
Summary. Spinal cord injury (SCI) is one of the most
destructive traumatic diseases in human beings. The
balance of inflammation in the microenvironment is
crucial to the repair process of spinal cord injury.
Inflammatory cytokines are direct mediators of local
lesion inflammation and affect the prognosis of spinal
cord injury to varying degrees. In spinal cord injury
models, some inflammatory cytokines are beneficial for
spinal cord repair, while others are harmful. A large
number of animal studies have shown that local targeted
administration can effectively regulate the secretion and
delivery of inflammatory cytokines and promote the
repair of spinal cord injury. In addition, many clinical
studies have shown that drugs can promote the repair of
spinal cord injury by regulating the content of
inflammatory cytokines. However, topical
administration affects only a small portion of
inflammatory cytokines. In addition, different
individuals have different inflammatory cytokine
profiles during spinal cord injury. Therefore, future
research should aim to develop a personalized local
delivery therapeutic cocktail strategy to effectively and
accurately regulate inflammation and obtain substantial
functional recovery from spinal cord injury.
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Introduction

The spinal cord is an important part of the central
nervous system and plays a vital role in the transmission
of motor and sensory information and in the regulation
of most primary reflexes (Chen et al., 2016). The
importance of its role makes spinal cord injury one of
the worst traumatic diseases in humans (Charlifue et al.,

2016). Spinal cord injury not only affects the body's
sensory and motor functions, but also causes the loss of
important visceral functions. Paralysis is a common
clinical outcome of spinal cord injury, and severe cases
directly lead to death of patients. The incidence of spinal
cord injuries ranges from 3.6 to 195.4 cases per million
people worldwide. For example, in the United States,
there are more than 120,000 new cases each year and
more than 250,000 people suffer from spinal cord
injuries (DeVivo et al., 2002). The high prevalence of
spinal cord injury and the cost of rehabilitation
determine the urgency of its treatment. However, there is
currently no clinically effective treatment to promote
functional recovery.

A series of inflammatory responses are activated,
particularly the destruction of the blood spinal cord
barrier (BSCB) (Bartanusz et al., 2011) after spinal cord
injury (Bloom et al., 2019). During the pathological
process of the destruction of the blood spinal cord
barrier, various inflammatory cytokines are secreted and
accumulated in the lesion microenvironment.
Inflammatory cytokines are a class of soluble small
molecular proteins that are widely present in the
complex functional interactions and reactions of the
immune system (Bloom et al., 2019). The huge impact
of the blood spinal barrier (BSCB) on the role of
inflammatory cytokines in the repair of spinal cord
injury has been confirmed by a large number of studies
(Hu et al., 2016a,b; Yu et al., 2016). However, the
special inflammatory factor has different effects at
different times in the course of spinal cord injury
(Badhiwala et al., 2018). Therefore, this study will
review the role of inflammatory cytokines in the repair
of spinal cord injury.
Roles of inflammatory cytokines in SCI repair 

Beneficial and harmful inflammatory cytokines for
spinal cord repair are discussed in the review.
Determining whether a certain inflammatory cytokine is
beneficial or harmful is direct evidence of functional
recovery in vivo. 
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Inflammatory cytokines beneficial to SCI repair 

Erythropoietin (EPO) 
Erythropoietin (Sirén et al., 2009), known as

hematopoietin, was originally discovered as a
glycoprotein hormone that controls the production of red
blood cells. Erythropoietin is also a cytokine, and its
tissue protective activity has been extensively studied in
various injury models (French, 2019), including SCI
(Mammis et al., 2009; Grasso, 2018). It is reported for
the first time that EPO can significantly improve the
motor function of ischemic spinal cord injury models in
experimental animals (Grasso, 2018), and its mechanism
may be inhibition of apoptosis. EPO can inhibit the
apoptosis of neurons and oligodendrocytes (Utada et al.,
2015), the possible molecular mechanism is to inhibit
lipid peroxidation, reduce the expression of caspase-3
and antagonize the oxidative stress (Jin et al., 2014)
(such as Nrf2 signaling pathway), and down-regulate the
activity of some phosphorylated proteases (Huang et al.,
2009) (such as the ERK, JAK signaling pathway). In
addition, erythropoietin (EPO) also limits the
inflammatory response, and its role is also closely
related to its molecular mechanism of anti-apoptosis
(Foley et al., 2017). Erythropoietin also has other
beneficial effects, such as promoting angiogenesis, and
the restoration of vascular integrity may be due to its
promotion of vascular endothelial growth factor (VEGF)
expression (Furlani et al., 2008).

