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Abstract
Following spinal cord ischemia/reperfusion injury, an endogenous damage system is immediately activated and participates in a cascade reac-
tion. It is difficult to interpret dynamic changes in these pathways, but the examination of the transcriptome may provide some information. 
The transcriptome reflects highly dynamic genomic and genetic information and can be seen as a precursor for the proteome. We used DNA 
microarrays to measure the expression levels of dynamic evolution-related mRNA after spinal cord ischemia/reperfusion injury in rats. The 
abdominal aorta was blocked with a vascular clamp for 90 minutes and underwent reperfusion for 24 and 48 hours. The simple ischemia 
group and sham group served as controls. After rats had regained consciousness, hindlimbs showed varying degrees of functional impairment, 
and gradually improved with prolonged reperfusion in spinal cord ischemia/reperfusion injury groups. Hematoxylin-eosin staining demon-
strated that neuronal injury and tissue edema were most severe in the 24-hour reperfusion group, and mitigated in the 48-hour reperfusion 
group. There were 8,242 differentially expressed mRNAs obtained by Multi-Class Dif in the simple ischemia group, 24-hour and 48-hour 
reperfusion groups. Sixteen mRNA dynamic expression patterns were obtained by Serial Test Cluster. Of them, five patterns were significant. 
In the No. 28 pattern, all differential genes were detected in the 24-hour reperfusion group, and their expressions showed a trend in up-regu-
lation. No. 11 pattern showed a decreasing trend in mRNA whereas No. 40 pattern showed an increasing trend in mRNA from ischemia to 48 
hours of reperfusion, and peaked at 48 hours. In the No. 25 and No. 27 patterns, differential expression appeared only in the 24-hour and 48-
hour reperfusion groups. Among the five mRNA dynamic expression patterns, No. 11 and No. 40 patterns could distinguish normal spinal 
cord from pathological tissue. No. 25 and No. 27 patterns could distinguish simple ischemia from ischemia/reperfusion. No. 28 pattern could 
analyze the need for inducing reperfusion injury. The study of specific pathways and functions for different dynamic patterns can provide a 
theoretical basis for clinical differential diagnosis and treatment of spinal cord ischemia/reperfusion injury. 
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Introduction
Spinal cord ischemia/reperfusion injury is defined as the in-
ability to improve neuronal function in spinal cord neurons 
after the removal of factors that cause spinal cord ischemia 
and the recovery of spinal cord blood supply (Simon et al., 
2008; Smith et al., 2012; Kuhn, 2014; Zhang et al., 2015). Un-
derstanding the time and mechanism of reperfusion injury 
has been a challenge. Neuroethology, pathology and proteom-
ics have been conventionally used to investigate spinal cord 
ischemia/reperfusion injury. Previous studies have proposed 
the hypothesis of disturbance of microcirculation, apoptosis 
and inflammatory response (Temiz et al., 2013; Gong et al., 
2014; Guven et al., 2015; Sezer et al., 2015). Conventional 
methods can analyze spinal cord reperfusion at a specific time 
at the level of the protein, but cannot ascertain the dynamic 
evolution of gene and mRNA during reperfusion. It is pre-
dicted that bioinformatic analysis of the dynamic transcrip-
tome and construction of expression regulation may become 
an important strategy for future research to reveal the mecha-
nism of reperfusion injury. 

Transcriptomics is an important technology in the post-ge-
nomic era and has unique advantages in the study of spinal 
cord ischemia/reperfusion injury (Costa et al., 2010; Yang et 
al., 2010). Firstly, transcriptomics is highly dynamic. Under 
normal conditions, most cells share the same set of genes, but 
their transcription is highly specific in both space and time. 
Thus, transcriptomics can reflect the dynamic evolution of 
mRNA in continuous time. Secondly, changes in transcript 
levels embody genomic information. The transcriptome can 
be seen as a precursor for the proteome. Thus, transcriptom-
ics can be used to further study the mechanism of reperfusion 
injury. There are no reports concerning the study of spinal 
cord ischemia/reperfusion injury using transcriptomics. 
Reperfusion injury is the whole process of pathological cas-
cade involved in the endogenous damage system, and thus 
high-throughput transcriptomic analysis can directly reflect 
dynamic changes of gene in reperfusion injury. 

The aim of this study is to screen differentially expressed 
mRNA during reperfusion injury using transcriptomics, 
further establish the highly dynamic expression patterns of 
mRNA, analyze dynamic expression patterns with obvious 
clinical significance, and clarify mRNA changes during spi-
nal cord ischemia/reperfusion injury. 

