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Abstract
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Spinal cord injury (SCI) is a complex, multifaceted, progressive, and yet incurable complication that
can cause irreversible damage to the individual, family, and society. In recent years strategies for the
management and rehabilitation of SCI besides axonal regeneration, remyelination, and neuronal
plasticity of the injured spinal cord have significantly improved. Although most of the current research
and therapeutic advances have been made in animal models, so far, no specific and complete treatment
has been reported for SCI in humans. The failure to treat this complication has been due to the inherent
neurological complexity and the structural, cellular, molecular, and biochemical characteristics of spinal
cord injury. In this review, in addition to elucidating the causes of spinal cord injury from a molecular
and pathophysiological perspective, the complexity and drawbacks of neural regeneration that lead to
the failure in SCI treatment are described. Also, recent advances and cutting-edge strategies in most

areas of SCI treatment are presented.
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Introduction

S pinal cord injury (SCI) is defined as impairment in
the brainstem/cortex and spinal neurons between

the ascending and descending neural pathways,
leading to a loss in sensory-motor functions.!

The spinal cord is a tubular network comprised of nervous
tissue which prolongs from the brainstem and keeps
distally before narrowing at the lower thoracic or upper
lumbar zone as the conus medullaris. The surrounding
cerebrospinal fluid (CSF) protects the spinal cord. The
spinal cord length in humans is about 45 cm in males and
43 cm in females. The spinal cord covers the cervical,
thoracic, lumbar, sacral, and coccygeal segments by a total
of 31 nerve root segments. The gray and white matter
organization of the spinal cord can be seen in cross-
sectional view.2

SCI is one of the most severe conditions in
orthopedic/spine surgery. The defeat of functional recovery
after SCl is primarily caused by the axons' poor regenerative
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ability, formation of scar tissue through an inhibitory
environment, and demyelination around the lesion site that
delays axonal repair.3#4

Spinal cord disorders may include: infection (e.g.
meningitis), vascular injuries, developmental anomalies,
tumors/malignancies, herniation, syringomyelia,
transverse myelitis, degenerative conditions, and
traumatic injuries (compression, hemisection, and
complete section). Traumatic injuries are the most
common, accounting for nearly 90% of all spinal cord
injuries and frequent consequence of traffic accidents,
violence, falls, and sports injuries. They can have
devastating effects on the patient's life. Lower thoracic
damage leads to paraplegia, while lesions in the cervical
area lead to quadriplegia.>7

About 265,000 people in the United States live with
SCI, and 12,000 new cases occur each year by accidents,
sports, or falls. The estimated annual cost for SCI
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(including the medical costs and lost productivity) totals
$20 billion. Enormous emotional, social, and economic
costs demand for treatment approaches.8?

Over the past decade, the age and sex
standardized incidence of traumatic SCI
(TSCI) has remained stable at 26.5 cases
per million population (68.3% males, and mean age
59.2 years). The  incidence has  been age-related
and associated with a female-to-male ratio. Furthermost,
TSCIs have been cervically involved (52.1%) and
motor vehicle accidents and work related injuries have
been the most common reasons for injury (29.9% and
29.8%, respectively). Gender and cause of trauma
or hospitalization were not related with an inflated risk of
death. The mortality rate was higher for cervical lesions,
increased with
age, and remained consistently higher in older subjects.!
0-12 Patients with SCIare atincreased risk of cardiac
events, thromboses, extreme hypertension, respiratory
depression, osteoporosis, and neuropathic pains as well
as anxiety and depression.13.14

As a part of the central nervous system (CNS), the spinal
cord links the brain to the peripheral nervous system. The
spinal cord mainly includes neurons and several types
of glia such as the astrocytes, microglia, and
oligodendrocytes as well as asmall population of
endogenous stem cells, oligodendrocyte progenitor cells,
and ependymal cells.1s

Glial cells are the numerous considerable cells in the
nervous system, playing important roles
in maintaining the blood-brain barrier, neuronal survival,
synapse formation, strength, and turnover. Star-shape
astrocytes help to keep the resilience of the chemical
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environment in the spinal cord.
Oligodendrocytes myelinate the axons in the central
nervous system, enable rapid transmission of
nerve impulses, and contribute to  axonal integrity.16
Microglia are the immune cells in the CNS. Experimental
SCI models have proven the activation and proliferation
of microglia in the injured spinal cord.l”
Injury progression in SCI can be organized by the natural
history of the disease, comprised of immediate (hours),
acute (days), subacute (weeks to months), and chronic
(>6 months) stages. This progress is mostly in line with

the main approaches that can be
used in this timeframe such as reduced cell death
(immediate), enhanced neuroprotection (acute),
tissue remodeling (subacute), and repair via

neuroplasticity (chronic).!® Figure 1 indicates the injury
progression of SCI [Figure 1].

Different types and stages of SCI are detected by using
various tools such as radiographic investigation,
magnetic resonance imaging (MRI), electrophysiological
evaluations, and biomarkers. Biomarkers in SCI
conditions are secreted into the serum or cerebrospinal
fluid (CSF).1920 MRI is the most helpful imaging modality
for spinal cord lesion. It allows the imaging of gray and
white matter surrounding CSF, as well as the traumatic,
ischemic, and hemorrhagic lesions.2! The prognosis of
spinal cord injury is primarily determined by the extent
of initial neurological damage. Neurological recovery is
not significantly influenced by factors such as the fracture
type, use of steroids, or signal changes observed on MRI
scans.??