Interferon beta (IFN-β)
IFN-β is the only interferon that can be produced by

almost all nucleated cells, and it also has antiviral,
cancer suppressing and immunomodulatory effects
(Borden et al., 2000). In animal experiments, IFN-β can
promote the functional recovery of spinal cord injury by
reducing oxidative stress, reducing infiltration of blood-
derived immune cells, and inhibiting scar formation
(Gok et al., 2007; Nishimura et al., 2013).

Interleukin-10 (IL-10) 
IL-10 is an anti-inflammatory cytokine with

important immunoregulatory functions (Geng et al.,
1994). It is a cytokine with potent anti-inflammatory
properties, repressing the expression of inflammatory
cytokines by activating macrophages. IL-10 is a
pleiotropic cytokine with important immunoregulatory
functions. Its actions influence the activities of many of
the cell-types in the immune system (Berkman et al.,
1995). It is primarily secreted by antigen-presenting cells
such as activated T-cells, monocytes, B-cells and
macrophages (Berkman et al., 1995). IL-10 has been
shown to promote functional recovery of SCI in animals,
mainly by regulating the activation of microglia/
macrophages and astrocytes (Jackson et al., 2005). In
addition, IL-10 can significantly reduce the incidence of

long-term complications of spinal cord injury (Lau et al.,
2012).

Interleukin-33 (IL-33) 
IL-33 is an IL-1 family protein mainly secreted by

non-hematopoietic cells (fibroblasts, epithelial cells,
endothelial cells, etc.) (Schmitz et al., 2005). It is a class
of "orphan receptor" ST2 ligands. Through ST2, IL-33
can lead to the recruitment of intracellular MyD88
protein, which in turn leads to the activation of a variety
of signals, including NF-kB and MAPK (Schmitz et al.,
2005). More and more evidence shows that IL-33 has an
important role in allergic reactions and Th-2 immune
diseases. On the other hand, IL-33 can protect from
inflammatory reactions (such as atherosclerosis, etc.).
Therefore, IL-33 has dual immunomodulatory activities.
Studies have confirmed that IL-33 reduces the secondary
injury of spinal cord injury in mice and improves
functional recovery by inducing T cells to transfer to
Th2 (Pomeshchik et al., 2015). In addition, IL-33 has
also been found to reduce axon demyelination and
inhibit astrocyte scar formation (Pomeshchik et al.,
2015).

Stromal cell-derived factor-1 (SDF-1) 
SDF-1 (Aiuti et al., 1997), also known as CXCL12,

belongs to the chemokine protein family. It has two
forms, SDF-1α / CXCL12a and SDF-1β / CXCL12b.
SDF-1 has a strong chemotactic effect on lymphocytes
and plays an important role in development. SDF-1
directs the migration of hematopoietic stem cells from
fetal liver to bone marrow during embryonic
development (Aiuti et al., 1997). SDF-1 knockout mice
often die in the fetus or within 1 hour after birth. SDF-
1α / CXCL12a has an effect on the electrophysiological
conduction of neurons. SDF-1 can be expressed in many
tissues including brain, thymus, heart, lung, liver,
kidney, bone marrow, and spleen. SDF-1 promotes the
entry of blood-derived monocyte / macrophage cell lines
into injured spinal cord lesions (Zendedel et al., 2012)
and reduces the expression of proinflammatory
inflammatory factors such as IL-18, IL-1β, TNF-α
(Zhang et al., 2011). SDF-1 also inhibits the formation
of glial cells, thereby reducing scar formation (Tysseling
et al., 2011).

Granulocyte-macrophage colony-stimulating factor
(GM-CSF)

GM-CSF is a type of cytokine that is essential for
the proliferation and differentiation of mature
granulocytes and macrophages (Hayashida et al., 1990).
It is suitable for cancer chemotherapy and leukopenia
caused by bone marrow suppression therapy. It is also
suitable for treating patients with bone marrow failure.
Low white blood cells can also speed up the recovery of
neutropenia caused by infection (Bryson et al., 2019).
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GM-CSF promotes functional recovery after spinal cord
injury, and its main molecular mechanism is inhibition
of neuronal apoptosis (Ha et al., 2005). In addition, GM-
CSF can also promote the recruitment of blood-derived
macrophages, inhibit the formation of focal scars and
improve the prognosis of animals after spinal cord injury
(Kim et al., 2013).

