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Traumatic spinal cord injury (SCI) results in partial or complete motor deficits, such 

as paraplegia, tetraplegia, and sphincter control, as well as sensory disturbances and 

autonomic dysregulation such as arterial hypotension, lack of sweating, and alterations 
in skin lability. All this has a strong psychological impact on the affected person and 

his/her family, as well as costs to healthcare institutions with an economic burden in 

the short, medium, and long terms. Despite at least forty years of experimental animal 
studies and several clinical trials with different therapeutic strategies, effective therapy is 
not universally accepted. Most of the published works on acute and chronic injury use 
a single treatment, such as medication, trophic factor, transplant of a cell type, and so 

on, to block some secondary injury mechanisms or promote some mechanisms of struc- 
tural/functional restoration. However, despite significant results in experimental models, 
the outcome is a moderate improvement in muscle strength, sensation, or eventually in 

sphincter control, which has been considered non-significant in human clinical trials. 
Here we present a brief compilation of successful individual treatments that have been 

applied to secondary mechanisms of action. These studies show limited neuroprotective 
or neurorestorative approaches in animal models and clinical trials. Thus, the few ben- 
efits achieved so far represent a rationale to further explore other strategies that seek 

better structural and functional restoration of the injured spinal cord. © 2023 Instituto 

Mexicano del Seguro Social (IMSS). Published by Elsevier Inc. All rights reserved. 

Key Words: SCI treatment, SCI structural restoration, Neuroprotection, Neural regeneration, SCI 
repair. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

The world’s incidence of spinal cord injury (SCI) oscil-
lates between 10.4 and 83 cases per million people annu-
ally; one-third are reported to be tetraplegic, and 50% of
patients have a complete lesion. The mean age is reported
to be 33 years old, with a male preponderance (3.8/1) ( 1 ).
The Global Burden of Disease Analysis (1990–2019) for
SCI reported 0.91 million new cases, 20.64 million preva-
1 These authors contributed equally to this work 
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lent cases, and 6.20 million chronic cases in 204 countries.
In this study, falls were the leading cause of SCI ( 2 ). 

The incidence of complete injuries has decreased
slightly compared to incomplete ones, possibly due to
improved safety devices and regulatory efforts ( 3 ) and
advances in prehospital care. Prompt evaluation and
treatment in life-preserving institutions, following the
principles for rapid and systematic identification of in-
juries, and treatment initiation according to the Advanced
Trauma Life Support (ATLS) guidelines ( 4 ) is the current
procedure. These include immediate on-site management,
monitoring of cardiorespiratory compromise, limitation of
spinal movement, transfer to a center capable of providing
definitive care and intensive care monitoring, immediate
o Social (IMSS). Published by Elsevier Inc. All rights reserved. 
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management, and correct delimitation of the lesion, in-
cluding accelerated CT and MRI scans. Also, intervention
plans such as pharmacological or surgical treatment (early
decompression), early prevention of complications such as
gastric ulcer and thromboembolic prophylaxis, and early
nutrition ( 5 ), implemented in the first 24–48 h and days
after the injury. 

Despite the slightly decreased incidence of complete
injuries compared to incomplete ones due to advances
in post-traumatic management and intensive rehabilitation
which have improved the functionality and prognosis of
SCI, we still do not have consistent therapeutic strategies
to significantly improve the paralysis of these patients be-
cause SCI is a severe injury caused by multiple and com-
plex set of events, processes, and responses affecting the
structure and function of the nervous, vascular, and im-
mune systems, that occur simultaneously and subsequently
as a cascade from minutes to months after the initial injury
( 6–10 ). 

Traumatic SCI is a continuous process resulting from
initial mechanical injury and subsequent vascular, tissu-
lar, and cellular changes, which can be divided into acute
( < 48 h), subacute (48 h –14 d), intermediate (14 d to three
months), and chronic ( > 3 months) phases ( 11 ). To under-
stand the pathophysiology of traumatic SCI, this continuum
process can also be divided into primary and secondary in-
juries. Primary injury caused by mechanical trauma origi-
nates from compression, stretching, laceration, or transec-
tion of the spinal cord, which leads to hemorrhage, dis-
ruption of the blood-spinal cord barrier and consequently
axon severing, membrane rupture, and death of neurons,
glia, and endothelial cells ( 5–9 ). As part of a continu-
ous process, the primary injury leads to the pathophysi-
ological events of the secondary injury phase, character-
ized by edema, hypoxia and ischemia, excitotoxicity, elec-
trolyte shifts, free radical production, inflammation, and
other multiple alterations, which result in a prolonged pe-
riod of tissue destruction ( 5–9 ). 