Knowledge of the causes of spinal cord injury and
associated factors is critical in the development of
successful prevention programs.
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Figure 1. Injury progression in spinal cord injury can be organized into immediate, acute, subacute, and chronic phases, including the main
strategies used in SCI during this timeframe. Each phase presents unique challenges and opportunities for recovery
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Main body
Pathophysiology of SCI

The pathophysiology of SCI consists of a two-phase
process: the primary mechanical injury and the subsequent
cascade of auto-destructive damages. Mechanical trauma
quickly causes axonal damage, neural cell death,
demyelination, blood-spinal barrier disruption, and
extracellular matrix (ECM) degeneration, leading to a
cascade of secondary injury, which extends the further
inflammatory reaction at the lesion site, finally causing a
cystic cavity formation.23 The primary mechanical injury of
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the spinal cord is followed by a secondary phase of injury
with edema, ischemia, vascular dysfunction, excitotoxicity,
inflammation, electrolyte shifts, free radical production, and
postponed apoptotic cell death.2425

Increased autophagy activity was detected in neurons,
astrocytes, and oligodendrocytes at the lesion zone.
However, it has been shown that programmed cell death
plays important roles in the pathological process of SCI.26
The sequential events involved in the pathophysiology of
SCI, highlighting both primary and secondary injury
mechanisms are illustrated in [Figure 2].
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Figure 2. Pathophysiology of primary and secondary injury during spinal cord injury. Primary and secondary injury mechanisms lead to
inflammation, hemorrhage, demyelination, axon disruption, apoptosis, and necrosis. CSPGs (chondroitin-sulfate proteoglycans)

Various pathological processes occur in the secondary
phase of SCI injury, including augmented cell
permeability, apoptotic signaling, ischemia,
inflammation, vascular damage, demyelination, edema,
lipid peroxidation, free radical formation, Wallerian
degeneration, fibroglial scar, and formation of cyst that
endures for several weeks following the primary injury
phase. Hemorrhage is caused by disruption of blood
vessels followed by an invasion of neutrophils,
monocytes, T and B lymphocytic cells, and macrophages
into the spinal tissues [Figure 2]. This condition is due to
the release of inflammatory cytokines such as interleukin
(IL)-1a, IL-1b, IL-6, and tumor necrosis factor (TNF)-a 6-
12 hours after injury. Attack of inflammatory cytokines
and immune cells promotes neuronal inflammation.27.28

The regenerative capacity of the CNS is confined in
functional recovery during the chronic phase of SCI. After
spinal cord injury, innate neural stem cells differentiate
into astrocytes instead of neurons, leading to the

formation of glial scars. IL-6 and IL-6 receptor expression
are greatly increased during the acute phase after SCI, and
IL-6 can be a potent inducer of neural stem cell
differentiation into astrocytes.'” Regeneration after
spinal cord injury is confined by the glial scar and
inhibitory cell signaling pathways that promote scar
formation over intrinsic neuronal regrowth.2?

Repair and regeneration occur in response to injury,
whereas the scar tissue formation complicates these
processes. During the subacute phase of SCI, the fibrous
scar composed of fibroblasts and the glial scar composed
of astrocytes are formed. These scars secrete numerous
chemical inhibitors that also physically block axonal
regeneration.3°

Despite the benefits of glial scar in injury prevention, it
hinders neuronal regrowth. The ECM produced by the
scar corresponding cells contains axonal growth
inhibitors such as chondroitin-sulfate, proteoglycans,
collagen, and fibronectin. This is one reason for limited
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neuronal regeneration after SCI.31

ECM proteins, including collagen are degraded by
proteinase enzymes which can be referred to as matrix
metalloproteinases (MMP).32 The activity of various
proteinases in progression and treatment of SCI are still
unclear. Improving the efficacy of neurological recovery
after SCI has always been challenging. Effective therapy
for SCI would decrease the damage of features and extend
local glial scars to stimulate axonal regeneration; it also
mitigates secondary effects such as inflammation,
apoptosis, and necrosis.??® Understanding these complex
processes is crucial for developing effective therapeutic
strategies aimed at minimizing the secondary injury and
promoting neuroprotection and regeneration in patients
with spinal cord injuries.

Therapeutic Strategies of SCI

Currently, there is no ultimate cure for SCI. Although
extensive research has been performed on spinal cord
injuries, no effective treatment has yet been found to
restore motor and sensory function. Nonetheless,
significant advances in managing and caring for patients
with SCI have significantly reduced their mortality rate.
Current treatments that are considered to improve SCI
outcomes include medicinal therapy, surgery, and
rehabilitation.34

The spinal cord exhibits limited self-repair capacity after
injury. Pharmacological = treatments  such as
neuroprotective and anti-inflammatory agents are
recommended during the primary stages of injury and
inflammation. Decompressive surgery can remove discs
or bone rudiments to protect cells and tissue from further
damage.3s

Pharmacological Therapies

There is a lot of debate regarding pharmacological
management and potential effects of corticosteroid use. In
particular, the efficacy of steroids such as
methylprednisolone as a scavenger for free radicals that
reduces the inflammatory response has been controversial
and is still intensely debated for dosage and time to
administration after spinal cord injury.3¢

Excitatory neurotransmitters in the spinal cord can be
directly influenced through N-methyl-D-aspartate (NMDA)
receptors. For instance, blocking the NMDA receptors in
animal models has a preserving effect on trauma and
ischemia due to the secondary injury. Furthermore, NMDA
antagonists can diminish edema and enhance neurological
functions.3” The motivation of NMDA and non-NMDA
receptors may play an influential role in excitotoxic damage
after injury. NMDA receptor antagonist such as magnesium
decrease inflammatory and toxicity effects. Magnesium ions
can diminish edema and vascular permeability and also
reduce lipid peroxidation in SCI.3839

Following SCI, elevated levels of systemic inflammation
markers including the C-reactive protein (CRP) and IL-6,
have been demonstrated. Non-steroidal anti-inflammatory
drugs (NSAIDs) reduce inflammation by suppressing
prostaglandins that deliver through the cyclo-oxygenase
(COX) enzyme pathway. This enzyme plays a key role during
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the inflammatory early phase of SCI. Ibuprofen may have
safety and efficacy for treatment of various outcomes in
chronic SCI in human.#°

Lately, investigations on the impact of NSAIDs in SCI animal
models have noted improvement in controlling secondary
damage, contributing to fiber sprouting and functional
recovery. Administration of RhoA-inhibiting NSAIDs after
traumatic SCI is associated with axonal myelination in white
matter tracts. Nonetheless, naproxen, a non-RhoA-inhibiting
NSAID, has revealed no such effect on locomotor function.4142

Ion channel antagonists such as calcium channel blockers
like nimodipine, methylprednisolone, dextran, and sodium
channel blockers can improve the functional results and
neuroprotection of the white matter. Blocking the potassium
channels is also a possible therapeutic target for treating SCI.
For example, in axonal regeneration, 4-aminopyridine
(4-AP) has exhibited positive effects.3” Infusion of high-dose
methylprednisolone for 24-hour in adult patients within
eight hours of acute SCI has been identified as a treatment
option.*3

SCI pain is a complex multifactorial object which
significantly influences the health and quality of life of the
affected patients. The use of non-opioid and non-invasive
pharmacologic medications such as tramadol, lidocaine,
cannabinoids, topiramate, selective serotonin,
norepinephrine reuptake inhibitors, pregabalin, gabapentin,
and tricyclic antidepressants in the treatment of chronic SCI-
related pains has been documented. Further investigations
are needed to elucidate the place of calcitonin, lithium, and
marijuana.