Materials and Methods
Animals 
Twenty-four clean healthy adult male Sprague-Dawley rats 
weighing 280–300 g were provided by the Beijing HFK Bio-
science Co., Ltd., Beijing, China (animal license No. SCXK 
(Jing) 2009-0004). Rats were housed in individual cages 
under a 12-hour light/dark cycle and in a dry and ventilat-
ed room at 23–25°C, with free access to food and water. All 
surgery was performed under anesthesia, and all efforts were 
made to minimize pain and distress in the experimental 
animals. All procedures were carried out in accordance with 
the United States National Institutes of Health Guide for the 
Care and Use of Laboratory Animal (NIH Publication No. 

85-23, revised 1986). Protocols were approved by the Animal 
Ethics Committee of Jilin University of China. 

Establishment of spinal cord ischemia/reperfusion injury 
rat models and group assignment 
In accordance with simple random sampling, 24 rats were 
equally and randomly assigned to sham group, 90-min-
ute ischemia (I90R0) group, 90-minute ischemia 24-hour 
reperfusion (I90R24) group and 90-minute ischemia 48-
hour reperfusion (I90R48) group. Models were established 
in accordance with a previous study (Bowes et al., 1994). 
Briefly, rats were anesthetized intraperitoneally with chloral 
hydrate (0.3 mL/100 g). A median longitudinal incision was 
made on the belly and the abdominal aorta was exposed. 
In the sham group, the abdominal aorta was exposed for 
90 minutes without obstruction before the incision was su-
tured. In the I90R0 group, the abdominal aorta was blocked 
with a vascular clamp for 90 minutes; after occlusion, the 
left kidney had changed from bright red to dark red, and 
the abdominal aortic pulse had disappeared. In the I90R24 
and I90R48 groups, the abdominal aorta was blocked with 
a vascular clamp for 90 minutes, and then the vascular 
clamp was removed. The incision was sutured after revas-
cularization under direct vision. 

Modified Tarlov scoring
At 24 and 48 hours after suturing the incision in the I90R24 
and I90R48 groups, and when the rats had regained con-
sciousness in the sham and I90R0 groups, three investigators 
who had not participated in the model establishment per-
formed hindlimb motor function testing using the modified 
Tarlov score as follows (Cheng et al., 1996): grade 0, no ac-
tivity, totally paralyzed, no response to acupuncture; grade 1, 
no activity, totally paralyzed, response to acupuncture; grade 
2, active, cannot load; grade 3, hindlimb can load, cannot 
walk; grade 4, can walk, but unsteady, ataxia; grade 5, can 
walk, but not flexible, no ataxia; grade 6, normal walking. 
The mean value from the three investigators was calculated 
and recorded.

Hematoxylin-eosin staining 
Spinal cord tissue was obtained 90 minutes after exposing 
and occluding abdominal aorta in the sham and I90R0 
groups, and 24 and 48 hours after reperfusion in the I90R24 
and I90R48 groups. L2–5 spinal segment was cut and 0.8 cm 
L3–4 spinal segment was obtained. A part of spinal segment 
was fixed in 4% paraformaldehyde for 24 hours, embedded 
in paraffin, stained with hematoxylin and eosin. Another 
part was washed with PBS, immersed in liquid nitrogen for 
2–3 hours, and placed at −70°C for further use. Paraffin-em-
bedded tissues were sliced into 4 µm thick serial sections. 
The sections were treated with xylene for 5–10 minutes, im-
mersed in the mixture of xylene and pure ethanol (1:1) for 5 
minutes, in 100%, 95%, 85%, and 70% ethanol, each for 2–5 
minutes. After washing with distilled water, the samples were 
immersed in staining solution. After removal of the staining 
solution, samples were placed in hematoxylin without stirring 
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Figure 1 Neurological function in rats with ischemia/reperfusion 
injury (Tarlov score).
*P < 0.05, vs. sham group (mean ± SD, n = 6, one-way analysis of 
variance and Tukey-Kramer post hoc test). Sham, I90R0, I90R24 and 
I90R48: Sham, 90-minute ischemia 0-hour, 24-hour and 48-hour 
reperfusion groups, respectively.

