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Background: Spinal cord injury (SCI) is a serious condition that can cause physical disability and sensory
dysfunction. Cytokines play an extremely important role in the acute phase of SCI. Clarifying the cytokine
expression profile is of great importance.

Methods: Cytokine array analysis was used to explore the changes in 67 different proteins at 0 hours,
2 hours, 1 day, 3 days, and 7 days after acute SCI in rats. The differentially expressed cytokines in the various
periods were analyzed and compared. The biological processes related to the differentially expressed proteins
were examined using Gene Ontology (GO) analysis.

Results: Immediately after SCI (0 hours), only ciliary neurotrophic factor (CNTF) was slightly up-
regulated, while 23 other proteins were down-regulated. At 2 hours after SCI, there were 3 upregulated
and 21 downregulated proteins. At 1 day after SCI, there were 5 upregulated and 6 downregulated proteins.
At 3 days after SCI, there were 6 upregulated and 4 downregulated proteins. At 7 days after SCI, there
were 4 upregulated and 9 downregulated proteins. Erythropoietin (EPO) and Fms related tyrosine kinase 3
ligand (Flt-3L) were downregulated at all time points. CD48 was decreased at 2 hours to 7 days after SCIL.
Monocyte chemotactic protein-1 (MCP-1) was the only protein that was upregulated at 2 hours to 7 days.
The GO and pathway analyses revealed that the cytokine-related pathways, cell death, and proliferation
might play a key role during secondary SCI.

Conclusions: This study identified 3 downregulated proteins during SCI, that being EPO, Flt-3L, and
CD48. MCP-1 was the only upregulated protein, and its expression was upregulated till day 7 following SCI.
These 4 identified genes may be potential therapeutic targets for the treatment of SCI.
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Introduction

Spinal cord injury (SCI) is a traumatic disease that causes
exercise, sensory, or autonomic dysfunction, thereby directly
affecting the quality of life of patients and imposing a heavy
financial burden on society and families (1). It is therefore
crucial to clarify the pathophysiological processes associated
with SCI. After SCI, secondary injury such as inflammation,
oxidative stress, and apoptosis, can lead to even more
serious consequences. Ultimately, secondary injury induces
cell death, demyelination, and axonal degeneration at the
epicenter of the injury and the surrounding regions (2,3).
Inflammatory reactions mediated by cytokines and other
factors plays an important role in the development of
secondary injury following SCI (4,5). Inflammatory factors
are important bridges between immune cells and other
cells and are important mediators in regulating the immune
response. These cytokines include pro-inflammatory factors,
anti-inflammatory factors, chemokines, and neurotrophic
factors. Studies have shown that the critical balance between
these processes plays an important role in the progress and
outcome of the neurodegenerative process (5-7).

The role of inflammation in the process of SCI is
complex, with certain beneficial aspects as well, such
as the removal of cellular debris, a number of studies
have suggested that inflammatory responses spread the
damage to surrounding tissue, induce apoptotic cell death,
and impair spontaneous regeneration and functional
recovery (3). The infiltration of leukocytes and activation of
glial cells can aggravate tissue damage by releasing proteases,
reactive oxygen intermediates, lysosomal enzymes, and
inflammatory cytokines (8). Studies found that cytokines
may be sensitive markers of disease. Cytokines network,
but not a single cytokine, responses to environmental
hazards. High-throughput detection of cytokines provides
a global view of changes cytokine profiles and helps us
identify many vital differentially expressed cytokines in
the development of SCI. Inflammatory factors include
those that are pro-inflammatory and those that are anti-
inflammatory. Pro-inflammatory factors such as interleukin
(IL)-1B, IL-6, and tumor necrosis factor (TNF)-a play a
vital role in the secondary injury of SCI, and blockers or
knockout of related genes improve spinal cord function
(9-13). Studies have also shown that IL-6 facilitates spinal
cord repair (14). Anti-inflammatory factors, such as
granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-10, and IL-13, promote the recovery of nerve
function (5,15). Erythropoietin (EPO), the erythropoietic
hormone is a leading therapy in neonatology as a
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neuroprotective agent (16). Monocyte chemoattractant
protein-1 (MCP-1) is a member of the chemotactic
cytokine family that functions to recruit monocytes and
modulate T-cell function (17). Fms related tyrosine kinase
3 ligand (Flt-3L) causes dendritic cell and lymphocyte
proliferation (18). CD48, a member of the signaling
lymphocyte activation molecule family, participates in
adhesion and activation of immune cells (19). At different
time points after SCI, the cytokine expression trends are
different, indicating that different key cytokines appear at
different time points. Targeting key cytokines at precise
time points may exert maximum treatment efficacy. Thus,
clarifying the cytokine expression profiles at different
times following SCI will benefit the understanding of the
underlying mechanisms and aid in the development of
effective therapeutic strategies.

