/public/atm-20-7864-1.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-1.xlsx
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Figure 2 Effects of sevoflurane pretreatment on neurological function of rats 24 and 72 h after SCII. (A) Neurological function scores at 24 
or 72 h in 4 SCII groups. Tarlov scores ranged from 0 (paraplegia) to 4 (normal). Each symbol represents 1 rat (n=6). (*P<0.05, #P<0.05) (B) 
DEmiRNAs in SCII and sham group at 24 h (n=3). Each column represents a sample and each row represents a miRNA. Blue represents 
relatively low expression level, whereas red represents relatively high expression level. (C) The VEEN diagram of 19 DEmiRNAs at 24 h 
in SCII and SCII 24 h+Sevo groups. (D) DEmiRNAs in SCII and sham group at 72 h following SCII (n=3). Each column represents a 
sample and each row represents a miRNA. Blue represents relatively low expression level, whereas red represents relatively high expression 
level. (E) The VEEN diagram for the top 6 common DEmiRNAs in SCII 72 h and SCII 72 h+Sevo groups. (F) The VEEN diagram of 
20 DEmiRNAs at both 24 and 72 h after reperfusion. (G) The VEEN diagram of the top 3 DEmiRNAs at 24 and 72 h after reperfusion 
following sevoflurane pretreatment. SCII, spinal cord ischemia/reperfusion injury; DEmiRNAs, differentially expressed miRNAs; miRNA, 
micro RNA; Sevo, sevoflurane.

downregulated, whereas 17 were upregulated (Figure 2D 
and Table 4). Compared to controls, 11 and 9 miRNAs were 
over and under-expressed, respectively, in SCII sevoflurane 
pre-treatment rats (72 h) (https://cdn.amegroups.cn/static/
public/atm-20-7864-2.xlsx). Among DEmiRNAs in the 
above 2 analyses, 6 intersected genes (4 upregulated and 
2 downregulated) were obtained (Figure 2E and Table 5).  
Also, there were 20 overlapped DEmiRNAs both at 24 
and 72 h after reperfusion (Figure 2F). Interestingly, rno-
miR-221-3p, rno-miR-181a-1-3p, and rno-miR-21-5p 

were all upregulated at both 24 and 72 h after sevoflurane 
pretreatment (Figure 2G).

Validation of DEmiRNAs

The qRT-PCR for 8 selected DEmiRNAs (top 3 upregulated 
miRNAs at 24 h after sevoflurane pretreatment, top 3 
upregulated miRNAs at 72 h following sevoflurane pre-
treatment, and 2 downregulated miRNAs at 72 h following 
sevoflurane pretreatment) revealed that the expression of rno-

https://cdn.amegroups.cn/static/public/atm-20-7864-2.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-2.xlsx
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Table 2 DEmiRNAs in spinal cords of SCII rats at 24 h

miRNA
Mean

Fold change P value
Sham SCII 24 h

Upregulated

rno-miR-3568 0.330427243 1.181796801 3.57657193 0.045994202

Downregulated

*rno-miR-582-3p 0.126240808 0.057030508 0.451759689 0.018713317

*rno-miR-129-1-3p/rno-miR-129-2-3p 1.117280078 0.523845313 0.468857651 0.01141822