Surgical Therapy

Current therapies for SCI include pharmacological
treatments and surgical interventions to prevent further
damage. Spinal decompression surgery is the most
important surgical intervention within the first 24 hours
after the injury that improves six-month outcomes,
regardless of the level of SCI.*5 The impact of surgical timing
in neurological recovery in SCI is still a subject of
discussion.Several studies support the advantages of emerg
ency (<8 hours) decompression for patients with traumatic
SCI in terms of neurological recovery.*¢ Conversely, a meta-
analysis has shown no significant beneficial effects for early
decompression surgery (within 24 h) in patients with
thoracolumbar and thoracic SCL*” In the latest pooled
analysis, decompression surgery within 24 h of acute SCI has
been correlated with amended sensorimotor recovery. The
first 24-36 hours after injury represents a critical time frame
for achievingoptimal neurological recovery with
decompressive surgery after acute SCI. 48 [Figure 3].

Surgical repair of nerve injury is an urgent medical need and
amajor clinical challenge. Autologous nerve grafting remains
the gold standard for filling the extensive gaps in transected
nerves. For nerve transection injuries, direct suture without
grafting is the gold standard therapy for peripheral nerves
with a short gap (<5mm). Unified repair with fibrin glue is the
alternative choice to reduce the recovery time. For nerve
conduction recovery, fiber alignment and axonal



(384)

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR
VOLUME 12. NUMBER 6. June 2024

regeneration have no differences between suturing and
autologous sensory nerve grafting. In long-gap injuries (>3
cm), autografts indicate notable recovery results. Bridging
the nerve gaps with acellular nerve allografts is a feasible
therapy, while operation for lower limb repair has caused the
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sutureless repair using fibrin glue.*® Larger defects need
poorest results. Allografts have been found advantageous for
reducing pain and restoring a functional level of sensation in
chronic patients.>® A combination of surgical intervention
with other methods can be improved in SCI treatment.

Figure 3. Surgery on compression fractures in T12-L1of the spine of 45-year-old man who become complete paraplegia following crushing
injury. Steroid administration was done, and operation was done within 24 hours. Shows no neurologic recovery (ASIA impairment scale A to
A). (A) CT: Fx. & D/L at T12-L1 (B) MRI T2: No significant signal intensity changes observed (Ca,b) Open reduction & interal fixation, T10-11-
L1-2. Figure based on data originally published in. 22 Fx: Fracture; D/L: Dislocation; ASIA: american spinal injury association scale

Surgical intervention combined with weight-bearing
locomotor training in 320 patients with -clinically
complete SCI at one month post-injury has been reported
to promote neurological recovery.>! For chronic SCI
treatment, epidural spinal cord stimulation (eSCS) has
been admitted as a recent approach.52 Implanted spinal
neuromodulation approaches are operated in chronic
pain treatment. Surgeons implant electrodes around the
dorsal root ganglion or spinal cord and a pulse generator
unit under the skin. Electrical stimulation reduces the
intensity of pain. SCS is associated with difficulties such as
infection, need for re-implantation, and electrode failure
or migration. There are minor significant evidence about
SCS benefits on pain intensity compared to placebo
stimulation.53

The field of spinal surgery is slowly developing in
various directions, such as bioelectrical impedance
signals, imaging signals, force signals, etc. Nonetheless,
current techniques still have some drawbacks. The
anatomy of the spinal system is complex and has unique
features. Also, various surgical methods, instruments,
paths, surgical speeds, and other elements eventually
affect tissue recovery after the operation. Ultimately, no
relevant insight technology applicable to clinical practice
is currently available. Future perspectives in spinal cord
research should focus on learning about precise methods,
so that valuable data is obtained intraoperatively through
tissue condition.>455

Acupuncture, Exercise and Massage Therapy
Acupuncture is a simple and inexpensive method needling
through the skin into deeper tissues at precise sites

(acupuncture points) for therapy or to prevent disease. A
growing number of clinical researches have revealed that
acupuncture and electro-acupuncture can effectively
progress recovery of sensory and motor functions in patients
with various types of CNS injuries including SCL5¢ By
inhibition of inflammation, oxidation, and apoptosis,
acupuncture can be effective in neuroprotection for SCI-
induced neurologic deficiencies. Furthermore, acupuncture
stimulates axonal sprouting and nerve regeneration by
activating numerous cell signaling pathways such as the
Rho/Rho kinase (ROCK), Notch, and Wnt>7 In traditional
Chinese medicine, Governor Vascular Electro-Acupuncture
(GV-EA) combines acupuncture with modern electrical
stimulation. It can protect the microenvironment of damaged
neurons, decrease inflammation, and stimulate myelination
by promoting the levels of endogenous neurotrophic
factors.>8

Patients suffering from neurologic traumas such as spinal
cord injury have reduced activity and risk for secondary
health conditions that alter the body compositions such as
decreased bone density, reduced lean body mass, and
increased fat mass indices.>® Moderate-to-intense exercise
required for fitness improves the cardiac health in patients
with SCI, given the international harmonization of exercise
guidelines.®0 Exercise therapy after spinal cord injury has
various effects ranging from prevention of apoptosis, circuit
formation, axonal sprouting, shifts in chloride homeostasis,
to many further changes that may associate with neuronal
repair and functional recovery.3
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Recent testimony suggests that cycling exercises with
functional electrical stimulation may improve the health of
lower-body muscles and power output in SCI patients.6!