In the present manuscript, we will briefly describe some
important mechanisms of injury in the SCI cascade. We
relate the post-SCI events that lead to spinal tissue de-
struction to the short- or long-term formation of a barrier
for regeneration and remyelination, which prevents the re-
structuring of neuronal networks and the recovery of neu-
ral functions. The most relevant individual treatments with
drugs or cells used in animal models and/or clinical tri-
als showing different degrees of functional improvement
of the injured spinal cord are discussed. 

Primary and Secondary Mechanisms of Injury 

Generalities on Spinal Cord Injury 

The first event is the mechanical injury due to the accident
(traffic, fall, violence, etc.). The contusion, compression, or
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en N
enero 16, 2024. Para uso personal exclusivamente. No se permiten otros usos sin au
immediate and/or sustained stretching causes blockage of
blood circulation in the damaged area and/or rupture of its
vessels both macroscopically and microscopically, as well
as rupture of axons and cell membranes of the other neu-
ral and non-neural cells. As an immediate consequence,
the blockage of blood circulation generates edema and an
increase in local volume. At the same time, macroscopic
and microscopic hemorrhages also increase the local vol-
ume of the lesion area. The increase in volume increases
the circulatory difficulty due to the secondary compres-
sion of the lesion zone and surrounding areas. In addition
to the above, the bony elements of the spine can aggra-
vate the already indicated compression and even tear the
medullary tissue, causing additional bleeding that leads to
progressively greater blockage of blood circulation. De-
pending on the magnitude of the edema, the bleeding, and
the presence of bone elements and even fragments (bone
or metal from projectiles) that invade the spinal canal, the
degree of involvement of the initially centralized area of
injury can extend rostral and caudally, increasing the me-
chanical damage due solely to the progressive increase in
the volume of the injured and adjacent area ( 12 ). In ad-
dition, depending on the magnitude of the injury mecha-
nism, there may be dislocation of the spine with secondary
laceration of the spinal cord and even its rupture, immedi-
ately disconnecting the brain centers of the distal portion
of the injured spinal cord. These last two scenarios war-
rant early surgical decompression and spinal stabilization
( 13–15 ). The aforementioned phenomena can be classified
as the mechanisms of primary injury. Notwithstanding the
foregoing, secondary injury is well known as the most im-
portant phase of the pathophysiological changes of SCI.
This is because it is a destructive and uncontrolled cas-
cade with vascular, cellular, and molecular alterations from
minutes to months after the initial lesion, depending on the
primary lesion to a greater or lesser extent ( 16 ). 

Briefly, vascular alterations described above are worse
during the secondary phase leading to ischemia-hypoxia
of the injury site and around. In addition, the rupture of
axons and cell membranes of neurons and other neural
and non-neural cells release Ca ++ , K + , and Na + ions,
as well as neurotransmitters, especially glutamate and pro-
tein kinases. Simultaneously with the excitotoxicity devel-
oping, a decrease in ATP occurs with the subsequent af-
fectation of the ionic pumps of the cell membranes (in-
crease in intracellular Na + and Ca ++ and extracellular
K + ) with the blockade of neurotransmission and cyto-
toxic edema, as well as the production of reactive oxygen
species (ROS) that mainly induce lipid peroxidation (LP)
of cell membranes. Ischemia-hypoxia also causes blood-
spinal barrier dysfunction, which allows blood cell inva-
sion by neutrophils, T-cells, monocytes, etc., and initiation
of an inflammatory process including cytokines production
as interleukin 1-beta (IL-1 β), interleukin 1-alpha (IL-1 α),
interleukin-6 (IL-6) ( 5–9 ). 
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
torización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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Cellular Events after Spinal Cord Injury and Cell 
Responses 