*rno-miR-485-5p 0.574636519 0.193041706 0.335937066 0.036192164

*rno-miR-411-3p 1.843513067 1.097214556 0.595175904 0.020365199

rno-miR-9a-5p 30.96545668 12.08735409 0.390349615 0.043339814

*rno-miR-181a-1-3p 0.838586042 0.354281913 0.422475327 0.046779187

rno-miR-410-5p 0.077489444 0.032149217 0.41488511 0.048793711

*rno-miR-221-3p 0.514803039 0.135593493 0.263389068 0.016219608

*rno-miR-181b-1-3p 0.08423332 0.027517114 0.326677303 0.019198105

*rno-miR-196b-5p 0.210507584 0.081239366 0.385921325 0.027142214

*rno-miR-328b-3p 1.254181385 0.695534089 0.554572168 0.023633879

rno-miR-101a-3p 20.28962669 10.59014077 0.521948527 0.038940992

rno-miR-30a-5p 5.852463207 1.852194128 0.316481123 0.03906188

rno-miR-181a-5p 15.62517941 4.243720323 0.271594982 0.010728118

*rno-miR-381-3p 0.229345927 0.06513508 0.28400365 0.008143747

rno-miR-29a-3p 28.51108774 10.18457359 0.357214487 0.023979257

rno-miR-125b-2-3p 0.065302139 0.029496825 0.451697681 0.043892857

*rno-let-7a-5p 1.585633273 0.42036394 0.265107921 0.016182907

*rno-miR-21-5p 3.796759001 1.220022406 0.321332591 0.038308181

*rno-miR-181b-5p 3.715489454 0.920545218 0.247758803 0.036109212

*rno-miR-488-3p 0.529337341 0.173308405 0.327406346 0.029874215

*rno-miR-370-5p 0.259070901 0.083255678 0.321362523 0.016623582

*rno-miR-100-5p 2.613003575 1.121684819 0.429270296 0.041598672

*rno-miR-879-3p 0.156535765 0.05532259 0.353418211 0.031397775

rno-miR-338-3p 26.25578901 6.875427845 0.261863311 0.01804713

*rno-miR-493-5p 7.929303617 1.916564033 0.241706476 0.043729974

*rno-miR-702-3p 0.30988886 0.149621617 0.482823476 0.043608596

rno-miR-365-3p 1.234343627 0.561056208 0.454538101 0.032706626

*rno-miR-135b-5p 0.294683282 0.1421875 0.482509558 0.041403901

rno-miR-30a-3p 0.297944597 0.110930575 0.372319473 0.04882479

*means that the miRNAs simultaneously differentially expressed in SCII rat models at 24 and 72 h. DEmiRNAs, differentially expressed 
miRNAs; SCII, spinal cord ischemia/reperfusion injury.
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Table 3 The common miRNAs in both differential analyses (24 h)

miRNA
Mean

Fold change P value
SCII 24 h Sevo+SCII 24 h

Upregulated

rno-miR-411-3p 1.097214556 1.764271104 1.60795452 0.045764879

rno-miR-181a-1-3p 0.354281913 0.69892085 1.972781631 0.042370693

rno-miR-488-3p 0.173308405 0.494691981 2.85440272 0.037175668

rno-miR-101a-3p 10.59014077 21.23897382 2.005542163 0.036826682

rno-miR-879-3p 0.05532259 0.152774946 2.761529154 0.035893922

rno-miR-21-5p 1.220022406 3.965456581 3.250314553 0.028577764

rno-miR-365-3p 0.561056208 1.345768561 2.398634114 0.027193478

rno-miR-196b-5p 0.081239366 0.22444401 2.762749414 0.026075137

rno-miR-30a-3p 0.110930575 0.294331319 2.653293003 0.025675067

rno-miR-493-5p 1.916564033 5.563026143 2.902603851 0.02408869

rno-miR-338-3p 6.875427845 29.81445746 4.336378497 0.012095992

rno-miR-181a-5p 4.243720323 15.03546936 3.542992521 0.011269604

rno-miR-381-3p 0.06513508 0.257114318 3.947401564 0.010972007

rno-miR-9a-5p 12.08735409 40.85295873 3.379809877 0.010457446

rno-let-7a-5p 0.42036394 1.846520363 4.392670697 0.009272962

rno-miR-221-3p 0.135593493 0.572791419 4.224328224 0.008742753

rno-miR-181b-5p 0.920545218 2.998479389 3.257286367 0.006023392

rno-miR-410-5p 0.032149217 0.109137187 3.394707519 0.004373886

rno-miR-29a-3p 10.18457359 38.13571666 3.744458845 0.003530799

miRNA, micro RNA; Sevo, sevoflurane

let-7a-5p, miR-338-3p, and miR-221-3p was downregulated 
at 24 h in SCII. However, sevoflurane pre-treatment up-
regulated the expression of the 3 miRNAs. Meanwhile, the 
expression of miR-20b-5p, miR-21-5p, and miR-221-3p 
was also downregulated at 72 h in the SCII group, whereas 
the sevoflurane pretreated group displayed up-regulated 
expression of the 3 miRNAs. Furthermore, miR-3561-5p and 
miR-466c-3p were over-expressed in the SCII group at 72 h, 
but sevoflurane pre-treatment modulated the expression of 
these miRNAs (Figure 3). In general, qRT-PCR and miRNA 
array analyses revealed comparable findings. Therefore, our 
miRNA array profile was deemed highly reliable, revealing 
miRNAs strongly associated with SCII pathogenesis.