for 15 minutes, treated with 0.5–1.0% ethanol hydrochloride 
for a moment, washed with running water for 15–30 min-
utes, washed with distilled water, and stained with 0.1–0.5% 
eosin for 1–5 minutes. All samples were dehydrated with 
70%, 85%, 95%, and 100% ethanol, each for 2 or 3 minutes, 
permeabilized with xylene, mounted, and observed with a 
light microscope (BH-2; Olympus, Tokyo, Japan). 
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Figure 2 Pathological changes in the injured spinal cord of rats under a light microscope (hematoxylin-eosin staining, × 200). 
(A) Sham group: distinct processes, darkly stained plump nuclei. (B) I90R0 group: slightly dense cytoplasm, lightly stained swollen nuclei. (C) 
I90R24 group: neurons were spindle-shaped; nuclei shifted, became small, and fragmented. (D) I90R48 group, neuronal cells became spin-
dle-shaped; nuclei fragmented and disappeared. Sham, I90R0, I90R24 and I90R48: sham, 90-minute ischemia 0-hour, 24-hour and 48-hour reper-
fusion groups, respectively. Arrows point to neurons. 
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RNA extraction
Spinal cord tissue was triturated with a pestle, and homog-
enized with a Mini-Bead-Beater-16 homogenizer (Biospec, 
Bartlesville, Okla, USA) for 1–2 minutes. The samples were 
maintained in place for 5 minutes to completely dissociate 
nucleic acid-protein complex, and then incubated with TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) and chloroform. 700 
µL of the samples were transferred to RNeasy Mini spin col-
umns, placed in 2 mL of collecting duct, centrifuged at 8,000×g 
for 15 seconds for washing the column. After adding 500 µL 
RNasey Mini Kit (Qiagen p/n 74104, Germany), the samples 
were centrifuged at 8,000×g for 2 minutes. Absorbance (A) 
values were measured at 230 nm, 260 nm and 280 nm with a 
spectrophotometer (NanoDropND-1000; Nanodrop, Wilm-
ington, DE, USA) in three samples of each group. The ratio 
of A260 nm/280 nm and A260 nm/230 nm was calculated, and total RNA 
content and purity were measured. 

A DNA microarray and data analysis
Quick Amp Labeling Kit (Agilent p/n 5190-0442, Santa 
Clara, CA, USA) and RNeasy Mini Kit (Qiagen p/n 74104) 
were used for labeling of mRNA and cRNA, respectively. Ag-
ilent Gene Expression Hybridization Kit (Agilent p/n 5188-
5242) was used for mRNA hybridization. Agilent Microarray 
Scanner (Agilent p/n G2565BA) was used to read microarrays. 

Data were extracted with Agilent Feature Extraction 

Table 1 Identification of RNA extracted from the injured spinal cord of rats 

Sample ID A260 nm/280 nm A260 nm/230 nm Conc. (ng/µL) Volume (µL) Quantity (ng) Result 

Sham-1 2.04 2.31 649.81 20 12 996.2 Pass

Sham-2 2.04 2.35 619.59 20 12 391.8 Pass

Sham -3 1.97 2.32 520.72 20 10 414.4 Pass

I90R0-1 1.98 2.26 583.79 10 5 837.9 Pass

I90R0-2 2.00 2.32 690.03 10 6 900.3 Pass

I90R0-3 1.97 2.32 597.39 10 5 973.9 Pass

I90R24-1 1.99 2.28 575.32 10 5 753.2 Pass

I90R24-2 1.90 2.28 311.50 10 3 1150 Pass

I90R24-3 1.98 2.29 421.42 10 4 214.2 Pass

I90R48-1 2.01 2.31 561.32 10 5 613.2 Pass

I90R48-2 2.01 2.31 572.32 10 5 724.3 Pass

I90R48-3 1.99 2.32 601.27 10 6 012.7 Pass

Sham, I90R0, I90R24 and I90R48: sham, 90-minute ischemia 0-hour, 24-hour and 48-hour reperfusion groups, respectively A260 nm/280 nm and A260 

nm/230 nm were more than 1.8 in each group. RNA extraction could satisfy the requirements of the follow-up experiment. A: Absorbance. 
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(Agilent). With Multi-Class Dif analysis, P < 0.05 and false 
discovery rate < 0.05, significant differentially expressed 
mRNAs were obtained. Data were calculated with Serial Test 
Cluster (Ernst et al., 2005). Among 80 default patterns, P < 0.05 
was used to obtain dynamic expression patterns of differential 
genes. Figures were used to quantify the dynamic changes.

Statistical analysis 
Measurement data are expressed as the mean ± SD, and 
analyzed with SPSS 17.0 software (SPSS, Chicago, IL, USA). 

One-way analysis of variance and Tukey-Kramer post hoc 
test were used to compare the difference of intergroup data. 
A value of P < 0.05 was considered statistically significant. 