While previous studies have focused on several major
inflammatory factors, the expression of cytokines after SCI
has not been fully analyzed. Jiang ez 4/. identified 5 hub
genes with high-throughput sequencing after compression
SCI (20). In this study, we established a weight-drop SCI
model, it has advantages of simple performance, good
controllability and repeatability compare with compression
SCI model. As the protein expression of genes is the results
of transcription and translation. The protein expression
could be regulated by miRNA, IncRNA and circRNA at
post-transcription level. Proteins is the main undertaker
of life activities. Thus, we chose to use protein array
technology to compare and analyze the expression of
various cytokines, rather than mRNA. The protein array
technology is more conductive to reflect the occurrence
and the development of SCI. These results will provide new
sights into the underlying mechanisms and contribute to
the design of novel therapeutic methods. We present the
following article in accordance with the ARRIVE reporting
checklist (available at http://dx.doi.org/10.21037/atm-21-
603).

Methods
Ethics statement and animal grouping

A total of thirty 10-week-old female Wistar rats (250+25 g)
were purchased from the Tianjin Institution of Radiation
Medicine. The rats were housed under continuous humidity
conditions in 12-hour day/night cycles. Rats were randomly
separated into two groups, with 5 rats in the sham group and
25 rats in the injury group. Spinal cord tissue was collected
immediately after SCI (0 hour) and at 4 other time points,
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namely, 2 hours, 1 day, 3 days, and 7 days (5 rats/time point).
All experimental procedures were approved by the Ethics
Committee of Tianjin Institute of Radiation Medicine
(approval number: IRM-DWLL-2019039) and were
performed according to the National Institutes of Health in
the Guide for the Care and Use of Laboratory Animals (NIH
Publications no. 85-23, revised 1996).

Establishing the SCI model

The SCI model was established using the New York
University Impactor device (NYU, New York, NY, USA)
as described previously (21). Briefly, rats were anesthetized
with chloral hydrate (4%, 3 mL/kg) and the spinal cord
was exposed after T10 laminectomy. The spinal cord was
confused with a 10 g x25 mm free dropped node. When the
spinal cord was injured by the node, the tail was twisted and
the hindlimbs were shaken immediately. The incision was
then sutured, and the rats were kept on a warm pad until
they regained consciousness. The spinal cord samples were
extracted from 5 mm around the epicenter of damage at the
indicated times.

Protein arvay detection

The proteins in the spinal cord samples were extracted and
detected using the Rat Cytokine Array 67 (Raybiotech,
Norcross, GA) according to the manufacturer’ instructions.
Briefly, the proteins in spinal cord samples were extracted
with cell lysis buffer and a protease inhibitor cocktail
(Raybiotech, Norcross, GA). After determining the
protein concertation of the samples with the BCA protein
assay kit (Raybiotech, Norcross, GA), the samples were
incubated with protein array glass slides. A 100 pL sample
(500 pg/mL) was added to each cell of the glass slide and
incubated at 4 °C overnight. The slides were then washed
with Thermo Scientific Well Wash Versa (Thermo
Scientific, USA) and incubated with a biotinylated antibody
cocktail and Cy3 equivalent Dye-Streptavidin. Thereafter,
the signals were visualized using a laser scanner. Serial
dilutions of a predetermined calibration standard mix were
used to generate a standard curve for each cytokine. The
cytokine concentrations in the samples were calculated
according to the standard curve.

Gene Ontology (GO) analyses

The biological processes related to the differentially
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expressed proteins (DEPs) were investigated using GO
analysis, the Fisher test, and cluster Profiler data package
from R/Bioconductor. When more than 5 differentially
expressed proteins were identified in a particular GO term
and P<0.05, the results were considered significant.