Prediction of target genes

Based on the miRDB, miRwalk, and TargetScan databases, 

at 24  h of sevoflurane pretreatment, the DEmiRNAs 
targeted 2,117 genes (https://cdn.amegroups.cn/static/
public/atm-20-7864-3.xlsx), while at 72 h, the DEmiRNAs 
targeted 1,251 genes (https://cdn.amegroups.cn/static/
public/atm-20-7864-4.xlsx). Meanwhile, the 3 DEmiRNAs 
over-expressed at 24, and 72 h targeted 187 genes. 

Functional enrichment analysis of the DEmiRNAs target 
genes

The GO enrichment analysis and KEGG pathway 
analysis revealed a significant difference in the activated 
and modulated pathways between the 24 and 72 h post 
sevoflurane treatment (Figures 4,5). For instance, GO 
analysis demonstrated that the cell surface receptor 
signaling pathway involved in cell-cell signaling and 
protein kinase activity regulation were important biological 

https://cdn.amegroups.cn/static/public/atm-20-7864-3.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-3.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-4.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-4.xlsx
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Table 4 DEmiRNAs in spinal cords of SCII rats at 72 h

miRNA
Mean

Fold change P value
Sham SCII 72 hours

Upregulated

rno-miR-191a-5p 3.150897168 4.810583975 1.526734679 0.04586424

rno-miR-466b-1-3p 0.592087877 1.80429434 3.047342144 0.031998368

rno-miR-181a-2-3p 0.095092477 0.256031764 2.69245025 0.040660693

rno-miR-34b-3p 1.361849942 3.041590163 2.233425335 0.035387011

rno-miR-141-5p 0.019590164 0.156221849 7.974504582 0.01585163

rno-miR-499-3p 0.033459078 0.070990231 2.121703141 0.030419213

rno-miR-155-3p 0.059944095 0.250025452 4.170977193 0.020117078

rno-miR-144-3p 0.923064759 1.585808354 1.71798169 0.039090799

rno-miR-672-5p 0.070652745 0.137815606 1.950605136 0.030772404

rno-miR-421-3p 0.026522814 0.074573887 2.811688323 0.013421757

rno-miR-466b-2-3p 0.239200218 0.906465486 3.789567985 0.012996398

rno-miR-1949 0.10520801 0.174481222 1.658440476 0.042858611

rno-miR-148b-3p 0.661733114 1.029332056 1.555509364 0.034547073

rno-miR-187-3p 0.204624353 0.42560703 2.079943194 0.009569004

rno-miR-466c-3p 0.19456462 0.802511143 4.124650934 0.013986076

rno-miR-3561-5p 0.017062104 0.066919308 3.922101835 0.006272518

rno-miR-34c-3p 0.143748679 0.40818656 2.839584764 0.009529119

Downregulated

*rno-miR-381-3p 0.229345927 0.109508656 0.477482455 0.019107642

rno-miR-23b-3p 10.73656645 6.690823501 0.623180933 0.000391154

rno-miR-547-5p 0.334597365 0.140583267 0.420156526 0.041084908

rno-miR-28-5p 0.072201864 0.040285085 0.557950751 0.029591947

*rno-miR-135b-5p 0.294683282 0.184454719 0.625942257 0.0057895

rno-miR-337-3p 0.23590382 0.142132821 0.60250326 0.035516249

*rno-miR-582-3p 0.126240808 0.066411055 0.526066464 0.009233757

*rno-miR-702-3p 0.30988886 0.109180001 0.352319862 0.020651643

*rno-miR-493-5p 7.929303617 1.542687859 0.194555277 0.033501367

rno-miR-328a-3p 1.830650489 0.945779647 0.516635837 0.04314879

rno-miR-146a-5p 0.809205346 0.408979187 0.50540841 0.047952322

*rno-miR-879-3p 0.156535765 0.099480662 0.635513945 0.002376264

rno-let-7a-1-3p/rno-let-7c-2-3p 0.469862148 0.178253065 0.379373112 0.004406861

*rno-miR-100-5p 2.613003575 1.318913943 0.504750149 0.012134141

rno-miR-190b-5p 0.067007913 0.031545221 0.470768597 0.014457782

Table 4 (continued)
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Table 4 (continued)