Results
Neurological function of rats with ischemia/reperfusion 
injury 
Hindlimb function was normal in the sham group at 
various time points, but markedly impaired in the other 
groups. Tarlov scores were graded 2–4. With prolonged time 

Figure 3 Five mRNA dynamic expression patterns related to ischemia/reperfusion injury. 
(A) No. 28 pattern: mRNA expression presents a trend in up-regulation at 24 hours after reperfusion (0, 0, 1, 0). (B) No. 11 pattern: the number 
of mRNAs became small with prolonged time of reperfusion in a trend of (0, –1, –1, –3). (C) No. 40 pattern: the number of mRNA increased with 
prolonged time of reperfusion in a trend of (0, 1, 1, 3). (D) No. 25 pattern: mRNA expression down-regulated at 24 hours, but up-regulated at 48 
hours in a trend of (0, 0, –1, 1). (E) No. 27 pattern: mRNA expression up-regulated at 24 hours, but down-regulated at 48 hours in a trend of (0, 0, 
1, –1). On the X-axis, control1: sham group; test2: I90R0 group; test3: I90R24 group; test1: I90R48 group. On the Y-axis, numerical values present 
the altered range of differential expression of mRNAs in other groups compared with the sham group. Sham, I90R0, I90R24 and I90R48: sham, 
90-minute ischemia 0-hour, 24-hour and 48-hour reperfusion groups, respectively. 

 A    B    C   

 D    E   

Table 2 16 mRNA dynamic expression patterns related to ischemia/reperfusion injury

No. Sham I90R0 I90R24 I90R48 Genes_assigned Genes_expected  P

36 0 1 0 1 2096 536.3 0.00

6 0 –2 0 –1 726 188.1 0.00

19 0 –1 1 –1 660 192.9 0.00

33 0 1 –1 1 643 188.0 0.00

37 0 1 0 2 585 202.4 0.00

16 0 –1 0 –1 1064 536.3 0.00

20 0 –1 1 0 306 114.0 0.00

3 0 –2 –1 –2 382 188.1 0.00

43 0 2 0 1 370 193.0 0.00

15 0 –1 0 –2 324 183.2 0.00

46 0 2 1 2 319 191.8 0.00

25 0 0 –1 1 193 120.0 0.00

40 0 1 1 3 185 121.1 0.00

28 0 0 1 0 183 146.2 0.00

27 0 0 1 –1 143 114.0 0.01

11 0 –1 –1 –3 93 72.6 0.01

Numerical value is a sign of change and grading. Genes assigned represents the number of mRNAs in the pattern. Genes expected represents the 
number of mRNAs in the pattern in random distribution. P value represents the significance level between genes assigned and genes expected. 
When expression pattern was significantly affected by timing change of reperfusion, P value was small. Sham, I90R0, I90R24 and I90R48: sham, 
90-minute ischemia 0-hour, 24-hour and 48-hour reperfusion groups, respectively. 
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Table 3 Corresponding genes of differentially expressed mRNAs in the No. 28 pattern

Gene Sham I90R0 I90R24 I90R48

PARK2 Parkin 2 0 0.05 1.02 –0.21

PAK2 The p21 activated kinases 2 0 –0.15 1.27 –0.22

FSTL1 Follistatin-related protein 1 0 0.14 1.28 –0.02

STEAP4 STEAP family member 4 0 –0.64 1.39 –0.31

SEL1L Protein sel-1 homolog 1 0 –0.23 0.94 0.13

SPINT3 Kunitz-type protease inhibitor 3 0 –0.45 1.23 –0.13

SLC2A4 Glucose transporter type 4 0 –0.29 0.89 –0.08

EIF5A2 Eukaryotic translation initiation factor 5A-2 0 0.12 1.29 0.10

ZFP187 zinc finger 187 0 –0.38 1.34 –0.07

ADAMTS1 A disintegrin and metalloproteinase with thrombospondin motifs 1 0 –0.40 1.02 –0.07