Statistical analysis

Experimental data were analyzed using SPSS 20.0 software
and expressed as the mean = standard error (SD). The
statistical differences in protein expression between two
groups were evaluated by Student’s unpaired z-test. For
more than two group, statistical significance was determined
with one-way analysis of variance (ANOVA) test, followed
by Dunnett’s LSD post hoc testing to calculate the
longitudinal differences between groups. A value of P<0.05
was considered statistically significant.

Results

Hierarchical clustering was used to analyze the profiles of
the differentially expressed proteins at different time points
after SCI

To identify the differentially expressed proteins at 0 hour,
2 hours, 1 day, 3 days, and 7 days after SCI, hierarchical
clustering was conducted. As showed in Figure 14, there
were more down-regulated proteins at the 0-hour and
2-hour time points, and more up-regulated proteins
at 1, 3, and 7 days after SCI. These 67 proteins were
divided into 3 clusters, namely a high expression group
(>1,000 pg/mL), a moderate expression group (expression
levels between 100 and 1,000 pg/mL), and a low expression
group (<100 pg/mL). Among the 67 proteins, at all
timepoints low expression proteins were the most abundant,
moderate expression proteins ranked the second, while high
expression proteins were the least abundant. At the 0-and
2-hour time points, the number of proteins in the moderate
cluster decreased and the number of proteins in the low
expression cluster increased (Figure 1B). The proteins that
sustained its expression in the same cluster at all time points
were shown in Figure 1C. The moderate expression cluster
had more proteins than the other two clusters.

The protein expression patterns following SCI

A total of 6 different expression patterns were observed
for the 67 differentially expressed proteins and these have
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Figure 1 The profiles of the differentially expressed proteins at different time points following spinal cord injury. (A) The heat-map shows
the upregulated genes (red) and downregulated genes (blue) between the sham and injury groups at 0 hours, 2 hours, 1 day, 3 days, and
7 days after SCI (n=5 in the injury group at all time points except day 3; n=4 in the injury group at day 3; n=11 in the sham group). (B)
The distribution of proteins in the high, moderate, and low expression clusters. (C) The proteins within the same cluster with sustained
expression throughout all time points. SCI, spinal cord injury; CNTE, ciliary neurotrophic factor; gp130, Glycoprotein 130; CTACK,
human chemokine (C-C Motif) ligand 27; TCK-1, thymus chemokine-1; LIX, LPS-induced CXC chemokine; TIMP-2, tissue inhibitor of
metalloproteinases-2; F1t-3L, Fms related tyrosine kinase 3 ligand; IL-1a, interleukin-1Alpha; B7-2, cluster differentiation 86; P-Cadherin,
placental cadherin; b-NGF, beta-nerve growth factor; VEGE, vascular endothelial growth factor; SCE, Stem cell factor; RANTES,
regulated upon activation normal T cell expressed and secreted factor; IL-2 Ra, interleukin-2 receptor; CINC-3, cytokine induced
neutrophil chemoattractant-3; IL-1b, interleukin-1 beta; IL-7, interleukin-7; IL-3, interleukin-3; GM-CSF, Granulocyte-macrophage
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been denoted as follows: decrease (D pattern, observed The differentially expressed proteins at different time

in 12 proteins, Figure 2), decrease-increase (D-I pattern, points after SCI
observed in 19 proteins, Figure 3), decrease-increase- . . .
P » 18 ), ) ) To better demonstrate the differentially expressed proteins

decrease (D-I-D pattern, observed in 24 proteins, . . .
at different time points, volcano-plot analyses were

Figure 4), increase (In pattern, observed in 2 proteins, conducted. The proteins were taken into consideration