miRNA
Mean

Fold change P value
Sham SCII 72 hours

*rno-miR-181b-5p 3.715489454 1.160624396 0.312374563 0.036916954

*rno-miR-488-3p 0.529337341 0.291564962 0.550811249 0.018372793

*rno-miR-370-5p 0.259070901 0.075854677 0.292795048 0.009289464

*rno-miR-21-5p 3.796759001 1.638803173 0.431632129 0.002448187

*rno-let-7a-5p 1.585633273 0.777760439 0.490504615 0.02037596

rno-miR-99a-5p 3.087636691 1.920352478 0.621948976 0.029422586

rno-miR-219a-2-3p 5.506965253 3.324852229 0.603753987 0.020088508

*rno-miR-129-1-3p/rno-miR-
129-2-3p

1.117280078 0.700394552 0.626874645 0.012629504

*rno-miR-485-5p 0.574636519 0.307486425 0.535097257 0.014015178

*rno-miR-411-3p 1.843513067 1.178931187 0.639502485 0.002039217

rno-miR-192-5p 0.197832842 0.128963901 0.651883173 0.027406558

*rno-miR-181a-1-3p 0.838586042 0.445485341 0.531233908 0.045423307

*rno-miR-221-3p 0.514803039 0.26802196 0.520630105 0.01527466

rno-miR-10b-5p 17.1749614 11.08438237 0.645380337 0.002156058

rno-miR-291a-3p 1.093459615 0.273524994 0.250146407 0.041168648

rno-miR-543-3p 0.056495749 0.016747483 0.296437926 0.000579954

rno-miR-7a-2-3p 1.352618332 0.613663054 0.4536853 0.045328211

*rno-miR-181b-1-3p 0.08423332 0.0331931 0.394061398 0.009295357

*rno-miR-196b-5p 0.210507584 0.135286135 0.642666321 0.027370898

rno-miR-632 0.094522737 0.032944104 0.348531004 0.044749711

rno-miR-328b-3p 1.254181385 0.736778603 0.587457772 0.020125579

rno-miR-20b-5p 0.103253774 0.035499283 0.343806153 0.031560011

rno-miR-487b-3p 11.37149293 4.490485064 0.394889668 0.046660905

rno-miR-27a-3p 1.115488448 0.457517659 0.410150064 0.027676288

*rno-miR-382-3p 2.890059586 1.31463796 0.454882649 0.001769361

rno-miR-99a-3p 0.141677377 0.065653344 0.463400334 0.049177812

rno-miR-10a-5p 6.039951889 3.459767025 0.572813673 0.007680024

rno-miR-665 1.08593488 0.583767652 0.537571509 0.047083929

*means that the miRNAs simultaneously differentially expressed in SCII rat models at 24 and 72 h. DEmiRNAs, differentially expressed 
miRNAs; SCII, spinal cord ischemia/reperfusion injury.

processes both at 24 and 72 h in the SCII with sevoflurane 
pretreatment groups (Figure 4A,B). Functional enrichment 
analysis of top the 20 most significant genes based on GO 
revealed the target genes for the 3 DEmiRNAs which 

were overexpressed both at 24 and 48 h post sevoflurane 
pretreatment mainly participated in the regulation of 
mitogen-activated protein kinase (MAPK) cascade, skeletal 
system development, and post-synapse organization and 
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Table 5 Common miRNAs in both differential analyses

miRNA
Mean

Fold change P value
SCII 72 h Sevo+SCII 72 h

Upregulated

rno-miR-20b-5p 0.035499283 0.18085769 5.09468574 0.006016394

rno-miR-21-5p 1.638803173 4.152566607 2.533901981 0.011801302

rno-miR-181a-1-3p 0.445485341 0.721717314 1.620069726 0.029227845

rno-miR-221-3p 0.26802196 0.524372729 1.956454345 0.034451368

Downregulated

rno-miR-3561-5p 0.066919308 0.012754709 0.190598341 0.006090295

rno-miR-466c-3p 0.802511143 0.310755781 0.387229241 0.04815211

miRNA, micro RNA; Sevo, sevoflurane; SCII, spinal cord ischemia/reperfusion injury.