LCLAT1 lysocardiolipin acyltransferase-1 0 –0.21 1.09 –0.17

MUP5 Major urinary proteins 5 0 –0.13 3.54 –0.27

MXD1 MAD protein 0 –0.14 0.84 –0.17

ITGB8 Integrin beta-8 0 0.65 2.57 0.58

LOC687022 – 0 –0.52 1.68 –0.07

RUP2 – 0 0.25 1.25 0.00

SULT1B1 family cytosolic 1B member 1 0 0.34 2.49 0.42

PTPRC phosphatase, receptor type, C 0 –0.26 1.16 0.12

LIMA1  actin-binding protein 1 0 –0.19 2.09 0.24

SLC4A4 cotransporter 1 0 –0.04 1.08 –0.31

AP4M1 AP-4 complex subunit mu-1 0 –0.3 1.58 0.19

FGB The Fibrinogen beta chain 0 –0.32 2.85 –0.01

SCN8A – 0 –0.13 0.96 0.16

NREP – 0 –0.06 0.96 –0.19

SYNGR2 – 0 –0.34 0.67 –0.12

NOTCH2 Neurogenic locus notch homolog protein 2 0 0.22 1.37 0.01

MYO5C – 0 –0.22 1.03 –0.28

AFF2 AF4/FMR2 family member 2 0 –0.24 1.1 0.08

SH3BGRL SH3 domain-binding glutamic acid-rich-like protein 0 0.03 1.53 0.35

GRAMD4 – 0 –0.43 1.96 0.24

USP22 Ubiquitin specific peptidase 22 0 0.22 1.34 –0.21

UHMK1 U2AF homology motif (UHM) kinase 1 0 –0.33 1.1 –0.10

NAV3 – 0 –0.37 0.94 –0.05

DHCR24 24-dehydrocholesterol reductase 0 –0.18 1.07 –0.28

OLR1748 – 0 0.29 1.14 0.09

LOC298109 – 0 0.21 2.86 0.41

ITGB1BP2 – 0 –0.29 0.87 –0.23

RMND5A Required for meiotic nuclear division 5 homolog A 0 –0.42 1.06 –0.23

SLC10A1 Sodium/bile acid cotransporter 0 0.46 1.51 0.38

BPIFA1 Palate, lung, and nasal epithelium clone protein 0 –0.29 0.84 0.04

GNA12 Guanine nucleotide-binding protein subunit alpha-12 0 –0.18 1.15 0.08

Sham, I90R0, I90R24 and I90R48: sham, 90-minute ischemia 0-hour, 24-hour and 48-hour reperfusion groups, respectively. Numerical value is a 
sign of change and grading. “–”: unknown full name. 

of reperfusion, the degree of nerve injury was reduced grad-
ually (Figure 1). 

Pathological morphology of injured spinal cord in rats
Spinal cord tissue was collected 90 minutes after exposing 
and occluding the abdominal aorta in the sham and I90R0 
groups. Staining was observed at 24 and 48 hours after 
reperfusion in the I90R24 and I90R48 groups. In the sham 
group, processes were distinct; nuclei were darkly stained, 
intact and rounded and no edema was found (Figure 2A). 
In the I90R0 group, cell bodies were irregular; the cytoplasm 
was slightly dense; nuclei began to swell and were weakly 

stained, and slight edema was observed (Figure 2B). In the 
I90R24 group, neurons were spindle-shaped; nuclei were 
displaced, became small, and fragmented, and the edema 
worsened (Figure 2C). In the I90R48 group, neuronal cells 
became spindle-shaped; nuclei fragmented and disappeared; 
edema was still visible in interstitial tissue (Figure 2D). 

Identification of RNA in the spinal cord of rats with 
ischemia/reperfusion injury
A values of total RNA were more than 1.8 in each group 
(Table 1), confirming that RNA extraction could satisfy the 
requirements of the follow-up experiment. 



485

Qi ZP, et al. / Neural Regeneration Research. 2016;11(3):480-486.

Screening results of differentially expressed mRNAs 
At 0 minute of ischemia, 0 hour, 24 hours and 48 hours of 
reperfusion, 8,242 differentially expressed mRNAs were ob-
tained using Multi-Class Dif analysis, taking P < 0.05 and 
false discovery rate < 0.05 as a screening condition. 

mRNA dynamic expression patterns related to ischemia/
reperfusion injury 
At 0 minute of ischemia, 0 hour, 24 hours and 48 hours of 
reperfusion, expression patterns of injury-related mRNA 
were classified and the significance was analyzed. Among 80 
default patterns, 50 different expression patterns were found. 
At P < 0.05, 16 significant expression patterns were obtained. 
The number and changes of differentially expressed mRNAs 
in each pattern are listed in Table 2. Of them, five mRNA dy-
namic expression patterns were significant for differential di-
agnosis (Figure 3). In the No. 28 pattern, all differential genes 
were detected in the 24-hour reperfusion group, and their 
expression presented a trend in up-regulation (0, 0, 1, 0) (Fig-
ure 3A). In the No. 11 and No. 40 patterns, mRNA showed a 
decreasing or increasing trend with prolonged time (0, –1, –1, 
-3) and (0, 1, 1, 3) respectively (Figure 3B, C). In the No. 25 
and No. 27 patterns, differential expression appeared only in 
the 24-hour and 48-hour reperfusion groups, showing a trend 
of (0, 0, –1, 1) and (0, 0, 1, –1) (Figure 3D, E). In the No. 28 
pattern, 183 differentially expressed mRNAs were detectable. 
Due to the limitation of the length of writing, 30 mRNAs 
were displayed in Table 3. Protein kinase p21-activated kinase 
2 (PAK2) gene was also noticeably up-regulated. 