Massage therapy and relaxation are both active treatments
that provide potential clinical benefits to reduce pain and
fatigue in adults with chronic SCL¢2 Though massage therapy
is recommended for neuropathic pain treatment but there is
no convincing evidence proving its efficacy in SCI-related
pain.®3 Hydrotherapy offers a valuable rehabilitation tool for
patients with SCI, promoting movement facilitation, physical
and cardiovascular exercise, and overall body relaxation.t*

Low-level laser (LLL) therapy as a non-invasive method has
been suggested to regulate inflammatory processes,
resulting in influential progress in neurological symptoms
after SCI, neuroprotection, and restoration of motor
function.65-67

Pharmacological and surgical interventions as well as
physiotherapy have shown limited nerve regeneration and
functional recovery in comparison with stem cells
medication in the treatment of SCL.%8

Cell Therapy
Cell therapy is a favorable treatment for SCI. It probably
harmonizes multiple mechanisms such as

immunomodulation and neuroprotection by trophic factor
release, as well as axon and myelin regeneration to promote
functional recovery after SCL.%° The principal ideal of cell
transplantation therapy is the regeneration of glial cells and
neurons that survive cell death after SCI. Cell therapy has
been an effective therapeutic strategy for SCI by promoting
motor functions in several animal models. The transplanted
cells have multiple actions: promoting axonal elongation and
lessening retrograde axonal degeneration by secreting
neurotrophic factors; reconstructing neural circuits by
forming synapses between host and graft-derived neurons;
and prompting regeneration and plasticity in the injured
spinal cord by enhancing remyelination of damaged axons.”0
Issues about cells number and type employed, as well as the
safety of methods, stay to be addressed.”?

Regenerative cell therapy for SCI uses various cell sources
including the embryonic stem cells (ESCs) and ESC-derived
oligodendrocyte progenitor cells (OPCs),’2 hematopoietic
stem cell (HSC),”3 mesenchymal stem cell (MSC),74 neural
stem cells (NSCs),% induced pluripotent stem cells (iPSCs),”>
glial cells,’® olfactory ensheathing cells (OECs),”” schwann
cells (SCs),’® and stem cell derived extracellular vesicles
(EVs).7?

Stem cells can repair dysfunctional or damaged tissues by
administering therapeutic agents.8? As a topic of growing
clinical research, stem cell-based therapy is promising for SCI
to have multiple targets and reactivity profits. To date, most
data from Phase I and Phase III clinical trials demonstrate
that injection of stem cells into the spinal cord is safe with
minimal side effects.8!

The progress in mesenchymal stem cell (MSC) therapy has
practically advanced in SCI animal models. Cell therapy with
intravenous infusion of MSCs improves the functional
outcomes in SCL This therapy proves the practicability,
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safety, and functional gains of transplanted MSCs in SCI
patients. The potential mechanisms include repair of blood-
brain/spinal cord barrier, induction of axonal sprouting,
remyelination, immunomodulation, neuroprotection, anti-
inflammatory properties, neuro-nutrients release, and
promoting vascular regeneration.8283 NSCs and MSCs can be
engineered, cloned, and transplanted. Cell therapies for SCI
have been performed using various methods from direct
injection itto the epicenter of spinal cord lesion to
intravenous administration. Many registered trials design to
deliver cells intrathecally, but nearly one third of the studies
delivered the cells to the spinal cord parenchyma or around
the injury site. The frequencies of cell therapy routs have
been reported as: intrathecal (35%), intramedullary
(33%)(including 76% cellular injection and 24% cellular
biomaterials), multiple routes (14%), intravenous (10%),
and undetermined (8%).8* Adipose-derived mesenchymal
stem cells (ADMSCs) have a superior potential therapeutic
strategy for SCI. Also, transplantation of higher densities
(2109) of stem cells has shown better therapeutic effects.
Moreover, intralesional stem cell transplantation in the
subacute phase has been reported to be the optimal route
and timing.8>

Transplantation of MSCs as an immunomodulatory
approach has been shown in recent years. MSCs in the
secondary phase of SCI can regulate neuroinflammation via
macrophages, astrocytes, and T lymphocytes and form a
microenvironment that supports tissue repair and
regeneration.86 MSC therapy's effectiveness in SCI results in
the secretion of soluble factors and alteration of ECM
microenvironment that supplies neural protection. MSCs
secrete neurotrophic factors such as brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF),
vascular endothelial growth factors (VEGFs), transforming
growth factor beta (TGF-f), and hepatocyte growth factor
(HGF). These factors have beneficial outcomes on axonal
elongation, glial and neuronal survival, and angiogenesis.”®
Axonal regeneration may be promoted by grafted
stem/progenitor cells through cellular scaffolds. Due to
improving the efficacy of cell transplantation strategies for
SCI, combinatorial approaches suggested using a polymer
scaffold to fill the lesion cavity. 87 However, traditional cell
transplantation approaches retain some drawbacks such as
stem cell survival rate and unsatisfying homing, which cause
their random distribution from the injection site to
surrounding tissues.

Tissue Engineering Strategies

The pharmacological strategy for SCI offers dissatisfactory
outcomes; furthermore, the clinical approach of employing
nerve autografts for injury suffers from a tissue deficiency. As
an alternative, tissue engineering is a hopeful strategy for
regenerating the spinal cord and peripheral nerves. 88

Biomaterial scaffolds can restrain the viability of stem cells
and promote their therapeutic results in lesion sites. 8
Biomaterials as a filler or mechanical stabilizer reconstitute
ECM and supply a condition for transduction with host cells
in SCI injury sites. They can bridge the cavities to guide
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axonal sprouting across the gap. %0 Several biomaterial
architectures including fibers,°! channels,?? conduits,*
scaffolds,?* and magnetic microgels® have been investigated
to guide neural regeneration and nerve extension.

Among novel strategies for SCI treatment, biomaterials such
as hydrogels can supply trophic and physical support to the
injured spinal cord and also can regulate the localized
delivery of the immunomodulatory components. %

Brain and spinal cord have the weakest resistance in human
tissues. Mechanically mismatch between the graft and the
spinal cord soft tissue may result in fibrotic tissue or cysts,
inhibiting the tissue repair. Also, inflexible biomaterials fails
to adapt to the shape of the lesion appropriately. The
mechanical characteristics of the biomaterial scaffold affect
the cells phenotype and function, and plays an significant role
in axonal growth and elongation necessary for effective
integration into the surrounding tissue. 97

Neuronal cultures on soft constructs have shown increased
branching and neurite progress; conversely, stiffer
constructs enhance astrocyte growth. Rigid gels induce
elongated primary dendrites but shorter axons in spinal cord
neurons. After CNS injuries, tissue softening might associate
with the failure of neuronal regrowth. 97 In particular, in
order to guide the axons across the injury, the
microarchitecture of the engineered scaffold must mimic the
native ECM with aligned or parallel channels, pores, or
conduits. 8898

