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Abstract

Following the traumatic spinal cord injury (SCI) and initial mechanical insult, a cascade of secondary cellular and
molecular events occurs at the trauma site. This phenomenon develops a toxic lesion environment with an inhibitory
effect on axonal regeneration. The complicated pathophysiology of SCl and limited central nervous system (CNS)

to regeneration caused non-effective responses to drugs or beneficial treatments. Considering the necessity of SCI
treatment as a critical issue in the medical field, finding novel therapeutic approaches and preclinical strategies to
overcome secondary damage and functional recovery after SCl is the health system’s priority. Different growth factors
(GFs) are useful for treating SCI by promoting axonal regeneration and functional recovery. However, due to rapid
degradation and dilution at the damaged site, direct administration of GFs is limited. In this regard, the type of deliv-
ered neurotrophic factors (NFs), administration mode, the time and location of application, and duration of treatment
are critical factors in the therapy process. Also, in human studies adequate combination of NFs using cellular and viral
vehicles with different tissue engineering materials is suggested to achieve satisfactory functional recovery follow-
ing acute SCI. In this review, we summarize the finding of recent articles in the field of using different NFs and novel
delivering systems for the treatment of SCI, which have been undertaken in rodent models.
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Introduction it seems that the recovery rate of SCI is not acceptable

Spinal cord injury (SCI) is a devastating chronic condi-
tion [1, 2]. The most serious complication following the
spine injury leads to severe and dramatic dysfunction
in the limbs below the injury site [3, 4]. Traumatic SCI
showed extremely serious consequences; hence, despite
the low rate of death following the SCI in recent years,
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[5]. According to literature, SCI brings great changes to
patients’ life and their families and, on the other hand,
brings extensive economic burdens to society and the
health system [6, 7].

The pathophysiology of SCI involves two processes of
primary and secondary damage. Initial traumatic events
happen following the direct damage that includes dis-
ruption of neurons, axons, glia, and breakdown of the
blood-spinal cord barrier. After that, the secondary
damage cascade causes vascular damage, characterized
by hypoxia, edema, inflammation, and oxidative stress,
which leads to extensive neuronal death, demyelination,
degeneration of axons, prominent glial scar formation,
and cystic cavitation at the injured site in the differ-
ent period [8—10]. Finally, these multiple adverse events
resulted in irreversible injury to the spinal cord, followed

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41983-023-00661-3&domain=pdf

Deznabi et al. Egypt J Neurol Psychiatry Neurosurg (2023) 59:63

by blocking nerve signal transduction and neural func-
tion retrieval [11]. The complicated pathophysiology of
SCI, besides the limited spontaneous regeneration capac-
ity through the central nervous system, resulted in a lack
of the most effective drugs or beneficial treatments [12,
13]. Therefore, rehabilitation and treatment of SCI have
become one of the significant issues in the medical field
today [10]. So, progress in strategies of finding novel
therapies to reduce determined outcomes following the
secondary damage of SCI is very crucial for maintaining
the remaining both sensory and motor functions.

Various neurotrophic factors effectively promote mor-
phological and functional sparing/recovery following
the SCI, which is delivered to the CNS differently. These
neurotrophic factors have an active role in increasing
neuronal survival, changing glia phenotype, and help-
ing to enhance plasticity and axonal regrowth. Neurons
contributing axons to different fiber systems (sensory and
motor fibers) express different types of receptor [14, 15],
and thus are sensitive to specific factors or special com-
bination of factors [16]. Also, targeting the spinal cord
neurons involved in various segmental or intersegmental
circuits [14]. Most importantly, using different types or
combinations of N'Ts for targeting glial cells could effec-
tively attenuate the adverse effects of inflammation and
scarring and promote remyelination [17]. At different
times after SCI, an alteration in the expression of neu-
rotrophic factors, chemokines, cytokines, and receptors
in different neurons and glid was observed [18]. The fact
of alteration of receptor expression based on place and
time and sensitivity to different types of molecules play a
crucial role in designing therapies based on neurotrophic
factors [19].