Discussion
This study investigated spinal cord ischemia/reperfusion inju-
ry from the aspects of ethology, pathology and transcriptom-
ics. Hindlimb function was evaluated following spinal cord 
ischemia/reperfusion injury. Results showed that hindlimb 
function score was evidently lower in the reperfusion groups 
than in the sham group. Hindlimb function score was obvi-
ously lower in the I90R24 group than in the I90R48 group. 
Neurological function was gradually restored with prolonged 
time of reperfusion. Hematoxylin-eosin staining demonstrat-
ed neuronal cell injury in gray matter and white matter edema 
which were observed immediately after ischemia, and aggra-
vated apparently 24 hours after reperfusion. Neuronal cell 
injury was still visible but edema was lessened 48 hours after 
reperfusion. Behavioral changes after reperfusion were associ-
ated with pathological changes in the spinal cord. Behavioral 
and pathological changes can reflect whether model estab-
lishment was successful and can evaluate the degree of injury. 
Differentially expressed mRNAs during reperfusion were 
successfully screened out, and 16 mRNA dynamic expression 
patterns were obtained by Serial Test Cluster. Five expression 
patterns with important significance for differential diagnosis 
of spinal cord ischemia/reperfusion injury were determined, 
including No. 28, No. 11, No. 40, No. 25 and No. 27. Of these, 
No. 28 pattern was of particular interest. 

The No. 28 expression pattern altered in a trend like fash-
ion (0, 0, 1, 0), indicating that all mRNAs were expressed at 
24 hours. 24 hours of reperfusion is an important stage of 

cell injury and edema, and a key time point of spinal cord 
ischemia/reperfusion injury (Zhu et al., 2013). mRNA ex-
pression in the No. 28 expression pattern is probably associ-
ated with secondary damage and is of great significance for 
the screening of reperfusion injury. In the No. 28 pattern, an 
up-regulation of PAK2 gene has attracted more and more 
attention (Itakura et al., 2013; Elsherif et al., 2014). PAK2 
belongs to type I P21-activated kinase, and has been shown 
to be strongly associated with an inflammatory response. An 
up-regulation in PAK2 expression can noticeably improve 
the direction and speed of inflammatory cells migrating to 
the site of injury, and promote inflammatory response at 
the site of injury (Itakura et al., 2013). PAK2 and PAK1 are 
important upstream regulatory members of NADPH oxidase 
(NOX) (Chang et al., 2009). The major function of NOX as a 
multienzyme complex is to produce reactive oxygen species. 
With the continued accumulation of NOX, reactive oxygen 
species are increased gradually and generate a large amount of 
oxygen free radicals. NOX overexpression has been shown to 
cause myocardial ischemia/reperfusion injury and inflamma-
tion (Sareila et al., 2011; Webster, 2012). An obvious up-regu-
lation in PAK2 expression mediates a large number of down-
stream NOX activation and expression, and leads to reactive 
oxygen species accumulation which can induce oxygen free 
radical overload, mediate inflammatory responses and finally 
result in secondary spinal cord reperfusion injury. Monasky 
et al. (2012) demonstrated PAK1 mediated NOX pathway in 
myocardial ischemia-reperfusion injury. Because of the sim-
ilar effects of PAK2 and PAK1 in the inflammatory response 
(Elsherif et al., 2014), we still consider the effect of PAK2 on 
spinal cord ischemia/reperfusion injury worthy of concern. 
PAK2 is activated during apoptosis and alters cell morpholo-
gy through proteolysis, induces the occurrence of apoptosis, 
and is strongly associated with apoptotic bodies (Vilas et al., 
2006). Previous studies have shown that chemokine (C-X-C 
motif) ligand 1(CXCL1) up-regulates the expression of in-
flammatory mediators mediated by PAKs (Chen et al., 2004; 
Monaco et al., 2004). These results indicate that the 24 hours 
is the key time point of reperfusion injury. Secondary damage 
is strongly associated with inflammatory response, oxygen 
free radical overload, and apoptosis, which is consistent with 
previous studies (Simon et al., 2008; Kuhn, 2014). 