Granulocyte colony-stimulating factor (G-CSF) 
G-CSF, a small molecular cytokine, has been

clinically used to treat or prevent chemotherapy-induced
neutropenia, bone marrow collection, and anti-infective
therapy (Nagata et al., 1986). It was found that G-CSF
promotes the mobilization of bone marrow stem cells
and improves the recovery of motor function after spinal
cord injury in rats (Urdzíková et al., 2006; Koda et al.,
2007). In the study of spinal cord injury in mice, G-CSF
can promote the recovery of hind limb function (Koda et
al., 2007). G-CSF has been found to reduce the number
of neurons and protect oligodendrocytes (Nishio et al.,
2007). These neuroprotective effects are mainly the
promotion of angiogenesis and autophagy and the
selective activation of anti-inflammatory microglia.
Previous research by our research group found that
administration of zinc ions after spinal cord injury can
target microglia to secrete G-CSF and inhibit neuronal
apoptosis (Li et al., 2019).
Inflammatory cytokines detrimental to SCI repair 

Interleukin-1 (IL-1) 
The IL-1 cytokine family consists of eleven

members that play important roles in regulating
inflammation (Zong et al., 2012). Members include IL-1
alpha, IL-1 beta, IL-1ra, IL-18, IL-33, IL-36Ra, IL-36
alpha, IL-36 beta, IL-36 gamma, IL-37, and IL-38. IL-1
is mainly produced by macrophages; in addition, almost
all nucleated cells, such as B cells, NK cells, T cells
cultured in vitro, keratinocytes, dendritic cells,
astrocytes, fibroblasts, and neutrophils cells, endothelial
cells, and smooth muscle cells can all produce IL-1
(Dinarello, 1989). Under normal circumstances, only a
certain amount of IL-1 is contained in the skin, sweat
and urine, and most cells can synthesize and secrete IL-1
after being stimulated by foreign antigens or mitogens
(Arend et al., 1998). IL-1 has two different molecular
forms, one called IL-1α and the other called IL-1β, both
of which are encoded by different genes. Although the
amino acid sequence is only 26% homologous, IL-1α
and IL-1β bind to the same cell surface receptor with the
same affinity and play the same biological role. IL-1
receptor (IL-1R) IL-1R exists on the surface of almost
all nucleated cells (Arend et al., 1998). There are two
main types of IL-1R: one is IL-1R1, which has a longer
peptide chain extending into the cytoplasm and plays a
role in transmitting activation signals; the other is IL-
1R2, in which the peptide is short and cannot effectively

transmit signals. Instead, the extracellular peptide chain
is released into the extracellular fluid, which binds to IL-
1 in a free form and exerts feedback inhibition. GM-
CSF, G-CSF and IL-1 can all increase the expression
level of IL-1R in cells, while TGF and corticosteroids
can reduce the expression of IL-1R (Xu, 2014; Paré et
al., 2017). IL-1 receptor antagonist (IL-1ra), is a
selective endogenous receptor antagonist that blocks the
effects of IL-1α and IL-1β. In animal models, the
application of IL-1ra promotes the recovery of spinal
cord injury and inhibits apoptosis and necrosis by
reducing the activation of MAPK and caspase-3 (Nesic
et al., 2001; Wang et al., 2005). Numerous clinical
studies have confirmed that IL-1β is highly expressed
during the entire disease process of spinal cord injury.

Tumor necrosis factor-alpha (TNF-α) 
TNF-α is a pro-inflammatory cytokine mainly

produced by macrophages and monocytes, and is
involved in normal inflammatory and immune responses
(Pandi et al., 2017). TNF-α is increased in many
pathological conditions, including sepsis, malignancy,
heart failure, and chronic inflammatory diseases
(Kemanetzoglou and Andreadou, 2017). TNF-α-
mediated signaling is mainly carried out through two
receptors with different structures: type 1 receptor
(TNFR1, also known as p60, p55, CD120a) and type 2
receptor (TNFR2, also known as p80, p75, CD120b).
Mice lacking the TNFR1 gene exhibit an antagonistic
effect on endotoxin-induced death, while mice lacking
the TNFR2 gene remain sensitive to this (Piguet et al.,
1998). In the course of spinal cord injury, the increased
expression of TNF-α in the lesion can promote
neutrophil infiltration and inflammation (Hermann et al.,
2001), and trigger neuronal apoptosis (Sharma et al.,
2003). In addition, high levels of TNF-α in serum after
spinal cord injury exacerbate the occurrence of
neuropathic pain (Peng et al., 2006).
Future direction