Recently, there has been progress in the treatment of SCI
with the use of both cell-laden and cell-free scaffolds.
Scaffold-based tissue engineering through guiding and
sustaining neuronal regeneration is going to be extensively
used for SCI treatment. Nonetheless, improving the ability of
axonal regeneration following SCI remains a challenge. °

The cell type, size, morphology, and distribution may differ
wildly between different parts of the CNS. Aging,
development, and pathology may alter these compositions.
The gray matter is particularly stiffer than the white matter,
however both become hardened with increasing pressure.
The white matter stands isotropic under tension and
crosswise isotropic under compression, while gray matter
remains anisotropic and regionally heterogeneous. 100

SCI Treatment depends on the knowledge of mechanisms
that impacts axon regeneration and environmental
drawbacks to design beneficial therapies. 101

Currently, natural, synthetic, and combined materials are
utilized to manufacture biomaterial scaffolds based on their
different characteristics for SCI restoration. Natural
materials are widely used for their benefits, such as low
toxicity, suitable biocompatibility, biodegradability, cell-
cell interactions, and many biological functions. Collagen,
hyaluronic acid, chitosan, fibrin, agarose, gelatin, alginate,
and self-assembling peptides are the familiar natural
materials used in SCI repair. Synthetic materials used as
scaffolds in neural regeneration have a variety of benefits,
comprising low inflammatory reaction, customized
physicochemical and biomechanical properties, defined
biodegradability, low toxicity, and controllable porosity and
pore size. Synthetic polymers can be blended for use as a new
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style of biomaterial with unique features. Various
biocompatible polymers such as polycaprolactone (PCL),
polylactic acid (PLA), poly lactic-co-glycolic acid (PLGA),
polyhydroxybutyrate (PHB), polyethylene glycol (PEG),
poly(2-hydroxyethyl methacrylate) (pHEMA), and poly(N-
(2-hydroxypropyl)methacrylamide (PHPMA) have been
employed in the restoration and treatment of SCI. 91-93,102-104
Graphene and graphene-based composites can maximize
electrical signal stimulation due to their good conductivity,
so, they are used in spinal cord tissue engineering to facilitate
nerve regeneration. In addition, they can be operated as
carriers for cells, trophic factors, and drugs. They may also
have cytotoxic properties, raise oxidative stress, and impede
pulmonary vessels. 105

Other investigations have demonstrated that injectable
ECM-mimetic hydrogels help or improve axon regeneration
via ECM remodeling. They can be directly injected into
targeted sites or tissues through minimally invasive methods
to escape secondary damage. These hydrogels have shown
mechanical and conductive properties comparable to natural
spinal cord tissues and have been suggested as ideal
biomaterials for traumatic SCI treatment. 106 Self-healing
injectable hybrid hydrogel can closely mimic natural ECM at
the injury spot to restore axons and cells. They have been
fabricated from various materials (e.g. laminin and chitosan)
with conjugates and encapsulated exogenic factors capable
of constant released to promote neurite outgrowth and
simplify functional recovery. 107

Hydrogels derived from native neural tissue materials are
promising for neural tissue engineering as they retain native
biochemical cues. Decellularized nerve tissue matrix has
shown remarkable features in promoting neural tissue
regeneration.  Injectable  hydrogels composed of
decellularized rat nerves have reported to support viability
and metabolic activity of Schwann cells and astrocyte
spreading. Also, ECM containing scaffolds are promising drug
delivery vehicles for neural injury combination therapy
approach. 108

A comparative analysis showed that decellularized spinal
cord matrix (DSCM-gel) engaged an ECM-like structure and
demonstrated more increased porosity than decellularized
peripheral nerve matrix hydrogel (DNM-gel). NSCs have
more potential viability, proliferation, and migration in 3D
cell culture, enabling differentiation into neurons and
synaptic formation. Moreover, DSCM-gel in complete
transected SCI bridges the lesion site thatis proper for axonal
regeneration. 109

Electroconductive and magnetic components can be
incorporated into scaffolds. Using of electromagnetic and
electroconductive materials may allow cell proliferation,
differentiation, and migration and guide neurite growth.
Anisogel is an injectable hybrid magneto-responsive
hydrogel with oriented fibers that induce unidirectional
growth of nerve cells in the direction of an external low
magnetic field by spontaneous electrical activity with
calcium signals spreading along the anisotropis axis of the
material. 110 Graphene crosslinked collagen as a cryogel is
porous and electroconductive, regulating astrocyte
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sensitivity and improving the ratio of M2/M1 polarization
macrophages. 111 Electrospinning micro/nano fibers have
been increasingly used in SCI therapy due to their large
specific surface area, complex porous structure, and
biocompatibility. Multichannel fibers simulate nerve bundles
and guide axon growth. Nanofibrous constructs can be used
as carriers loaded with drugs, growth factors, and cells.
Fibers with conductive polymers are capable of electrical
stimulation of nerve function. 12 For instance electrospun
PCL/ Polysialic acid (PSA) nanofiber hybrid mats
encapsulated with methylprednisolone has been developed
for SCI treatment. °

An ideal scaffold for SCI application should satisfy many
biochemical and biomechanical properties such as
biocompatibility, proliferative and differentiative effects,
noncytotoxicity, nonantigenicity, flexibility, degradability,
sufficient biomechanics, conductivity, and suitable porosity
and pore size with good integration into the host tissues. In
addition, scaffolds in nerve tissue engineering need to supply
an anisotropic network corresponding to the native ECM to
grant cell orientation and conducting channels or pores for
axon growth and reconnection. 88113

In vitro and in vivo research regarding spinal cord and
anisotropic peripheral nerve scaffold results have promoted
knowledge of nerve regeneration. However, the reaction of
cells at genetic and molecular levels to these topographical
cues needs to be clarified. There still needs to be clinically
useful scaffolds. This deficiency is because the nerve tissue
has inherent complexities concerning the sensitivity,
vascularization, exogenous biochemical molecules, and
electrical incitement. 88