A cascade of deleterious processes begins immediately af-
ter SCI: ischemia, oxidative damage, edema, and gluta-
mate excitotoxicity, which also contribute to substantial
secondary damage. Cell permeabilization, proapoptotic sig-
naling, and ischemic injury due to the destruction of mi-
crovascular supply cause additional cell dysfunction and
death within minutes of SCI. There is also dysregulation
of intracellular calcium in both neurons and glia, lead-
ing to activation of calpains, which can cause mitochon-
drial dysfunction and cell death. Microglia, the resident
immune cells, respond rapidly to injury, and their early re-
sponse is protective. However, microglia rapidly switch to
proinflammatory cells and release cytokines, which trig-
ger a cascade of events that leads to the infiltration of
peripheral immune cells. Activated microglia retract their
cytoplasmic processes and become morphologically indis-
tinguishable from peripherally derived macrophages that
enter from damaged blood vessels. Within 30 min of in-
jury, microglia and astrocytes begin to express mRNAs
for the inflammatory cytokines IL-1 β and tumor necrosis
factor-alpha (TNF- α) ( 17 ). 

Innate Immunity as a Primary Response Mechanism after 
SCI 

After the initial damage of an SCI, there is an infiltra-
tion of macrophages and neutrophils towards the injury
site due to phagocytosis of the cellular debris and myelin.
In the acute phase, neutrophils secrete molecules such as
proteases, myeloperoxidases, and ROS. The ROS activate
microglia and astrocytes at the site, changing their phe-
notype to reactive cells. In addition, after phagocytosis,
macrophages secrete molecules such as ROS, nitric oxide
(NO), macrophage inflammatory proteins (MIP α and β),
monocyte chemoattractant protein 1 (MCP-1), CXC motif
chemokine 10 (CXCL-10), and act as antigen-presenting
cells, activating the expression of type II major histocom-
patibility complex, MHC-II ( 18 ). 

The secreted ROS activate the resident microglia in the
area in their reactive form. Activated microglia secrete in-
terleukins such as interleukin 1 alpha/beta (IL-1 α and β);
IL-6; TNF- α; interferon-gamma (IFN- γ ), as well as ROS
and inducible nitric oxide synthase (iNOS), promoting a
pro-inflammatory microenvironment. Likewise, astrocytes
also secrete interleukins such as IL-12, IFN- γ , IL-1 β, and
TNF- α, creating a pro-inflammatory environment in the
area of injury ( 19 , 16 ). 

Secondary Mechanisms of Injury in Subacute and 

Chronic SCI 

In the subacute phase, interleukins such as IL-6, IFN- γ ,
and IL-12, promote the rearrangement of the cytoskele-
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en Nat
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ton by polymerization in macrophages/microglia towards
a pro-inflammatory phenotype M1, which secretes the
chemokines CCL2 and CXCL2, the interleukins IL-12, IL-
6, IL-1 β and IFN- γ , and molecules such as NO and ROS,
maintaining an inflammatory environment that corresponds
to a secondary mechanism of injury after a week to years
from the initial SCI. In addition, there is a migration of T
and B cells towards the site of injury. Effector Th1 lympho-
cytes are activated in the context of MHC-II and CXCL-10
chemokines; when they reach the lesion area, they main-
tain an inflammatory state and secrete cytokines, that ac-
tivate signaling pathways such as nuclear factor-kappa B
(NF κB), promoting cell death. These molecules expressed
by T lymphocytes are recognized by B cells, activating
molecules such as B cell activating factor (BAF), B cell
maturation antigen (BCMA), and proliferation induction
ligand (APRIL), encouraging an increase in IgG and IgM
autoantibodies in the environment ( 13 , 16 ). 

In the chronic phase, there is a balance in the system
that promotes a change from a pro-inflammatory to an
anti-inflammatory environment. In this phase, interleukins
such as IL-10 and the transforming factor beta (TGF-
β), favor polymerization in the M2 macrophage/microglia
phenotype and promote the activation of naive lympho-
cytes in Th2. Macrophages/microglia M2 secrete anti-
inflammatory cytokines such as IL-10, TGF- β, IL-13 and
IL-4, and growth factors such as brain-derived growth fac-
tor (BDNF), nerve-derived growth factor (NGF), epithelial
growth factor (EGF), ciliary growth factor (CNTF), and
insulin-like growth factor 1 (IGF-1), which promote a neu-
roprotective environment in the injury site ( 20 ). 

On the other hand, Th2 helper lymphocytes also pro-
mote an increase in the production of growth factors such
as BDNF, NGF and neurotrophins 3, 4, and 5 (NT-3; 4
and 5), prevailing an anti-inflammatory microenvironment
that supports cell survival ( 13 ). 