growth (Figure 4C). The KEGG pathway enrichment 
analysis revealed that the MAPK, neurotrophin, and cyclic 
adenosine monophosphate (cAMP) signaling were the 
most significantly upregulated pathways both at 24 and 
72 h in the SCII with sevoflurane pretreatment groups 
(Figure 5A,B). The KEGG analysis further revealed the 
3 co-upregulated DEmiRNAs at 24 and 72 h SCII post 
sevoflurane pretreatment participated in MAPK, ErbB, and 
apoptosis regulation, and transforming growth factor-beta 
(TGF-beta) signaling pathways (Figure 5C). These findings 
implied that sevoflurane regulates SCII at both 24 and 72 h 
via several pathways.

Construction of the miRNA-mRNA-pathway network

The miRNA-mRNA-pathway network (Figure 6) demonstrated 
a significant interconnection among miRNA and between 
mRNAs and multiple signaling pathways. For instance, 
MAPK10, FOS, and FASLG regulated the ErbB, apoptosis, 
MAPK, and T cell receptor signaling pathways, whereas the 
PIK3CA regulated the ErbB, apoptosis, and T cell receptor 
signaling pathways. Interestingly, MAPK10 and FOS were 
target genes for rno-miR-221-3p, whereas FASLG was a 
target for rno-miR-21-5p. 

The sevo-miRNA-mRNA-pathway integrative network

Bioinformatics analysis of the CTD database identified 253 
sevoflurane target genes (https://cdn.amegroups.cn/static/
public/atm-20-7864-5.xlsx). Interestingly, genes regulating 
the expression of mitogen-activated protein kinase kinase 3 

(MAP2K3) and protein phosphatase 1 regulatory subunit 3B 
(PPP1R3B) (Figure 7A) were all targeted by both sevoflurane 
and DEmiRNAs. The integrative network (Figure 7B) further 
revealed that MAP2K3 and PPP1R3B genes were both 
targets for rno-miR-21-5p and sevoflurane. Interestingly, 
MAP2K3 regulates the MAPK and T cell receptor signaling 
pathways, whereas PPP1R3B regulates the ErbB signaling 
pathway. These findings demonstrated that sevoflurane 
regulates SCII via the rno-miR-21-5p, MAP2K3, PPP1R3B, 
and several other key signaling pathways. 

Molecular docking

The bioinformatics analysis uncovered MAP2K3 and 
PPP1R3B as the most critical proteins associated with SCII 
modulation upon sevoflurane treatment. A ligand and a 
protein were displayed by a ball-and-stick and a cartoon 
chain, respectively. The Vina score describes the strength 
of binding between a protein and a compound more often 
than not. The more negative the Vina value is, the stronger 
the binding between a compound and a protein (28). The 
strength of binding between sevoflurane and MAP2K3 as 
well as PPP1R3B are shown in Table 6. Here, the Vina score 
for the binding between sevoflurane and MAP2K3 and 
PPP1R3B were all negative, but less than −5, implying that 
sevoflurane exhibits good binding with both MAP2K3 and 
PPP1R3B (Figure 8).