Advanced Three-dimentional Bioprinting for SCI repair
Three dimensional (3D) bioprinting has been developed as
a beneficial method for fabricating precise complex living
neural architecture with spatial allocations of many types of
cells for SCI repair. 114 The strategy of combining and printing
cells and affiliated cytokines at the same time has slowly
improved neural regeneration. 3D bioprinting technology
has a specific potential for personalizing the regeneration of
the nervous system and SCI. 115

Hydrogels utilized as bio-ink can be assembled with
synthetic and natural biopolymers. Natural biopolymers
including collagen, chitosan, hyaluronic acid, gelatin,
alginate, agarose, fibrin, and synthetic polymers such as PCL,
PLA, Poly-glycolic acid (PGA), PLGA, and PEG are broadly
operated in neural tissue engineering, 116

Different cell types have been used for 3D bioprinting nerve
constructs to promote neural regeneration. These cell types
include Schwann cells, neural stem cells (NSCs), iPSCs,
olfactory ensheathing cells (OECs), Human fibroblasts,
oligodendrocyte precursors, and mesenchymal stem cells
(MSCs). Printed viable cells can be contained in the
bioprinting medium (bio-ink) or implanted into the
construct. 117 Stem cells or NSC-laden 3D bioprinting still
encounter major challenges including minimal cell-material
interaction, poor cell viability, and unmanageable printing
process. 114
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While bioprinting has numerous benefits, it still meets
multiple challenges. To date, only a few distinct cell types and
scaffold models have been examined in spinal cord
bioprinting. Common drawbacks of bioprinting technology
include high viscosity, low cell density, poor mechanical
properties, and small nozzle dimensions and flow rates that
limit the collected bioink volume per drop. Bioprinting
strategy for spinal cord tissue engineering has not yet
overcome the limitations around immunosuppression,
inflammation, and vascularization, providing many areas for
development, 115

Up to date, summary of SCI studies shows that rats were the
furthermost species employed for animal models of spinal
cord injury and complete transection was the generally
operated injury pattern. In most studies, immediate
intervention after injury has been leaded, and eight weeks
has been the standard final time point for result
investigation. A broad spectrum of natural and synthetic
biomaterials with various structures including scaffolds,
hydrogels, and particles have been utilized as a part of the
tissue engineering approach for SCI.

Alterations in biomaterials due to more functionality and
combination with cells and biomolecules can effectively
fabricate microenvironments to repair SCI in preclinical
animal models. 118

Recentadvances in the clinical management of patients with
SCI have greatly improved their prognosis, survival rate, and
quality of life. Also, substantial progress has happened in
basic science research around cellular and molecular events
of SCI, facilitating the development of pharmacologic agents,
stem-cell based therapy, and tissue engineering. Despite
these efforts, there is still no definitive therapy to restore the
function of silent axons and SCI nerve regeneration. These
challenges have led to an increased focus on alternative
therapeutic approaches. 119-121

All innovative therapeutic strategies target secondary
damage of spinal cord injury, while there are no therapeutic
strategies for neurological alterations caused by primary
injury. 41 Suppression of the secondary neurodegeneration
damage processes is a potential approach for SCI treatment.
Current treatments seem ineffective due to the complexity of
generating and the outcomes of spinal cord injuries; hence, it
is better to look at new treatments. Modern strategies may
be considered a complement to previous treatments.
Multiple approaches are needed to achieve satisfactory
outcomes.

Emerging strategies and future direction for SCI
treatment Biochemical strategies

Glial reaction at the injured area form glial scars are
primarily comprised of activated astrocytes and express
considerable chondroitin-sulfate proteoglycans (CSPGs),
which cause axon growth cone collapse and avert of axons
from sprouting across the injury site. 122 Failure of axonal
regrowth is a significant barrier to treating adult CNS
injuries, and proteoglycans are strong inhibitory cues.
Furthermore, CS and keratan sulfate (KS) chains are linked
covalently to some proteoglycans. The proteoglycan
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degrading enzymes promote functional recovery after SCI,
such as approaches operating KS knockout in mice and KS-
degrading enzyme, keratanase II (K-II) and chondroitinase. 17

CSPGs in glial scarring are known as powerful inhibitors of
neuronal regeneration. Chondroitinase ABC (ChABC), a
bacterial lyase enzyme, degrades the glycosaminoglycan
(GAG) side chains of CSPGs and stimulates spinal cord tissue
regeneration. However, the weakness of ChABC is its thermal
instability and failing all activities at 37°C within a few hours.
Various groups of copolymers assembled and stabilized
ChABC at physiological temperature has been reported,
which is a profitable pathway toward supported neural
tissue regeneration. 123

Removal of CSPGs with ChABC from the defect site has
resulted in enhanced sensory recovery, axon sprouting, and
recovery of neural functional properties after SCI. 124 The
efficacy of ChABC as a treatment for SCI has proved in pre-
clinical models. 125 ChABC for SCI treatment has not been
applicable in clinical trials until now. However, this lysis
enzyme was evaluated in phase III clinical trial in Japan as an
alternative to surgery for lumbar disc herniation. This
indicates the beneficial use of ChABC for treating SCI in
humans. 191 This enzyme therapy strategy may be helpful for
the clinical treatment following spinal cord injury combining
chondroitinase with other strategies known to promote
neural recovery. 126

Cellular strategies

Cell therapy seems potential for repairing the human spinal
cord. However, current clinical approaches are challenging,
including systemic or direct delivery of transplanted cells
into neural tissue. Moreover, confirming efficacy studies,
meeting strict regulatory standards and establishing
tolerable long-term budgets are critical challenges that
remain for cell therapy trials in this field. 84127 MSCs have
emerged as promising carriers with various advantages. 128
Paracrine effects of MSCs, small molecules, drug delivery, and
employing neurotrophic factors are remarkable strategies to
overwhelm graft rejection. 1> Alleviated neuropathic pain
after remyelination and induced practical recovery and
neuronal regeneration have been accomplished with
peripheral nerve-derived stem cell spheroids. 12

The glial and neural cells are mechanosensitive; therefore,
engineered systems hold to design and prepare
mechanotransduction platforms. Mechanotransduction
proves that neural regeneration is a new strategy for
designing a future therapy. 139 Organ on-a-chip, organoids,
and assembloids as human multicellular 3D models of the
nervous system and spinal cord have recently been
presented and developed for research and transplanted into
animals. 131 Cell reprogramming technologies have been
manipulated to generate fresh neurons after SCI. Astrocytes,
fibroblasts, and NG2 glia have been reprogrammed into
neurons. Also, astrocytes with NG2 glial cells are activated
and  organized nascent  astrocytes.  Therefore,
reprogramming astrocytes into neurons is a prospective
approach for repairing the injured spinal cords. 132
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Molecular strategies