Genes screened out in No. 11 and No. 40 patterns can be 
compared with the physiological state of genes in the spi-
nal cord, and certain genes have the potential to identify 
spinal cord injury. In the comparison of genes in No. 28 
pattern and the physiological state, genes only specifically 
expressed in secondary damage can distinguish secondary 
damage, such as PAK2. Moreover, PAK2 has been shown to 
be strongly associated with inflammatory reaction and oxi-
dative stress. Thus, significant up-regulated PAK2 expression 
can reflect the characteristics of histological changes during 
reperfusion injury. Genes screened out by transcriptomics 
provide some new targets for the study of differential diag-
nosis and mechanisms of reperfusion injury. 

No. 11 and No. 40 patterns represent a series of mRNAs 
expressed from ischemia to reperfusion. mRNAs in No. 11 
and No. 40 expression patterns can distinguish spinal cord 
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injury from normal tissue. With the progression of injury, 
mRNA expression in the No. 11 and No. 40 patterns de-
creased or increased respectively, and peaked at 48 hours 
after reperfusion, suggesting that relevant mRNA presented 
significant cumulative effect in the whole process of evolu-
tion. Up-regulation expression of mRNA occupied obvious 
advantages, which suggested that up-regulated mRNA ex-
pression played a leading role in the progression of spinal 
cord injury. In the No. 11 and No. 40 patterns, mRNA ex-
pression was consistent between simple ischemia and 24-
hour reperfusion, but altered markedly at 48 hours. The 
above results indicated that mRNAs mainly affected late 
reperfusion, and were possibly associated with nerve repair. 
No. 25 and No. 27 patterns represent a series of mRNAs that 
specially expressed in ischemia and reperfusion, but did not 
express in normal tissue and ischemic tissue. These mRNAs 
could be used to distinguish simple ischemia from ischemia 
and reperfusion, which may have an important reference 
value for injury and repair mechanisms during reperfusion. 

In summary, this study explained the level of gene tran-
scription during spinal cord ischemia/reperfusion injury 
using transcriptomics with the high-throughput continuous 
method, and established five mRNA dynamic evolution pat-
terns with important significance of differential diagnosis. 
Results of this study provided important reference values for 
comparing the differences between spinal cord with isch-
emia/reperfusion injury and normal spinal cord, and among 
different stages of reperfusion. However, this study has some 
limitations. The first is how to establish gene regulatory net-
works with obtained mRNA data so as to better understand 
pathogenesis of spinal cord ischemia/reperfusion injury. The 
second is how to diminish the cost of transcriptomics. Our 
team hopes to provide references for the progression and 
differential diagnosis of spinal cord ischemia/reperfusion 
injury through transcriptomics analysis. 

Acknowledgments: We are very grateful to teachers from the 
Institute of the Second Hospital, Jilin University of China for 
their technical support. 
Author contributions: ZPQ wrote the paper, analyzed data 
and participated in statistical analysis. TTH, PX and DYL es-
tablished animal models. XYY and CJZ conceived and designed 
the study, obtained funding, provided technical and data sup-
port. All authors approved the final version of the paper.
Conflicts of interest: None declared.
Plagiarism check: This paper was screened twice using Cross-
Check to verify originality before publication.
Peer review: This paper was double-blinded and stringently 
reviewed by international expert reviewers.

References
Bowes MP, Masliah E, Otero DA, Zivin JA, Saitoh T (1994) Reduction 

of neurological damage by a peptide segment of the amyloid beta/A4 
protein precursor in a rabbit spinal cord ischemia model. Exp Neurol 
129:112-119.

Chang LC, Lin RH, Huang LJ, Chang CS, Kuo SC, Wang JP (2009) In-
hibition of superoxide anion generation by CHS-111 via blockade of 
the p21-activated kinase, protein kinase B/Akt and protein kinase C 
signaling pathways in rat neutrophils. Eur J Pharmacol 615:207-217.

Chen G, Ward MF, Sama AE, Wang H (2004) Extracellular HMGB1 as a 
proinflammatory cytokine. J Interferon Cytokine Res 24:329-333.

Cheng H, Cao Y, Olson L (1996) Spinal cord repair in adult paraplegic 
rats: partial restoration of hind limb function. Seience 273:510-513.

Chernoff J, McCarty OJ (2013) p21-Activated kinase (PAK) regulates 
cytoskeletal reorganization and directional migration in human neu-
trophils. PLoS One 8:e73063.

Costa V, Angelini C, De Feis I, Ciccodicola A (2010) Uncovering the 
complexity of transcriptomes with RNA-Seq. J Biomed Biotechnol 
2010:853916.

Elsherif L, Ozler M, Zayed MA, Shen JH, Chernoff J, Faber JE, Parise 
LV (2014) Potential compensation among group I PAK members in 
hindlimb ischemia and wound healing. PLoS One 9:e112239.