Figure 5, upper row), increase-decrease (In-D pattern,
observed in 8 proteins, Figure 6). and irregularity (Ir
pattern, observed in 3 proteins, Figure 5, lower row).
Among the 6 patterns, the D-I-D, D-I, and D patterns were
the most abundant, indicating that decreased expression
was the main trend for most of the differentially expressed

proteins.
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when the fold change (FC) was over 1.2 or less than 0.83.
At 0 hours after SCI, only ciliary neurotrophic factor
(CNTF) was slightly up-regulated, while 23 proteins were
down-regulated, with EPO being the most downregulated.
At 2 hours after SCI, there were 3 upregulated and 21
downregulated proteins. MCP-1 was the most upregulated
and EPO was the most down-regulated protein. At 1 day
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Figure 2 The differentially expressed proteins with a decreased pattern of expression. Protein expression analysis revealed 12 proteins with

a decreased expression trend in the injury group at 0 hours, 2 hours, 1 day, 3 days, and 7 days after SCI compared to the sham group. SCI,

spinal cord injury; B7-1, cluster differentiation 80; 4-1BB, cluster differentiation137; IL-4, interleukin-4; SCEF, stem cell factor.

after SCI, there were 5 upregulated and 6 downregulated
proteins. At 3 days after SCI, there were 6 upregulated
and 4 downregulated proteins. At 7 days after SCI, there
were 4 upregulated and 9 downregulated proteins. Tissue
inhibitor of metalloproteinases-1 (TIMP-1) and MCP-1
were the 2 most upregulated proteins and EPO was still
the most downregulated protein at day 1, day 3, and day 7
(Figure 74,B,C,D,E).

Analysis of the key proteins in the acute phase of SCI

To determine which key proteins play a pivotal role in

© Annals of Translational Medicine. All rights reserved.

the acute phase of SCI, Venn plots were used to show
the differentially expressed proteins at more than three
time points (Figure 84,B). EPO and ¢ were differentially
expressed at all time points. CD48 and MCP-1 were
differentially expressed from 2 hours to 7 days. Nope and
Notch-1 were differentially expressed from 0 hours to
1 day, while TIMP-1 was differentially expressed from 1 to
7 days. The expression profiles of EPO, Flt-3L, CD48, and
MCP-1 at all time points are shown in Figure $C,D. MCP-1
was the only protein that was upregulated at all time points,
while Flt-3L, CD48, and EPO were downregulated at all

time points. The latter 3 proteins had similar expression
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Figure 3 The differentially expressed proteins showing a decrease-increase pattern. Protein expression analysis identified 19 proteins with a
decrease-increase expression trend in the injury group at 0 hours, 2 hours, 1 day, 3 days, and 7 days after SCI compared to the sham group.
SCI, spinal cord injury; TIMP-2, tissue inhibitor of metalloproteinases-2; IL-7, interleukin-7; F1t-3L, Fms related tyrosine kinase 3 ligand;
JAM-A, junction adhesion molecule-A; CTACK, human chemokine (C-C Motif) ligand 27.

patterns. Flt-3L was expressed at a low level in normal rats
but was not detectable in SCI rats at 0 hours to 3 days,
followed by a slightly increased expression at 7 days. EPO
was also the most downregulated protein over the course of
the experiment.

The gene ontology and pathway analysis of the
differentially expressed proteins

"To better clarify the biological processes of the DEPs at
different time points after SCI, GO and pathway analyses
were performed. “Signaling-receptor binding” and
“molecular function regulators” were the 2 most enriched

© Annals of Translational Medicine. All rights reserved.

GO molecular functions detected. “Cell surface” and
“intrinsic component of plasma membrane” were the top 2
enriched GO cellular components detected. The top 10 GO
biological processes related to the differentially expressed
proteins were “regulation of cell death”, “regulation of
cell proliferation”, “defense response”, “regulation of
programmed cell death”, “regulation of apoptotic process”,
“response to cytokine”, “cellular response to cytokine
stimulus”, “positive regulation of cell proliferation”,
“cytokine-mediated signaling pathway”, and “response to
wounding” (Figure 9). The top 4 pathways were “cytokine
signaling in immune system”, “cytokine-cytokine receptor
interaction”, “extracellular matrix (ECM) and associated
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Figure 4 The differentially expressed proteins with a decrease-increase-decrease pattern. Protein expression analysis identified 24 proteins

with a decreased-increase- decreased expression trend in the injury group at 0 hours, 2 hours, 1 day, 3 days, and 7 days after SCI compared

to the sham group. SCI, spinal cord injury; TIM-1, tissue inhibitor of metalloproteinases-1; TNF-a, tumor necrosis factor-o; RANTES,

regulated upon activation normal T cell expressed and selected factor; TWEAK R, tumor necrosis factor receptor superfamily member 12A;
PDGF-AA, platelet-derived growth factor-AA; RAGE, receptor for advanced glycosylation end products; FGF-BP, fibroblast growth factor

binding protein; CINC-2, cytokine induced neutrophil chemoattractant-2; GM-CSE, granulocyte-macrophage colony stimulating factor;