Current research shows that the regulation of
inflammatory cytokines is the best treatment method in
the repair of spinal cord injury (Chen et al., 2010; Hu et
al., 2016a,b), whether in animal models or clinical trials.
However, there are two problems: one is how to make
cytokine-targeted drugs exert anti-inflammatory effects
while minimizing side effects. Local administration
shows excellent advantages in solving the above
problems. Therefore, local administration and
personalized treatment of therapeutic drugs have great
potential in the future. In addition, a large number of
animal experiments have shown that local administration
can regulate inflammatory cytokines and promote
functional recovery, further indicating that local
administration can promote the repair of SCI (Kim et al.,
2013). Moreover, spinal cord injury can occur in any
part of the spinal cord, so local administration is more
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accurate and economical than systemic administration.
The second is that different patients with spinal cord

injuries have different inflammation profiles. One study
found that the microglia/macrophages of patients with
poor prognosis mainly exhibited the dominant
subpopulation characteristic of M1. Their plasma levels
of IL-12 and CXCL10 were higher, while patients with
better prognosis showed different characteristics. M2
Dominant subgroups had higher levels of IL-10, IL-15,
and IL-7 (Xu, 2014). Therefore, future research should
aim to develop personalized strategies for locally
delivered therapeutic cocktails to effectively and
precisely regulate inflammation and obtain substantial
functional recovery from SCI.

Considering the situation that inflammatory
cytokines are direct mediators of inflammatory response
in diseases, and which are basically not expressed under
normal conditions, this review manifests that regulation
of inflammatory cytokines has a positive effect on
recovery from SCI.
Funding. National Natural Science Foundation of China (NSFC)
(NO.81671907 and 81871556).

References

Aiuti A., Webb I.J., Bleul C., Springer T. and Gutierrez-Ramos J.C.
(1997). The chemokine SDF-1 is a chemoattractant for human
CD34+ hematopoietic progenitor cells and provides a new
mechanism to explain the mobilization of CD34+ progenitors to
peripheral blood. J. Exp. Med. 185, 111-120.

Arend W.P., Malyak M., Guthridge C.J. and Gabay C. (1998).
Interleukin-1 receptor antagonist: role in biology. Annu. Rev.
Immunol. 16, 27-55.

Badhiwala J.H., Ahuja C.S. and Fehlings M.G. (2018). Time is spine: a
review of translational advances in spinal cord injury. J. Neurosurg.
Spine 30, 1-18.

Bartanusz V., Jezova D., Alajajian B. and Digicaylioglu M. (2011). The
blood-spinal cord barrier: morphology and clinical implications. Ann.
Neurol. 70, 194-206.

Berkman N., John M., Roesems G., Jose P.J., Barnes P.J. and Chung
K.F. (1995). Inhibition of macrophage inflammatory protein-1 alpha
expression by IL-10. Differential sensitivities in human blood
monocytes and alveolar macrophages. J. Immunol. 155, 4412-4418.

Bloom O., Herman P.E. and Spungen A.M. (2019). Systemic
inflammation in traumatic spinal cord injury. Exp. Neurol. 325,
113143.

Borden E.C., Lindner D., Dreicer R., Hussein M. and Peereboom D.
(2000). Second-generation interferons for cancer: clinical targets.
Semin. Cancer Biol. 10, 125-144.

Bryson B.D., Rosebrock T.R., Tafesse F.G., Itoh C.Y., Nibasumba A.,
Babunovic G.H., Corleis B., Martin C., Keegan C., Andrade P.,
Realegeno S., Kwon D., Modlin R.L. and Fortune S.M. (2019).
Heterogeneous GM-CSF signaling in macrophages is associated
with control of Mycobacterium tuberculosis. Nat. Commun. 10, 2329.