Validation of critical miRNAs and proteins in SCII

The qRT-PCR and western blot analysis revealed 

https://cdn.amegroups.cn/static/public/atm-20-7864-5.xlsx
https://cdn.amegroups.cn/static/public/atm-20-7864-5.xlsx
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Figure 3 qRT-PCR for the expression of selected DEmiRNAs in the spinal cord of SCII rats. (A) The expression of rno-let-7a-5p, miR-
338-3p, and miR-221-3p at 24 h after SCII following sevoflurane pretreatment. (B) The expression of rno-miR-20b-5p, miR-21-5p, and 
miR-221-3p at 72 h after SCII following sevoflurane pretreatment. (C) The expression of rno-miR-3561-5p and miR-466c-3p after SCII 
following sevoflurane pretreatment. (n=6 for each group. *P<0.05, #P<0.05). qRT-PCR, quantitative reverse transcription polymerase chain 
reaction; DEmiRNAs, differentially expressed miRNAs; SCII, spinal cord ischemia/reperfusion injury; Sevo, sevoflurane.

A

B

C

that compared with controls, SCII induced significant 
under-expression of rno-miR-21-5p but up-regulated 
the expression of PPP1R3B and MAP2K3 proteins. 
However, compared with the SCII group, the sevoflurane 
pretreatment group exhibited over-expression of rno-miR-
21-5p but underexpression of PPP1R3B and MAP2K3 
proteins (Figure 9).

Discussion

As one of the most serious spinal cord complications, SCII 

generally results from spinal cord injuries or thoracoabdominal 
aortic surgery and may lead to paralysis or paraplegia and 
neurologic deficits [1, 2]. However, the molecular mechanisms 
underlying the development of SCII are not well understood. 
Elucidating these processes may uncover novel targets for the 
prevention and treatment of SCII.

The miRNAs have been shown to regulate genes 
associated with the pathological  mechanism of SCII 
(13,14,29). For example, miR-30c protects PC12 cells 
against oxygen-glucose deprivation (OGD)-caused 
apoptosis and inflammatory response and inhibits the 
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Figure 4 GO analysis of predicted target genes. (A) The top 20 most significant changes in the GO biological process at 24 h after 
reperfusion following sevoflurane pretreatment. (B) The top 20 most significant changes in the GO biological process at 72 h after 
reperfusion following sevoflurane pretreatment. (C) Significant GO enriched target genes of 3 co-DEmiRNAs at 24 and 72 h after 
reperfusion following sevoflurane pretreatment. GO, Gene Ontology; DEmiRNAs, differentially expressed miRNAs 

Gene Ratio

C

development of SCII by modulating the expression 
of SIRT1 (30). Specifically, miR-21 regulates reactive 
astrocyte’s polarization and promotes nerites growth and 
synapsis formation following acute SCII (31). Meanwhile, 
overexpression of miR-136 ameliorates cell apoptosis 
induced by SCII via the TIMP3 signaling pathway (32). In 
this study, we uncovered 31 DEmiRNAs (30 downregulated 
miRNAs and 1 upregulated) after 24  h of SCII and 60 
DEmiRNAs (43 downregulated and 17 upregulated) 
following 72 h of SCII. Interestingly, 20 miRNAs were 
dysregulated at both 24 and 72 h after SCII. 

The protective effect of sevoflurane against SCII 

has been demonstrated in numerous studies (19,33). 
Particularly, post-treatment sevoflurane ameliorates SCII 
via free radicals, which up-regulates antioxidant enzymes’ 
expression (33). Moreover, accumulating evidence indicates 
that sevoflurane preconditioning might reduce ischemic 
injury in the brain, kidney, and heart and relieve hypoxic 
and ischemic injury via miRNAs (34-36). A related study 
revealed that sevoflurane preconditioning protected against 
cerebral I/R injury both in vitro and in vivo, possibly by 
inhibiting the expression of miR-181a while promoting that 
of X-linked inhibitor of apoptosis (XIAP) (34). Meanwhile, 
sevoflurane protects against renal and ischemic I/R injury in 
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Figure 5 KEGG analysis of predicted target genes. (A) The top 20 most significant changes in KEGG pathway analysis at 24 h after 
reperfusion following sevoflurane pretreatment. (B) The top 20 most significant changes in KEGG pathway analysis at 72 h after reperfusion 
after sevoflurane pretreatment. (C) Significantly enriched KEGG pathways for target genes of 3 co-DEmiRNAs at 24 and 72 h after reperfusion 
following sevoflurane pretreatment. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEmiRNAs, differentially expressed miRNAs. 