GEFR alpha-1, GDNF family receptor alph

a-1.
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Figure 7 Volcano-plot showing the differentially expressed proteins at different time points after spinal cord injury (SCI). (A-E) The
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proteins”, and “regulators and secreted factors”. These
results indicated that cytokine-related pathways, cell death,
and proliferation may play a key role during secondary SCI.

Discussion

SCI results in traumatic injury to the central nervous
system leading to locomotor and sensory function loss.
Novel therapeutic strategies such as anti-inflammatory
targets, anti-axon growth inhibitory molecules, stem cell
transplantation, and biomaterial transplantation have been
developed in animal studies and clinical trials. However, to
date, there are no effective treatment strategies to promote
recovery of spinal cord functional in the clinical setting. The
mechanisms of secondary SCI are still not fully understood
and this presents a significant barrier to developing
effective treatment strategies. Thus, unravelling the precise
mechanisms underlying SCI is of great importance to the
development of effective treatment strategies.

SCI is divided into the super acute phase, the acute
phase, the subacute phase, and the chronic phase depending
on time since injury. The super acute phase is the minutes

© Annals of Translational Medicine. All rights reserved.

immediately following SCI, and the acute phase is one
week after SCI. The inflammatory reaction, which is the
main mechanism of acute SCI (13,22,23), contributes
greatly to secondary SCI and is a complex process that
involves invading immune cells, such as neutrophils and
macrophages, and astrocyte and microglia (23). The
immune system is a major contributor to the pathogenesis
of spinal cord injury. T and B lymphocytes that respond
to the same antigen migrate to the spinal cord injury site,
resulting in a multifaceted adaptive immune response (24).
Lymphocyte’s infiltration occurs in the first week after SCI
and maintained for a long time. In genetic mice which lack
T-cells could find functional and tissue improvement and
B-cell knockout mice have improved BMS scores associated
with decreased lesion following SCI (25). This observation
may be due to an enhanced regenerative response in
the absence of lymphocytes, or a reduction in immune-
mediated tissue injury when T- and B-cells are removed.
The cytokines secreted from immune cells, astrocyte,
and microglia are rapidly expressed within minutes after
SCI (26). Investigating the cytokine expression profile after
SCI is of great importance in elucidating the underlying

Ann Transl Med 2021;9(7):570 | http://dx.doi.org/10.21037/atm-21-603
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Figure 8 An analysis of the key proteins in the acute phase of spinal co

rd injury. (A) The Venn diagram shows co-dysregulated proteins at

0 hours, 2 hours, 1 day, 3 days, and 7 days after SCI. (B) The proteins that are co-dysregulated at more than 3 time points are shown. (C,D)

The expression profiles of the proteins that are co-dysregulated at more

related tyrosine kinase 3 ligand; MCP-1, monocyte chemoattractant pro

than 4 time points are shown. SCI, spinal cord injury; Flt-3L, Fms
tein-1; IL-17F, interleukin-17F; TWEAK R, Tumor necrosis factor

receptor superfamily member 12A; CNTE, ciliary neurotrophic factor; TIMP-1, tissue inhibitor of metalloproteinases-1.

pathophysiological processes of SCI. Unlike polymerase
chain reactions (PCRs), enzyme linked immunoassays
(ELISAs), or Western blot analyses, which can only detect
one marker one time (27), cytokine array is a sensitive, high
specificity technique that only requires a small sample and
can detect a multitude of proteins (up to 500 markers).
Hence, this is an effective method to study protein
expression profiles following SCI (28).