Charlifue S., Tate D., Biering-Sorensen F., Burns S., Chen Y., Chun S.,
Jakeman L.B., Kowalski R.G., Noonan V.K. and Ullrich P. (2016).
Harmonization of databases: A step for advancing the knowledge

about spinal cord injury. Arch. Phys. Med. Rehabil. 97, 1805-1818.
Chen W.F., Sung C.S., Jean Y.H., Su T.M., Wang H.C., Ho J.T., Huang

S.Y., Lin C.S. and Wen Z.H. (2010). Suppressive effects of
intrathecal granulocyte colony-stimulating factor on excessive
release of excitatory amino acids in the spinal cerebrospinal fluid of
rats with cord ischemia: role of glutamate transporters.
Neuroscience 165, 1217-1232.

Chen C.C., Carter B.S., Wang R., Patel K.S., Hess C., Bodach M.E.,
Tumialan L.M., Oyesiku N.M., Patil C.G., Litvack Z., Zada G. and
Aghi M.K. (2016). Congress of neurological surgeons systematic
review and evidence-based guideline on preoperative imaging
assessment of patients with suspected nonfunctioning pituitary
adenomas. Neurosurgery 79, E524-526.

DeVivo M.J., Go B.K. and Jackson A.B. (2002). Overview of the national
spinal cord injury statistical center database. J. Spinal Cord. Med.
25, 335-338.

Dinarello C.A. (1989). Interleukin-1 and its biologically related cytokines.
Adv. Immunol. 44, 153-205.

Foley L.S., Fullerton D.A., Mares J., Sungelo M., Weyant M.J.,
Cleveland J.C. and Reece T.B. (2017). Erythropoietin's beta
common receptor mediates neuroprotection in spinal cord neurons.
Ann. Thorac. Surg. 104, 1909-1914.

French C. (2019). Erythropoietin in critical illness and trauma. Crit. Care
Clin. 35, 277-287.

Furlani D., Klopsch C., Gäbel R., Ugurlucan M., Pittermann E., Klee D.,
Wagner K., Li W., Wang W., Ong L.L., Nizze H., Titze U., Lützow K.,
Lendlein A., Steinhoff G. and Ma N. (2008). Intracardiac
erythropoietin injection reveals antiinflammatory potential and
improved cardiac functions detected by Forced Swim Test.
Transplant. Proc. 40, 962-966.

Geng Y., Gulbins E., Altman A. and Lotz M. (1994). Monocyte
deactivation by interleukin 10 via inhibition of tyrosine kinase activity
and the Ras signaling pathway. Proc. Natl. Acad. Sci. USA 91,
8602-8606.

Gok B., Okutan O., Beskonakli E., Palaoglu S., Erdamar H. and Sargon
M.F. (2007). Effect of immunomodulation with human interferon-beta
on early functional recovery from experimental spinal cord injury.
Spine 32, 873-880.

Grasso G. (2018). Neuroprotective role of erythropoietin in spinal cord
ischemic injury: Where have we been and where are we going. J.
Thorac. Cardiovasc. Surg. 156, 1795.

Ha Y., Kim Y.S., Cho J.M., Yoon S.H., Park S.R., Yoon D.H., Kim E.Y.
and Park H.C. (2005). Role of granulocyte-macrophage colony-
stimulating factor in preventing apoptosis and improving functional
outcome in experimental spinal cord contusion injury. J. Neurosurg.
Spine 2, 55-61.

Hayashida K., Kitamura T., Gorman D.M., Arai K., Yokota T. and
Miyajima A. (1990). Molecular cloning of a second subunit of the
receptor for human granulocyte-macrophage colony-stimulating
factor (GM-CSF): reconstitution of a high-affinity GM-CSF receptor.
Proc. Natl. Acad. Sci. USA 87, 9655-9659.

Hermann G.E., Rogers R.C., Bresnahan J.C. and Beattie M.S. (2001).
Tumor necrosis factor-alpha induces cFOS and strongly potentiates
glutamate-mediated cell death in the rat spinal cord. Neurobiol. Dis.
8, 590-599.

Hu J., Yang Z., Li X. and Lu H. (2016a). C-C motif chemokine ligand 20
regulates neuroinflammation following spinal cord injury via Th17
cell recruitment. J. Neuroinflammation 13, 162.

Hu J., Yu Q., Xie L. and Zhu H. (2016b). Targeting the blood-spinal cord

140
Inflammatory cytokines in spinal cord injury



barrier: A therapeutic approach to spinal cord protection against
ischemia-reperfusion injury. Life Sci. 158, 1-6.