Nerve growth factor (NGF) use in SCI

Nerve growth factor (NGF) is considered the earliest cell
growth regulator found, which has a critical role in neu-
ronal development, axonal growth, cellular apoptosis, and
neurotransmitter synthesis [20]. Furthermore, NGF has a
prominent role in inhibiting the apoptosis induced by cel-
lular oxidative stress or toxicity [21]. Pathways involved
in NGF-mediated neurogenesis and neuroprotection are
intracellular phosphatidylinositol-3 kinase (PI3K)/Akt
and mitogen-activated protein kinase (MAPK) pathways
through the TrkA receptor [22]. The neuroprotective and
neurotrophic ability of NGF is impaired in pathological
conditions, followed by a reduction in the endogenous
level. At the same time, its amount is preserved in the
distal area of injury [23, 24]. In this context, NGF and all
other neurotrophins are considered critical and promis-
ing therapeutic factors for the regeneration of neurons in
various CNS disorders like stroke, Lou Gehrig’s disease,
Alzheimer’s disease, and most notably in the SCI [25].
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Previous studies reported that NGF has a crucial neu-
roprotective impact on SCI and promotes spinal cord
recovery [21]. In the recent decade, many studies used
exogenous neurotrophins to promote nerve regenera-
tion by injecting them into lesion sites [26, 27]. However,
temperature alteration, acidity, and alkalinity affect the
NGF activity. Also, it is inactive in an aqueous solution,
and biological enzymes degrade it in vivo. In addition,
penetrating the blood—brain barrier (BBB) to reach the
damaged site is difficult for NGF, so it is a limitation to
applying the NGF [28]. So, founding a novel strategy for
getting the NGF to the lesion site is the priority of most
researchers to deliver it to the final target.

The study tried by Xia and colleagues [28], attempted
to prepare NGF encapsulated by nanovesicles (NGF-
NVs) designed by the macrophage RAW264 cell mem-
brane to treat SCI. They showed that NGF-NVs had good
targeting with a significant protective effect on neurons
after SCI by activating PI3K/AKT signaling pathway. In
recent research, transplanted genetically modified adi-
pose-derived mesenchymal stem cells (ADSCs) most fre-
quently have been used to deliver NGF at the injured site
of the spinal cord to induce neuronal growth responses
and repair it. Nevertheless, the healing procedure fol-
lowing transplantation of genetically modified cells is
directly related to the sufficient secretion of NGF and
potential activity along the regeneration period [29, 30].
Previous literature proposes treatment strategies based
on tissue engineering and regenerative medicine as an
alternative therapy for SCI. One of the novel promising
approaches for the treatment of SCI is delivering of NTFs
by genetically engineered MSCs in combination with
biocompatible materials as a 3D-scaffold or cell-carrying
biomaterials [31, 32]. Alizadeh and colleagues [33], used
nerve growth factor (NGF)-overexpressing of human
adipose-derived mesenchymal stem cells (hADSCs)
encapsulated in injectable chitosan/p-glycerophosphate/
hydroxyethylcellulose hydrogel for evaluating its effect on
SCI regeneration. The results showed that it could repair
the injured spinal cord and recover locomotor function.

In the novel delivery system, Xu and colleagues
[34], used encapsulated NGF into nanoparticles (NPs)
[n(NGF)] methacryloyloxyethyl phosphorylcholine to
provide a CNS targeting approach in healthy mice after
intravenous injection. For this purpose, PC12 cells, a
neural cell line usually used to model CNS tissue in vitro,
were treated with native NGF and NGF NPs to evaluate
the NGF activity released from these nano-capsules. Fol-
lowing NGF release from NPs, a progressive differentia-
tion and neurite outgrowth of these cells were observed
in the intracellular pathways. After 21 days, a therapeu-
tic benefit of n(NGF) was observed in a mouse model of
compression-induced acute SCI. A significant functional
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recovery in locomotion without inducing the proinflam-
matory reactions and extended blood circulation half-life
was reported in this study. The result of the investigations
on neurogenesis effects of a novel polydopamine / poly-
lactic acid-glycolic acid copolymer (PLGA)/ NGF (PDA-
PLGA/NGF) nerve scaffold showed that this scaffold
significantly induces the proliferation and neuronal dif-
ferentiation of NSCs in vitro. Furthermore, following the
scaffold implantation into the transected spinal cord of a
rat led to a progressive recovery of nerve function [35].
Recovery of SCI is a multifactorial process that needs
multiple growth factors (GFs) to participate in the tis-
sue regeneration process. Hu and colleagues developed a
delivery system based on GFs, consisting of nerve growth
factor (NGF), basic fibroblast growth factor (bFGF), and
heparin-poloxamer (HP) hydrogel. A continuous release
of NGF and bFGF from HP following the single injec-
tion into the lesioned spinal cord could have a significant
effect on improving the neuronal survival, axonal regen-
eration, suppressing the process of reactive astrogliosis,
and recovery of locomotor function in comparison to
free GFs or HP treatment [36]. Wu and colleagues [37], in
the study on barrier-penetrating liposome targeted deliv-
ery of bFGF for repairing SCI, showed that bFGF-loaded
dual-targeting liposome (bFGF@Lip-Cp&Rp) promote
angiogenesis, BSCB repair, and M2 macrophages polari-
zation. Moreover, a recovery of motor function was
reported in SCI rats.