Growth factors influence the morphology of axons along the
nervous system development and promote axonal sprouting
and regeneration after injury. Furthermore, growth factors
modulate the survival of neurons, neurite outgrowth,
synaptic plasticity, facilitating myelination of regenerated
axons, neurotransmission, and neuroprotective properties
after SCI. Neurotrophic growth factors have been candidate
medicines for SCI treatment through multiple roles in
functional recovery after SCI. The role of various growth
factors in spinal cord injury has recently been evaluated,
particularly in animal models using brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic
factor (GDNF), nerve growth factor (NGF), neurotrophin 3
(NT3) and neurotrophin 4/5 (NT-4/5), fibroblast growth
factor (FGF), hepatocyte growth factor (HGF), epidermal
growth factor (EGF), basic fibroblast growth factor (bFGF or
FGF2), and insulin-like growth factor-1 (IGF-1). Growth
factors are applied alone or cocktail and highlighted with a
hydrogel releasing strategy besides this approach may
overcome some barriers. For instance, overexpression of NT-
3 and IGF-1 may promote motor function and reduce the
occurrence of spasm after SCI. The presence of growth
factors provides positive effects on axon regrowth. Delivery
of growth factors to the injured spinal cord has been tested
for many growth factors, delivery timing, and methods.
However, more studies involving specific growth factors
therapeutically for SCI are needed. 133-137

Granulocyte colony-stimulating factor (G-CSF) is a growth
factor/cytokine exerts relevant CNS activities in particular
after lesions, activates the differentiation of granulocyte
colonies, and stimulates the migration of bone marrow-
derived stem cells into the injured spinal cord. G-CSF seems
to have the potential for antiapoptotic, anti-inflammatory,
angiogenesis, myelin-protective, and axon-regenerative
activities in acute, subacute, and chronic CNS lesions.
Preclinical and clinical information suggests that G-CSF is
safe and helpful for treating acute and chronic traumatic
spinal cord injuries. 138 Using G-CSF for incomplete chronic
spinal cord injuries is related to effective motor, sensory, and
functional improvement. 139

Biomolecules are candidates for SCI treatment by
modulating immune responses. Blocking the IL-7 receptor
promotes the formation of M2 phenotype macrophages
(anti-inflammatory and prohealing) and enhances recovery
processes after experimental spinal cord injury in mice.
Administration of IL-4 and IL-10 chemokines which
stimulate macrophages to accept an M2-like phenotype in
mouse models, has improved recovery after SCI. Using a
chemokine, such as fractalkine, can recruits tending to repair
monocytes and increase the regeneration of practical nerve
faults in rats. %0

Determining specific mechanisms resulting from secondary
injury is crucial to minimize tissue damage and improving
neurological functions. Macrophage inflammatory protein 1-
alpha (MIP-1-alpha) or Chemokine (C-C motif) ligand 3
(CCL3) can play a significant role in the CNS inflammation
with affected in the recruitment of inflammatory agents.
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CCL3 is a potential target to regulate the inflammatory
inflammatory cascade in secondary damage after SCI by
controlling proinflammatory cytokines and chemokines
besides heterogeneity of neutrophils offers new therapeutic
opportunities. 140,141

The mTOR pathway has an influential role in CNS juries.
Chinese herbal medicine can improve the microenvironment
and stimulate neural repair after SCI by impeding the SCI-
activated mTOR pathway. 142

Evidence suggest that non-coding RNAs (ncRNAs), mostly
microRNAs (miRNAs) and circular RNAs (circRNAs), are
involved in the pathophysiology of nervous system
disorders. Modulating circRNAs may promote angiogenesis,
suppress inflammation, inhibit apoptosis, and regulate
autophagy in acute CNS injuries.

Although circRNAs are associated with diverse biological
processes and functions in diagnosing and treating neuronal
processes, their functions in the SCI still need to be
elucidated. Throughout sequencing and bioinformatics
analyses, a novel circRNA, CircPlek, was identified that
increased expression after SCI. These suggested factors
decrease the inflammatory response at the spinal cord lesion
and elevate functional motor recovery. 112143 Exosomes as
carriers of miRNAs indicated significant potential in the SCI
treatment. The miRNA-modified exosome impacts were
superior to exosomes alone in improving motor function
scores in animal models with SCI. 144145

The repair mechanism in spinal cord injury by astrocytes
and non-astrocytes is organized by the concurrent
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reactions and secondary damage after SCI. Regulating the
expression of key genes. Analysis of 19 expression modules
using 5216 differentially expressed genes found that miR-
494, XIST, and other genes were individually expressed in SCI
patients and positively regulated in dysfunctional modules
shown to play a role. These genes have been identified as
driving genes for SCI. 146

Next-generation transcript sequencing, single-cell RNA
sequencing, SCI transcriptomics, and genomic-targeting
techniques developments present a visionary for a better
understanding of obstacles that inhibit or promote axon
regeneration and functional recovery. 147

Novel strategies for spinal cord regeneration presented by
delivery nanosystems such as metal-based nanocarriers (e.g.
gold, maghemite), polymer-based nanocarriers (e.g. PLGA,
polymer-nanoparticles, PLA, Chitosan), and liposome-based
nanosystems (e.g. cationic liposomes with vitamin, liposome
covered by a polymer) as well as other nanocarriers (e.g.
nanogel-based nanovector, drug-loaded nanovesicles, drug
loaded microsphere, encapsulated nanoparticles) can
improve recovery time by targeting the localization, altering
the signaling pathways, and cellular uptake. 148 Drug-loaded
nanomotors technology.*? Local injection of nanoparticles
into spinal cord injury can decrease the cavity sizes and may
improve motor functional recovery in SCI in animal model.
150 Use of machine learning and artificial intelligence (Al) in
spinal cord injury research and care. 151 152 A summary of
therapeutic strategies for SCI is shown in [Figure 4].
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Combination therapy