Ernst J, Nau GJ, Bar-Joseph Z (2005) Clustering short time series gene 
expression data. Bioinformatics 21: i159-168.

Gong S, Peng L, Yan B, Dong Q, Seng Z, Wang W, Lv J, He X (2014) 
Bosentan reduces neuronal apoptosis following spinal cord ischemic 
reperfusion injury. Spinal Cord 52:181-185.

Guven M, Akman T, Yener AU, Sehitoglu MH, Yuksel Y, Cosar M (2015) 
The Neuroprotective Effect of Kefir on Spinal Cord Ischemia/Reper-
fusion Injury in Rats. J Korean Neurosurg Soc 57:335-341.

Itakura A, Aslan JE, Kusanto BT, Phillips KG, Porter JE, Newton PK, 
Nan X, Insall RH, Kuhn TB (2014) Oxygen radicals elicit paralysis 
and collapse of spinal cord neuron growth cones upon exposure to 
proinflammatory cytokines. Biomed Res Int 2014:191767.

Monaco C, Andreakos E, Kiriakidis S, Mauri C, Bicknell C, Foxwell B, 
Cheshire N, Paleolog E, Feldmann M (2004) Canonical pathway of 
nuclear factor kappa B activation selectively regulates proinflamma-
tory and prothrombotic responses in human atherosclerosis. Proc 
Natl Acad Sci U S A 101:5634-5639.

Monasky MM, Taglieri DM, Patel BG, Chernoff J, Wolska BM, Ke Y, 
Solaro RJ (2012) p21-activated kinase improves cardiac contractility 
during ischemia-reperfusion concomitant with changes in tropo-
nin-T and myosin light chain 2 phosphorylation. Am J Physiol Heart 
Circ Physiol 302:H224-230.

Sareila O, Kelkka T, Pizzolla A, Hultqvist M, Holmdahl R (2011) NOX2 
complex-derived ROS as immune regulators. Antioxid Redox Signal 
15:2197-2208. 

Sezer N, Akkus S, Ugurlu FG (2015) Chronic complications of spinal 
cord injury. World J Orthop 6:24.

Simon F, Scheuerle A, Calzia E, Bassi G, Oter S, Duy CN, Kick J, Brück-
ner UB, Radermacher P, Schelzig H (2008) Erythropoietin during 
porcine aortic balloon occlusion–induced ischemia/reperfusion inju-
ry. Crit Care Med 36:2143-2150.

Smith PD, Puskas F, Meng X, Lee JH, Cleveland JC Jr, Weyant MJ, Ful-
lerton DA, Reece TB (2012) The evolution of chemokine release sup-
ports a bimodal mechanism of spinal cord ischemia and reperfusion 
injury. Circulation 126:s110-117.

Temiz C, Solmaz I, Tehli O, Kaya S, Onguru O, Arslan E, Izci Y (2013) 
The effects of splenectomy on lipid peroxidation and neuronal loss 
in experimental spinal cord ischemia/reperfusion injury. Turk Neu-
rosurg 23:67-74.

Vilas GL, Corvi MM, Plummer GJ, Seime AM, Lambkin GR, Berthiau-
me LG (2006) Posttranslational myristoylation of caspase-activated 
p21-activated protein kinase 2 (PAK2) potentiates late apoptotic 
events. Proc Natl Acad Sci U S A 103:6542-6547.

Webster KA (2012) Mitochondrial membrane permeabilization and 
cell death during myocardial infarction: roles of calcium and reactive 
oxygen species. Future Cardiol 8:863-884.

Yang Z, Bruno DP, Martens CA, Porcella SF, Moss B (2010) Simul-
taneous high-resolution analysis of vaccinia virus and host cell  
transcriptomes  by deep RNA sequencing. Proc Natl Acad Sci USA 
107:1513-1518.

Zhang Y, Zhang S, Li H, Huang M, Xu W, Chu K, Chen L, Chen X (2015) 
Ameliorative effects of Gualou Guizhi decoction on inflammation in 
focal cerebral ischemic–reperfusion injury. Mol Med Rep 12:988-994.

Zhu B, Li Y, Li M, Yang X, Qiu B, Gao Q, Liu J, Liu M (2013) Dynamic 
proteome analysis of spinal cord injury after ischemia-reperfusion 
in rabbits by two-dimensional difference gel electrophoresis. Spinal 
Cord 51:610-615.

Copyedited by Paul P, Raye W, Wang J, Qiu Y, Li CH, Song LP, Zhao M