Chronic SCI Characteristics 

In the chronic phase, the fibroglial scar continues to ma-
ture, there is axonal demyelination, syringomyelia occurs,
and there are also processes of axonal regeneration. When
the glial reaction occurs, which results after the injury,
there is a recruitment of microglia, precursors of oligoden-
drocytes, meningeal cells, ependymal cells, and astrocytes
to the site of the injury, forming a physical barrier that
prevents axonal growth, the fibroglial scar ( 21 ). 

The glial scar functions by isolating the injury zone
from the rest of the tissue and producing factors that
cause the area to inhibit axonal growth and prevent aber-
rant connections. The factors present in the glial scar
are tenacins, semaphorins, ephrins, and proteoglycans-
chondroitin sulfate ( 22 ); these factors are produced by
the cells found in the scar, mainly reactive astrocytes and
oligodendrocytes. 
ional Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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Therapeutic Strategies on SCI 

Over the last 40 years several therapeutic strategies have
been developed to improve functional recovery in pa-
tients with traumatic SCI, attenuate secondary mechanisms
of injury, or favor structural repair. At least 25 differ-
ent mechanisms of injury have been described, from the
acute to the chronic stages ( 8 ). There are under investiga-
tion many therapeutic agents that mainly target secondary
mechanisms as a) neuroprotective strategies (anti-oxidative
stress, anti-apoptotic, anti-excitotoxicity, etc.), b) structural
repair strategies (neuronal regeneration and axonal con-
nectivity), and c) others (neural stimulation, neuromodula-
tion, computer-brain interfaces, etc.). It also includes non-
invasive agents, such as oral or parenteral/systemic drug
administration, and invasive procedures, such as in situ ap-
plication of drugs, neurotrophins, cell or biomaterial im-
plantation, etc. 

The following sections describe the use of single thera-
peutic agents in preclinical research and clinical trials. It is
known that most of them have more than one mechanism
of action, but we will classify each one according to its
main activity. 

Positive Effects of Single Therapeutic Strategies on 

Acute-Subacute Phases of SCI. Neuroprotective approach 

Neuroprotective therapies focus on impeding or prevent-
ing further progression of the secondary injury. There are
multiple publications about neuroprotection and functional
recovery in animal models and some clinical trials using
different types of old and new drug strategies ( 23–25 ).
Neuroprotective therapies have more than one mechanism
of action; however, to facilitate the classification, we will
include the most relevant references and treatments. 

Early Decompression 

Over the past 50 years, laboratory studies have supported
the theory that decompressive surgery of the spinal cord
after SCI attenuates secondary injury mechanisms and im-
proves neurological outcomes ( 26–28 ); however, clinical
evidence was not enough to test this hypothesis until al-
most the past 20 years, when a systematic review sug-
gested that decompression within 24 h resulted in improved
outcomes compared with both delayed decompression and
conservative treatment ( 29 ). The current recommendation
is decompressive surgery 24 h after SCI, which has also
been associated with an improved neurological outcome of
at least a two-grade improvement on the American Spinal
Injury Association Impairment Scale at six months follow-
up ( 14 ). 

Excitotoxicity and Ionic Imbalance 

Within minutes of primary SCI, the combination of direct
cellular damage and ischemia/hypoxia triggers a signif-
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en N
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icant increase in extracellular glutamate, which binds to
ionotropic (NMDA, AMPA, and Kainate receptors) and
metabotropic receptors with consequent calcium influx
inside the cells ( 7 , 30 ). Increased Ca2 + concentration in
the cytosol, mitochondria, or endoplasmic reticulum has
detrimental consequences for the cell ( 30 , 31 ). A mitochon-
drial calcium overload can cause apoptotic or necrotic
cell death. Ca2 + overload induces intrinsic apoptotic
pathways in neurons and oligodendrocytes and causes cell
death in the first week of SCI in the rat ( 13 , 31 ). Mito-
chondrial calcium overload also impedes mitochondrial
respiration and leads to ATP depletion, which inactivates
Na + /K + ATPase and increases intracellular Na + ( 13 , 31 ).
The intracellular Na + excess reverses the activity of
the Na + /Ca2 + exchanger, allowing more Ca + influx
( 32 ). Cellular depolarization activates voltage-gated Na +
channels that result in the entry of Cl− and water into the
cells along with Na + , causing swelling and edema ( 33 ). 