Gene Ratio

C

rats via miR-17-3p and miR-27a (35). It has also been shown 
that miR-374 could mitigate myocardial I/R damage in rat 
models following sevoflurane pretreatment by targeting SP1 
via activating the PI3K/Akt pathway (36). This study found 
19 and 6 miRNAs were differently expressed at 24 and 
72 h, respectively, across sham, SCII, and SCII-sevoflurane 
pretreatment groups. Sevoflurane pretreatment reversed the 
abnormal expression pattern of the 19 (24 h after SCII) and 
6 miRNAs (72 h after SCII) induced by SCII. This suggests 
that sevoflurane exerts its therapeutic effects against SCII 
by restoring the normal expression of miRNAs. Also, rno-
miR-221-3p, rno-miR-181a-1-3p, and rno-miR-21-5p were 
all over-expressed both at 24 and 72 h after sevoflurane 
pretreatment of SCII rats. Combined with our previous 
study (18), these findings strengthen the hypothesis that 

sevoflurane modulates SCII in part by regulating the 
abnormal expression of certain miRNAs. The expression 
of the target genes of the 3 DEmiRNAs over-expressed at 
24 and 72 h after SCII was upregulated and regulated in 
several pathways including MAPK, ErbB, Apoptosis, 'T cell 
receptor activation, and TGF-beta signaling pathways. 

Moreover, the integrative network for the underlying 
sevoflurane-related protective mechanism of SCII further 
demonstrated that sevoflurane modulates SCII by regulating 
the expression of rno-miR-21-5p, MAP2K3, PPP1R3B, and 
key associated signaling pathways including MAPK, T cell 
receptor signaling, and ErbB. Molecular docking analysis, on 
its part, demonstrated that sevoflurane exhibits good binding 
activity with MAP2K3 and PPP1R3B, the most critical 
proteins in the development/pathogenesis of SCII. The role 
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Figure 6 miRNA-mRNA-pathway regulatory network. The red triangle nodes indicate 3 co-DEmiRNAs, the blue regular hexagon 
nodes represent mRNAs, and the shape of V indicates pathways in which miRNAs and mRNAs might be involved. miRNA, micro RNA; 
DEmiRNAs, differentially expressed miRNAs.

of miR-21-5p in the brain, spinal cord, and heart injury has 
been widely reported (37-39). In one study, a combination 
of gastrodin and rhynchophylline inhibited the activation of 
inflammasomes induced by cerebral ischemia via upregulating 
the expression of miR-21-5p and miR-331-5p (40). In a 
related study, miR-21-5p modulated apoptosis of neurons 
after SCI via the miR-21-5p/PDCD4/caspase-3 pathway (34).  
In a separate study, silencing miR-21-5p induced polarization 
of astrocytes to the A2 phenotype and promoted the 

formation of synapses by targeting glypican 6 via the 
signal transducer and activator of the transcription-3 
pathway after acute ischemic SCI (31). Research has 
shown that the MAPK signaling pathway participates in 
SCI and traumatic brain injury (TMI) (41,42). Inhibiting 
the MAPK signaling pathway represses the expression 
levels of tumor necrosis factor β (TNF-β), interleukin 
6 (IL-6), and IL-1β in SCI (41). Metformin, a first line 
medication against type 2 diabetes, modulates microglial 
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cells' activation and inhibits the release of several pro-
inflammatory cytokines, including IL-6, IL-1β, and 
TNF-α, partly via the MAPK signaling pathway, which 
improves neuro-behavioral function following TMI (42).  
A separate study demonstrated that miR-21-5p exerted 
its protective effect against blood-brain barrier (BBB) 
disruption by inhibiting the expression of MAP2K3 
protein secreted via the MAPK signaling pathway (37). 
Additionally, miR-21-5p inhibits the growth and metastasis 
of melanoma cells by down-regulating the expression of 
MAP2K3 (43). Microglia activation has been implicated in 
the development/pathogenesis of SCII (44). Interestingly, 
sevoflurane inhibits microglia activation by suppressing 
the MAPK and nuclear factor-kB (NF-kB) signaling 
pathways (45). In combination with propofol, Sevoflurane 
protects myocardial cells against SCII induced damage 
by modulating the expression of MAP2K3. They also and 
regulate cell apoptosis via the Bcl-2/Bax pathway (46). The 
T cell receptor signaling pathway has also been implicated 
in developing CNS diseases and associated pathology (47).  