Yang and colleagues [38], in research on the function of
polycaprolactone/gelatin (PCL/GE) composite fiber scaf-
fold with NGF in the recovery of SCI, showed significant
progress in motor and neurological functions in the hind
limbs of SCI rats. Also, they reported an improvement
in bladder dysfunction and recovery of axonal transport.
They conclude that CL/GE composite fiber scaffold could
upregulate GAP43 and NF200 levels in SCI site tissues.
In addition to chemical intervention in improving SCI,
some physical interventions like electrical and mag-
netic stimulation showed acceptable results with various
effects on nerve damage in acute and chronic injuries.
Overall, the biological basis of this intervention relies on
protein synthesis, regulation of ion channels and growth
factor secretion (Table 1).

Brain-derived neurotrophic factor (BDNF) uses in SCI

Brain-derived neurotrophic factor (BDNF) is one of the
best-studied neurotrophic factors and has been shown
to promote the growth, differentiation, survival, and syn-
aptogenesis of central and peripheral neurons [39, 40].
BDNEF exerts its physiological and pathological functions
through two receptors: tropomyosin receptor kinase B
(TrkB), which is a high affinity, and the p75 neurotrophin
receptor (p75NTR), with low affinity. The ligand-specific
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receptors of BDNF are widely distributed in many neu-
rons in the spinal cord and primary afferent pathways
[41]. BDNF binding to the TrkB receptor triggers sev-
eral events, including TrkB receptor dimerization and
autophosphorylation. So, it stimulates intracellular sign-
aling cascades such as mitogen-activated protein kinase
(MAPK), phospholipase C-y, and phosphatidylinosi-
tol-3 kinase. Activation of these pathways causes a wide
range of cellular actions, including synaptic modulation
and neuroplasticity, cell survival, axonal elongation, and
neurite outgrowth [42, 43]. Similarly, the activation of
p75NTR produces various cellular events, neuronal dif-
ferentiation, and the protection of neurons against apop-
tosis [44]. In addition, BDNF has been shown to mediate
inflammatory and peripheral injury-induced pain. BDNF
levels in the bladder and spinal of mice were significantly
increased 4 weeks after SCI [45].

Neuroprotection and regeneration facilitated by the
administration of exogenous neurotrophic growth fac-
tors have been considered a potential treatment for SCI.
Ample literature confirmed that BDNF is an eminent
candidate in spinal cord repair. Crowley and colleagues
showed that injection of a single dose of BDNF mRNA
nanomicelles prepared with polyethylene glycol polyam-
ine acid block copolymer into the injured tissue mouse
model of contusion SCI could improve motor function
recovery and increase higher expression of the anti-
inflammatory factors [46]. Noteworthy is a study by Ji
and colleagues in which treatment with BDNF and neu-
rotrophin-3 overexpression by adipose-derived stem cells
combined with silk fibroin/chitosan scaffold were signifi-
cantly increased BBB scores and formation of nerve fibers
and were alleviated the injured morphology and patho-
logical changes. Also, they found that GAP-43 expression
significantly increased, while glial fibrillary acidic protein
(GFAP) and caspase-3 expression significantly decreased
in the rat SCI model [47]. Several studies reported that
BDNF treatment leads to neuroprotection and promo-
tion of regeneration and sprouting of axonal fibers [48].
Moreover, it was revolved in later research that BDNF
suppressed apoptosis in neurons and oligodendrocytes
following SCI [49, 50]. The results also revealed that
BDNF is involved in regulating the immune response and
has potent antioxidative effects after SCI [51]. In most
studies, exogenously applied BDNF increases myelina-
tion [52] and diminishes atrophy of cortical, rubrospinal,
and spinal neurons [53, 54]. Abdanipour and colleagues
[55], showed that the use of lithium chloride in the spinal
contusion rat model could effectively enhance locomo-
tor function by increasing BDNF/TrkB expression and
decreasing apoptosis cell death.