Some studies have simultaneously detected multiple
protein expressions after SCI. Lee er /. detected
9 differentially expressed proteins using Real-time
quantitative polymerase chain reaction (RT-qPCR) and
immunohistochemistry within 21 days post-SCI. TNF-a
mRNA was upregulated 1 hour post-injury and decreased
to baseline by 3 days post-injury. MCP-1 and macrophage
inflammatory protein (MIP)-1a were also detected after SCI.
MCP-1 mRNA increased 1 hour after SCI and decreased
to baseline after 14 days (4). Hong et al. detected level-
specific differences in vascular endothelial growth factor
(VEGF), leptin, and IL10 expression in SCI rat plasma used
high-throughput ELISA panels. Another study detected 6

© Annals of Translational Medicine. All rights reserved.

differentially expressed cytokines in the serum of patients
with chronic SCI (>12 months), with both IL-2 and TNF-a
levels upregulated (29). In our study, 67 differentially
expressed proteins were detected and analyzed, which is
a much larger panel of proteins identified compared to
previous studies. The upregulated proteins such as the pro-
inflammatory factors, were most likely derived from the
activated immune cells in the blood or leaked proteins due
to damage in the blood spinal cord barrier. The differentially
expressed proteins in spinal cord tissues at different time
points could explain the pathophysiological processes after
injury. Thus, detecting the differentially expressed proteins
in the injured spinal cord at different time points is of great
importance to clarify the events in SCI.

In this study, the Rat Cytokine Array 67 was used
to demonstrate the shifts in cytokine expression at
0 hours, 2 hours, 1 day, 3 days, and 7 days after SCI. The
67 cytokines were separated into high, moderate, and low
expression clusters according to their expression level. The
low expression cluster had the most proteins, while the
moderate expression cluster had the most stably expressed

Ann Transl Med 2021;9(7):570 | http://dx.doi.org/10.21037/atm-21-603
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Figure 9 The Gene Ontology (GO) and pathway analysis of the differentially expressed proteins. The ordinate represents the GO and

pathway terms, and the abscissa represents the number of genes related to the GO and pathway terms.

proteins at all time points. There were 6 protein expression
patterns among the 67 proteins. The 3 most common
patterns according to protein numbers were decrease-
increase-decrease, decrease-increase, and decrease. There
were 4 proteins with expression changes at more than
4 time points with statistical significance. Of these
4 proteins, EPO, Flt-3L, and CD48, were downregulated
till 7 days after SCI, and MCP-1 was the only upregulated
protein at all time points. The differential expression of
these 4 proteins suggested that they may have a regulatory
role in secondary SCI. EPO may protect tissues via its anti-
oxidation, anti-apoptosis, and neuroprotection abilities.
It protects the spinal cord from ischemia and reperfusion
injury (30). In fact, EPO has been developed as a therapeutic
drug to protect against cell death (7). In our study, EPO
was normally expressed in rats given a sham operation, but
its downregulation was sustained in rats following SCI.
The downregulated EPO expression indicated that the
injured spinal cord could not resist secondary injury. Thus,
upregulation of EPO as soon as possible after SCI may
be beneficial for functional recovery of the injured spinal
cord. Flt-3L is one of the growth factors that is significantly
decreased in stroke patients (6). Application of Flt-3L
decreases the amount of latent virus in infected neurons (31).
The downregulation of Flt-3L in our study also suggested
poor anti-injury and regenerative ability. CD48 is thought
to be a receptor expressed on hematopoietic cells and serves
as an adhesion and costimulatory molecule (32). In our

© Annals of Translational Medicine. All rights reserved.

result, CD48 was expressed normally in sham rats, but its
expression decreased during the acute phase of SCI. This
suggested that CD48 may have a potential regulatory role
and may act as a beneficial receptor in SCI. Consistent with
other studies, MCP-1 was upregulated after SCI (33). The
expression of MCP-1 can be induced by many inflammatory
factors such as IL-13 and TNF-a (33). It is a chemokine
that binds to the CC chemokine receptor-2 of inflammatory
cells. Reports have demonstrated that anti-MCP-1
antibodies have a beneficial effect on tissue protection
following SCI (33). Thus, inhibiting MCP-1 expression at
the early stages of SCI may be an effective method for the
treatment of SCI.

Conclusions

In conclusion, this study identified 3 downregulated
proteins, EPO, Flt-3L, and CD48, and 1 upregulated
protein, MCP-1 that remained upregulated until day 7
following SCI. Regulation of these 4 proteins, separately or
together, at the early stages of SCI may be a novel strategy
for the repair of SCI.
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