For example, T cell receptor signaling was shown to be 
activated in CD8+  TEMRA cells in the cerebrospinal 
fluid of patients with Alzheimer’s disease (48). The ErbB 
signaling pathway on its part has been associated with 
traumatic brain injury, SCI, and mechanical allodynia 
(49-51). As such, inhibition of the ErbB signaling in 
parvalbumin-positive interneurons protects against ethanol-
induced TMI (50). The NRG1-ErbB signaling mediates 
the incision-induced mechanical allodynia and microglia 
activation. Consequently, pharmacological blocking 
of NRG1-ErbB signaling suppresses the expression of 
NRG1 types I and II by repressing the small interfering 
RNA (siRNA) incision-induced microglia activation and 
modulated mechanical allodynia (51). Polymorphisms 
of PPP1R3B are associated with ischemic stroke (IS), 
increased risk of developing coronary artery disease (CAD), 
and high serum lipid levels (52). However, the roles of miR-
21-5p, MAP2K3, PPP1R3B, and sevoflurane in SCII have 
not been studied. This study established that compared 
with the sham group, SCII significantly downregulated 
the expression of rno-miR-21-5p, but upregulated that of 
PPP1R3B and MAP2K3 proteins. However, sevoflurane 
pretreatment up-regulated the expression of miR-21-5p but 
down-regulated those of PPP1R3B and MAP2K3 proteins. 
Nonetheless, the effect of miR-21-5p, MAP2K3, PPP1R3B, 
and sevoflurane on SCII still required further investigation. 

In conclusion, sevoflurane ameliorates SCII by regulating 
the abnormal expression of miRNAs, particularly the miR-
21-5p, its target genes (MAP2K3 and PPP1R3B), and the 
related signaling pathways.

Table 6 The binding energy of sevoflurane to MAP2K3 and 
PPP1R3B

Protein Grid_size Docking score (kcal/mol)

MAP2K3 35×35×35 −5.23

PPP1R3B 42×50×45 −5.74

MAP2K3, mitogen-activated protein kinase kinase 3; PPP1R3B, 
protein phosphatase 1 regulatory subunit 3B.

Figure 7 Sevo-miRNA-mRNA-pathway integrative network. (A) The VEEN diagram revealed interaction targets of sevoflurane and 
miRNA-mRNA-pathway related genes. (B) The integrative network of sevo-miRNA-mRNA-pathway.Sevo:sevoflurane. MAP2K3, mitogen-
activated protein kinase kinase 3; PPP1R3B, protein phosphatase 1 regulatory subunit 3B.
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Figure 8 Molecular docking to identify sevoflurane binding to its target proteins MAP2K3 and PPP1R3B. 2D (A) and 3D (B) representation 
of the binding mode of sevoflurane to MAP2K3. 2D (C) and 3D (D) representation of the binding mode of sevoflurane to PPP1R3B. 
MAP2K3, mitogen-activated protein kinase kinase 3; PPP1R3B, protein phosphatase 1 regulatory subunit 3B.

Figure 9 Effects of sevoflurane on miR-21-5p, MAP2K3, and PPP1R3B levels after SCII. (A) The expression of miR-21-5p in various 
groups was measured by qRT-PCR. (B) Western blotting analysis of MAP2K3 and PPP1R3B protein expression in various groups at 24 h. (C) 
Western blotting analysis of MAP2K3 and PPP1R3B protein levels in various groups at 72 h. GAPDH was used as a loading control. One-
way ANOVA was performed to compare multiple-groups followed by Tukey’s test. N=6 for each group. *P<0.05 vs. sham group, #P<0.05 
vs. SCII group. SCII, spinal cord ischemia/reperfusion injury; Sevo, sevoflurane; MAP2K3, mitogen-activated protein kinase kinase 3; 
PPP1R3B, protein phosphatase 1 regulatory subunit 3B; qRT-PCR, quantitative reverse transcription polymerase chain reaction; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; ANOVA, analysis of variance.
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