Recently, Cell-based therapies are gaining increasing
attention for the treatment of SCI through the promotion
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of neurotrophic factors, especially BDNE. The acute
phase of SCI is characterized by a pathophysiologi-
cal cascade of events that result in neuronal loss in the
gray matter through inflammatory and excitotoxic path-
ways. A study has been demonstrated that transplanta-
tion of boundary-cap derived neural crest stem cells to
spinal cord neurons injured by N-methyl-D-aspartate
(NMDA) exerted neuroprotective, anti-apoptotic, and
anti-inflammatory (suppressed activation of both micro-
glial cells and astrocytes) effects on SCI by secretion of
BDNEF [56]. BDNF is known to protect against excitotoxic
damage by reducing NMDA-receptor signaling [57]. In
another combinational treatment approach, Chen and
colleagues showed that the transplantation of human
urine stem cells combined with chondroitinase ABC into
the impaired spinal cord promoted motor functional
recovery as compared to controls which may be related
to increased levels of BDNF and NGF [58].

Increased BDNF by exercise facilitated the recovery of
motor function in patients with incomplete SCI [59]. In
addition, several studies reported that treadmill exercise
improved functional recovery by increasing BDNF and
phosphorylated extracellular signal-regulated kinases
1/2 (p-ERK1/2) levels after SCI in rats [60, 61]. In a study
by Kim and colleagues a combination of bone marrow
stromal cells (BMSCs) transplantation (5x 106 cell) with
treadmill exercise (6 weeks) markedly reduced apopto-
sis and upregulated BDNF and TrkB expressions in the
injured spinal cord. They found that the synergistic effect
of treadmill exercise and BMSCs against SCI is through
the activation of the BDNF-ERK1/2 pathway [62].

A biocompatible cell-penetrating peptide, KAFAK-
LAARLYRKALARQLGVAA (KAFAK), is known as an
ideal biomaterial suppressing the syntheses of proinflam-
matory cytokines and tumor necrosis factor (TNF)-a
through mitogen-activated protein kinase—activated
protein kinase 2 after SCI [63]. It has been found that
injection of KAFAK and BDNF via a hyaluronan-methyl-
cellulose (HAMC) hydrogel delivery system into the
injured site of the spinal cord decreased astrocyte reac-
tive hyperplasia, cystic cavity, and inflammation in the
lesion site. Moreover, this composite HAMC-KAFAK/
BDNF hydrogel promoted neuronal survival and func-
tional recovery as well as enhanced axonal regenera-
tion [64]. Also, treatment with human neural stem cells
overexpressing BDNF could effectively improve locomo-
tor by an increased volume of spared myelination and
decreased area of the cystic cavity. Human neural stem
cells overexpressing BDNF therapy modulated inflam-
matory cells and glia activation and also improved the
hyperalgesia following SCI [65].

Electrical stimulation is a physical therapy technique
that promotes neurogenesis and recovery of function
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following central nervous system (CNS) injury [66].
Besides, electrical stimulation has a potential regen-
erative role in increasing the formation of newborn cells
after SCI in animals expressing neural progenitor cell-
associated markers [67]. After SCI, applying epidural
subthreshold electrical stimulation (0.3-0.6 mA, 0.1 ms,
100 Hz) at the T10 segment of SCI for 2 weeks increased
protein levels of BDNF in rats [68].

Glial cell line-derived neurotrophic factor (GDNF) use in SCI
Glial cell line-derived neurotrophic factor (GDNF)
belongs to the transforming growth factor-p superfamily,
which is known to affect many aspects of neural develop-
ment. The receptor for this factor is a multi-component
complex that includes the molecule transfection (RET)
tyrosine kinase receptor and one of two glycosylphos-
phatidylinositol (GPI)-linked ligand-binding compo-
nents called GDNF family receptor alphas (GFRa-1 and
GFRa-2) [69]. These receptors are found in the ventral
horn of the spinal cord, the compacta region of the sub-
stantia nigra, thalamus, and hypothalamus [70]. GDNF is
a potent survival factor for midbrain dopaminergic neu-
rons and noradrenergic neurons of the locus coeruleus
and also a survival factor for spinal motor neurons. It was
shown to modulate astrogliosis [71].

GDNEF is vital for peripheral nervous system develop-
ment and has been shown to enhance functional recovery
and promote axon regeneration. It has been reported that
a combinational approach consisting of hydrogel scaf-
folds containing Schwann cells (SC) that overexpressed
GDNF promoted regional axon regeneration, remyelina-
tion, and functional improvement after spinal cord tran-
section in rats [72]. Moreover, it has been observed that
polysialylation enhances the integration and migration
of transplanted SC and GDNF delivery to permit enter-
ing astrocytes to SC grafts and consequently improve
integration [73]. Jiao and colleagues examined the role of
silk fibroin/alginate GDNF scaffold seeded with human
umbilical cord MSCs (hUCMSCs) for a thoracic contu-
sion injury in a rat model. They found that treatment with
the hUCMSC:s on silk fibroin/alginate GDNF composite
scaffolds for 2 months led to functional improvement,
neuroprotection, increased neuronal markers expression,
and decreased expression of inflammatory cytokines [74].