Huang H., Fan S., Ji X., Zhang Y., Bao F. and Zhang G. (2009).
Recombinant human erythropoietin protects against experimental
spinal cord trauma injury by regulating expression of the proteins
MKP-1 and p-ERK. J. Int. Med. Res. 37, 511-519.

Jackson C.A., Messinger J., Peduzzi J.D., Ansardi D.C. and Morrow
C.D. (2005). Enhanced functional recovery from spinal cord injury
following intrathecal or intramuscular administration of poliovirus
replicons encoding IL-10. Virology 336, 173-183.

Jin W., Ming X., Hou X., Zhu T., Yuan B., Wang J., Ni H., Jiang J.,
Wang H. and Liang W. (2014). Protective effects of erythropoietin in
traumatic spinal cord injury by inducing the Nrf2 signaling pathway
activation. J. Trauma Acute Care Surg. 76, 1228-1234.

Kemanetzoglou E. and Andreadou E. (2017). CNS Demyelination with
TNF-α Blockers. Curr. Neurol. Neurosci. Rep. 17, 36.

Kim J.Y., Oh C.H., Huang X., Kim M.H., Yoon S.H., Kim K.H., Park H.,
Park H.C., Park S.R. and Choi B.H. (2013). Improvement in sensory
function via granulocyte-macrophage colony-stimulating factor in rat
spinal cord injury models. J. Neurosurg. Spine 18, 69-75.

Koda M., Nishio Y., Kamada T., Someya Y., Okawa A., Mori C.,
Yoshinaga K., Okada S., Moriya H. and Yamazaki M. (2007).
Granulocyte colony-stimulating factor (G-CSF) mobilizes bone
marrow-derived cells into injured spinal cord and promotes
functional recovery after compression-induced spinal cord injury in
mice. Brain Res. 1149, 223-231.

Lau D., Harte S.E., Morrow T.J., Wang S., Mata M. and Fink D.J.
(2012). Herpes simplex virus vector-mediated expression of
interleukin-10 reduces below-level central neuropathic pain after
spinal cord injury. Neurorehabil. Neural Repair 26, 889-897.

Li X., Chen S., Mao L., Li D., Xu C., Tian H. and Mei X. (2019). Zinc
improves functional recovery by regulating the secretion of
granulocyte colony stimulating factor from microglia/macrophages
after spinal cord injury. Front Mol. Neurosci. 12, 18.

Mammis A., McIntosh T.K. and Maniker A.H. (2009). Erythropoietin as a
neuroprotective agent in traumatic brain injury Review. Surg. Neurol.
71, 527-531.

Nagata S., Tsuchiya M., Asano S., Kaziro Y., Yamazaki T., Yamamoto
O., Hirata Y., Kubota N., Oheda M. and Nomura H. (1986).
Molecular cloning and expression of cDNA for human granulocyte
colony-stimulating factor. Nature 319, 415-418.

Nesic O., Xu G.Y., McAdoo D., High K.W., Hulsebosch C. and Perez-
Pol R. (2001). IL-1 receptor antagonist prevents apoptosis and
caspase-3 activation after spinal cord injury. J. Neurotrauma. 18,
947-956.

Nishimura Y., Natsume A., Ito M., Hara M., Motomura K., Fukuyama R.,
Sumiyoshi N., Aoki I., Saga T., Lee H.J., Wakabayashi T. and Kim
S.U. (2013). Interferon-β delivery via human neural stem cell abates
glial scar formation in spinal cord injury. Cell Transplant. 22, 2187-
2201.

Nishio Y., Koda M., Kamada T., Someya Y., Kadota R., Mannoji C.,
Miyashita T., Okada S., Okawa A., Moriya H. and Yamazaki M.
(2007). Granulocyte colony-stimulating factor attenuates neuronal
death and promotes functional recovery after spinal cord injury in
mice. J. Neuropathol. Exp. Neurol. 66, 724-731.

Pandi P., Jain A., Raju S. and Khan W. (2017). Therapeutic approaches
for the delivery of TNF-α siRNA. Ther. Deliv. 8, 343-355.

Paré A., Mailhot B., Lévesque S.A. and Lacroix S. (2017). Involvement
of the IL-1 system in experimental autoimmune encephalomyelitis

and multiple sclerosis: Breaking the vicious cycle between IL-1β and
GM-CSF. Brain Behav. Immun. 62, 1-8.