Combination therapy has the potential to compile a variety
of therapies such as combining neural stem cells, endothelial
progenitor cells, and biomimetic hydrogel matrix therapy for
induction of angiogenesis and neurogenesis in SCI model. 153
Exosomes secreted from stem cells evolve a research topic
for their application as therapeutic agents. 15 Combination of
electroconductive hydrogels with BMSC-exosomes have
been established for the synergistic treatment of SCI.
Exosome-loaded in electroconductive hydrogels can
modulate M2 microglia polarization through the NF-«xB
pathway and synergistically improve differentiation of
neural stem cells to neuron and oligodendrocyte whereas
impeding astrocyte differentiation, even increasing axon
extension via the PTEN/PI3K/AKT/mTOR pathway. 155
Motor function training can improve the expression levels of
endogenous NT-3, NGF, and IGF-1 following the spinal cord
injury, as well as inhibiting cell apoptosis that results in a
more acceptable recovery of motor function. 13* Combination
of MSCs transplantation and acupuncture may be a novel and
effective strategy for treatment of SCI 57. Electrical
stimulation of the proximal nerve in the transection site and
surgical repair accelerates sensory and motor nerve
regeneration. 156 Combining adult stem cell transplantation
with electro-acupuncture (EA) seems to be a more promising
strategy. 58 Epidural electrical stimulation of the spinal cord
has shown motor function recovery. Multisite epidural
electrical stimulation combined with gene therapy by triple
genes (VEGF, GDNF, and NCAM) established a limited
functional improvement for the treatment of SCI in rat
models. 157

Multimodal treatment strategy of SCI including neural stem
cell transplantation and magnetic or electrical stimulation

RECENT ADVANCES IN THE TREATMENT OF SCI

combined with rehabilitation exercise, can improve nerve
repair and regeneration. 158 Cell transplantation therapies for
SCI should be combined with growth factors to satisfy tissue
engineering, while environmental modification strategies
using chondroitinase ABC, trophic support, and ultimately
rehabilitation may promote neural plasticity and increase
the efficacy of spinal cord injury regeneration. 159
Combination therapies are proposed as superior to
promoting neuroprotection and neuroregeneration after SCI.

Clinical trial in combination therapy of SCI

Extensive research endeavors have resulted in clinical trials
for several promising treatment alternatives, although
currently no therapy can consistently restore the lost spinal
cord functions. 160 Clinical trials play a crucial role in
advancing the treatment options for SCI and improving the
quality of life for individuals affected by this debilitating
condition. These trials are essential for testing the safety and
efficacy of new therapies, interventions, and medical devices
specifically designed to address the complex challenges
associated with SCI. A summary of clinical trials for
combination therapy of spinal cord injury presented in
[Table 1].

By involving the participants who have experienced spinal
cord injuries, clinical trials provide valuable insights into the
potential benefits and risks of experimental treatments. They
also contribute to the development of evidence-based
guidelines and protocols that guide healthcare professionals
in delivering optimal care to SCI patients. Through rigorous
scientific and data analysis, clinical trials pave the way for
innovative breakthroughs, fostering hope for improved
functional recovery, enhanced mobility, and ultimately, a
better future for patients with SCL

Table 1. Summary of clinical trials for combination therapy of spinal cord injury
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Drug:
Oxycodone
Naloxone
Combination

Chronic Pain

Completed
Interventional
Clinical Trial
v

Behavioral:
acceptance and
commitment
therapy (ACT)
combined with
psychoeducation

- Spinal Cord Injuries
- Psychological
Distress

Completed
Interventional
Clinical Trial
N/A

Other:
Conventional
Rehabilitation
Other:
NEUROM

Spinal Cord Injuries

Completed
Interventional
Clinical Trial
N/A

Behavioral:
Best practices PAP
+ patient Education
+ongoing Support

and Training

Behavioral:

Sleep Education

- Spinal Cord Injury
- Sleep-disordered
Breathing
- Spinal Cord
Disease
- Multiple Sclerosis

Completed
Interventional
Clinical Trial
N/A

Device:
LIFT System

Chronic Spinal
Cord Injury

Completed
Interventional
Clinical Trial
N/A

Device:
Transspinal
Electrical
Stimulation (tsES)

- Spinal Cord Injuries
- Stroke
- Paralysis

Completed
Interventional
Clinical Trial
N/A

-Transcutaneous Spinal
Stimulation
- Walking
- Spasticity
- Spinal Cord Injuries

< Device:
= Transcutaneous
spinal stimulation

Completed
Interventional
Clinical Trial

65 /22 Years to
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Change in management
of pain related to SCI
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53 = P Questionnaire ~
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Stimulation Tolerability

Canada

United States United States Lebanon United States

Hong Kong
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N/A: Not Applicable; Interventional (Clinical Trial); SCI: spinal cord injury; International Standards for Classification of Spinal Cord Injury Motor Score
(ISNCSCI, formerly ASIA) Spinal Cord Injury-Quality of Life (SCI-QOL); ASIA: American Spinal Injury Association Scale; PSQI: Pittsburgh Sleep Quality Index

Conclusion

According to the review of research and studies and
considering the complications of spinal cord injuries,
treatments with only one management method seem
inefficient. Several factors are involved in the failure of
healing after SCI, containing chronic local inflammation,
biochemical cues, and the release of anti-regenerative
factors. All of the discussed treatments in this article
possess inherent limitations. Prescriptions, surgeries, and
other mentioned management are based on previous
experiences with patient or animal samples that only

represent a division of the current capabilities for SCI
treatment as an intricate disease. Future research aims to
develop new and prospective treatments that build upon
these current interventions, taking into account the
specific conditions and severity of spinal cord lesions in
individual patients. Generally, such investigations are
conducted following drug administration or initial surgery,
once the patient has attained a stable state, thereby
enabling the implementation of novel strategies. As an
alternative, depending on the type and cause of the spinal
cord lesion, given the diverse and numerous complications
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associated with SCI, prospective treatments should
possess the ability to anticipate a wide range of
forthcoming issues before accomplishment and
subsequently offer tailored solutions based on the unique
conditions of each patient. Currently, it appears thata more
promising approach lies in the integration of both
established and novel strategies within a combined
treatment paradigm. It is often more effective to employ a
combination of approaches simultaneously or for a period
as an alternative treatment. By adopting this perspective, it
may be possible to overcome the limitations inherent to
each individual treatment modality by incorporating
alternative approaches, ultimately leading to improved
outcomes in the management of SCL
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