Lu and colleagues, used placental-derived mesenchy-
mal stem cells (PMSCs) plus GDNF versus bone marrow-
derived MSCs (BMSCs) plus GDNF accompanied by
copolymer scaffolds. There was no significant difference
between group PMSCs expressing GDNF compared to
BMSCs expressing GDNF in their SCI repair capability.
Interestingly, the transfer of GDNF promotes the abil-
ity of these cells for SCI repair [75]. Similarly, combina-
tion therapy, including emu oil-loaded polycaprolactone/
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collagen electrospun scaffolds+GDNF overexpress-
ing adipose-derived stem cells reduced the cavity size,
glial scar formation, and axonal demyelination while
improved locomotor recovery following contusive SCI in
rats [76].

Neurotrophin-3 (NT-3) use in SCI

Neurotrophin-3 (NT-3) can promote developing neu-
rons’ survival, proliferation, and differentiation. NT-3
promotes sprouting of spared axons and injured axons
regeneration after damage [77]. Besides, it amplifies the
oligodendrocyte progenitor’s proliferation in vivo [78].
NT-3 has been shown directly bind to tropomyosin
kinase receptor type C (TrkC) with high affinity. Never-
theless, it can also activate less efficiently the other Trk
receptors [79]. It can also signal through the promiscuous
neurotrophin receptor p75, which generates both pro-
survival and pro-apoptotic states [80]. The level of NT3
and its receptors is extremely reduced following a few
days post-SCI [81].

In the early stage of SCI, increased levels of autophagy
cause irreversible neuron injury, hindering the recovery
of motor function, and inhibition of autophagy overex-
pression in neural cells contributes to locomotor func-
tion recovery [82]. Intraspinal administration of NT-3
promoted oligodendrocyte proliferation and nerve func-
tion recovery after SCI via inhibiting autophagy. Rapam-
ycin, an autophagy activator, reduced the effects of NT-3
on oligodendrocyte survival [83].

It has been demonstrated that NT-3 decreases the
death of oligodendrocytes after SCI [84]. It was found
that the glucose content, creatinine, and Na+were
increased, while the K+ content was decreased in the
SCI group. Treatment with NT-3 reversed them. Addi-
tionally, it has been proved that treatment with NT-3
reduces myeloperoxidase activity and content of IL-1,
IL-6, and tumor necrosis factor-f, indicating that NT-3
inhibits inflammatory response caused by SCI. This
protective effect of NT-3 on SCI mediates through the
mitogen-activated protein kinase signaling pathway
[85]. Sun and colleagues, found that NT-3-loaded multi-
channel nanofibrous scaffolds promoted anti-inflamma-
tion, neuronal differentiation, and functional recovery
after SCI [86]. Positive effects of NT-3 on myelination
have been reported, possibly related to infiltrating SC
(84, 87].

In recent studies, other ways of functional improve-
ment following SCI have been demonstrated. In the
research conducted by Lu and colleagues [88], they used
a combination of pro-regenerative therapies and reha-
bilitation for SCI rats and reported a significantly greater
functional and anatomical recovery than alone treatment
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after SCI. Another study showed that after admin-
istration of orally bioavailable and specific inhibitor
AZD1236, a drug developed by AstraZeneca, within 24 h
after SCI and for only 3 days, reduced secondary damage
post-SCI. AZD1236 led to suppression of SCI- induced
edema, neuropathic pain, BSCB breakdown, and infiltra-
tion of macrophages into the lesion site. Furthermore,
it has a beneficial effect on the improvement of electro-
physiological, sensory, and locomotor function, and most
importantly, axon regeneration [89].

Conclusion

Considering the importance of NFs in the treatment
process and healing of the lesion site in the SCI and
limitation in direct administration, providing novel
delivery systems to get the best therapeutic outcome
is the priority in SCI treatment. Regarding this issue,
this review tried to evaluate the administration mode,
timing, location, and type of the used NFs and type of
SCI models in recent literature. Generally, most stud-
ies report significant success in improving SCI if NFs
applied in or close to the injured site after SCI and dur-
ing the acute phase of injury. The research discussed
various strategies of delivering systems, including
osmotic minipumps, hydrogels, scaffolds, cell-mediated
delivery, polymer release vehicles, encapsulated NFs in
NPs, and gene therapy to modify neuron glial cells or
precursor/stem cells.
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