Peng X.M., Zhou Z.G., Glorioso J.C., Fink D.J. and Mata M. (2006).
Tumor necrosis factor-alpha contributes to below-level neuropathic
pain after spinal cord injury. Ann. Neurol. 59, 843-851.

Piguet P.F., Vesin C., Guo J., Donati Y. and Barazzone C. (1998). TNF-
induced enterocyte apoptosis in mice is mediated by the TNF
receptor 1 and does not require p53. Eur. J. Immunol. 28, 3499-
3505.

Pomeshchik Y., Kidin I., Korhonen P., Savchenko E., Jaronen M.,
Lehtonen S., Wojciechowski S., Kanninen K., Koistinaho J. and
Malm T. (2015). Interleukin-33 treatment reduces secondary injury
and improves functional recovery after contusion spinal cord injury.
Brain Behav. Immun. 44, 68-81.

Schmitz J., Owyang A., Oldham E., Song Y., Murphy E., McClanahan
T.K., Zurawski G., Moshrefi M., Qin J., Li X., Gorman D.M., Bazan
J.F. and Kastelein R.A. (2005). IL-33, an interleukin-1-like cytokine
that signals via the IL-1 receptor-related protein ST2 and induces T
helper type 2-associated cytokines. Immunity 23, 479-
490.

Sharma H.S., Winkler T., Stålberg E., Gordh T., Alm P. and Westman J.
(2003). Topical application of TNF-alpha antiserum attenuates spinal
cord trauma induced edema formation, microvascular permeability
disturbances and cell injury in the rat. Acta Neurochir. Suppl. 86,
407-413.

Sirén A.L., Fasshauer T., Bartels C. and Ehrenreich H. (2009).
Therapeutic potential of erythropoietin and its structural or functional
variants in the nervous system. Neurotherapeutics 6, 108-
127.

Tysseling V.M., Mithal D.S., Sahni V., Birch D., Jung H., Belmadani A.,
Miller R.J. and Kessler J.A. (2011). SDF1 in the dorsal corticospinal
tract promotes CXCR4+ cell migration after spinal cord injury. J.
Neuroinflammation 8, 16.

Urdzíková L., Jendelová P., Glogarová K., Burian M., Hájek M. and
Syková E. (2006). Transplantation of bone marrow stem cells as well
as mobilization by granulocyte-colony stimulating factor promotes
recovery after spinal cord injury in rats. J. Neurotrauma 23, 1379-
1391.

Utada K., Ishida K., Tohyama S., Urushima Y., Mizukami Y., Yamashita
A., Uchida M. and Matsumoto M. (2015). The combination of insulin-
like growth factor 1 and erythropoietin protects against ischemic
spinal cord injury in rabbits. J. Anesth. 29, 741-748.

Wang X.J., Kong K.M., Qi W.L., Ye W.L. and Song P.S. (2005).
Interleukin-1 beta induction of neuron apoptosis depends on p38
mitogen-activated protein kinase activity after spinal cord injury. Acta
Pharmacol. Sin. 26, 934-942.

Xu H.M. (2014). Th1 cytokine-based immunotherapy for cancer.
Hepatobiliary Pancreas Dis. Int. 13, 482-494.

Yu Q., Huang J., Hu J. and Zhu H. (2016). Advance in spinal cord
ischemia reperfusion injury: Blood-spinal cord barrier and remote
ischemic preconditioning. Life Sci. 154, 34-38.

Zendedel A., Nobakht M., Bakhtiyari M., Beyer C., Kipp M., Baazm M.
and Joghataie M.T. (2012). Stromal cell-derived factor-1 alpha
(SDF-1α) improves neural recovery after spinal cord contusion in
rats. Brain Res. 1473, 214-226.

Zhang H., Trivedi A., Lee J.U., Lohela M., Lee S.M., Fandel T.M., Werb
Z. and Noble-Haeusslein L.J. (2011). Matrix metalloproteinase-9 and
stromal cell-derived factor-1 act synergistically to support migration
of blood-borne monocytes into the injured spinal cord. J. Neurosci.

141
Inflammatory cytokines in spinal cord injury



31, 15894-15903.
Zong S., Zeng G., Wei B., Xiong C. and Zhao Y. (2012). Beneficial

effect of interleukin-1 receptor antagonist protein on spinal cord

injury recovery in the rat. Inflammation 35, 520-526.

Accepted October 1, 2020

142
Inflammatory cytokines in spinal cord injury