Riluzole is an anticonvulsant that works through block-
age of the sodium channels, preventing an increase in in-
tracellular sodium and calcium concentrations, thereby in-
hibiting excitotoxicity. Riluzole significantly reduced tissue
loss in rostrocaudal regions surrounding the epicenter of
SCI, and also significantly increased retrogradely labeled
red nuclei neurons ( 7 , 34 ). Unfortunately, despite promising
results in animal models, clinical trials of riluzole have not
reached consistent positive functional results, or the bene-
fits have been modest ( 35 , 36 ) 

Lipid Peroxidation/Oxidative Stress 

Mitochondrial Ca2 + overload activates NADPH oxidase
and induces the generation of superoxide by the elec-
tron transport chain ( 13 , 37 ). Although O2 

•− itself is less
reactive, its reaction with the nitric oxide ( • NO) radical
forms the highly reactive oxidizing agent, peroxynitrite
(PN, ONOO–), a crucial player in post-traumatic oxida-
tive damage ( 38 , 39 ). PN can generate multiple highly re-
active free radicals, including nitrogen dioxide ( • NO2 ), hy-
droxyl radical ( • OH), and carbonate radical ( • CO3 ), each
of which can readily induce LP within the phospholipid
membranes of the mitochondrion, leading to respiratory
dysfunction, calcium buffering impairment, mitochondrial
permeability transition, and cell death ( 39 ). In association
with LP, amino acids undergo significant oxidative dam-
age from PN and the other free radicals and can nitrate
the tyrosine residues of amino acids ( 38 ). LP and protein
oxidation show an almost identical spatial and temporal
pattern, increasing rapidly (as early as 1 h) after spinal
cord injury and continuing for at least a week after injury
( 38 ). 

Methylprednisolone (MP) is an effective inhibitor of
free-radical reactions and LP when administered in high
doses intravenously ( 40 ). MP can also inhibit post-
traumatic spinal cord ischemia, support aerobic energy
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
torización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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metabolism, decrease intracellular calcium overload, and
reduce calpain-mediated neurofilament loss ( 41 ). Despite
that, phase III clinical trials were not convincing of its ef-
ficacy and safety, and currently, the administration of MP
for the treatment of acute SCI is not recommended; it re-
mains an option after balancing the benefits and risks for
each patient ( 5 ). 

Melatonin is a potent scavenger of oxygen and nitro-
gen reactive species (against hydroxyl and peroxyl rad-
icals mediated oxidative damage), decreasing LP, anti-
inflammatory, immuno-enhancing, and modulating circa-
dian rhythmicity ( 41–43 ), which has demonstrated benefits
in the SCI ( 44 ). Preclinical studies have served as a ba-
sis for the design of clinical trials to study melatonin’s
possible usefulness in human SCI ( 43 , 44 ). 

Other single drugs with antioxidant activity have
demonstrated benefits in animal models of SCI. Be-
sides its immunosuppressive and anti-inflammatory activ-
ity, cyclosporin-A (CsA) protects spinal cord-damaged tis-
sue from LP by free radicals and produces significant mo-
tor improvement in animals treated with CsA ( 45 , 46 ). 

Rats subjected to SCI and treated with ascorbic acid
(vitamin C) showed significantly better locomotor scores
compared to the control group and also reduced necrosis
at the injury site ( 47 , 48 ). Vitamin E has been demonstrated
to significantly improve hind limb locomotor function, re-
duce morphological damage in the injured spinal cord, and
significantly reduce indicators of oxidative damage ( 49 ).
Furthermore, in a comparative study, the administration of
alpha-tocopherol enhanced the reparative effects on SCI
and was also more effective than ascorbic acid ( 47 ). 

Considering nutritional supplements, docosahexaenoic
acid (DHA) has been described to be neuroprotective in
rodent models of SCI when applied within 30 min of
compression. At 24 h post-injury, lipid peroxidation, pro-
tein oxidation, RNA/DNA oxidation, and cyclooxygenase-
2 induction were all significantly reduced. At six weeks,
macrophage recruitment and axonal injury were reduced,
neuronal and oligodendrocyte survival were substantially
increased. Motor recovery was improved from the fourth
day and sustained up to six weeks ( 50 ). 

Apoptosis 

Apoptosis represents a programmed, energy-dependent
mode of cell death including neurons, oligodendrocytes,
microglia, and astrocytes that begins as early as four hours
after the injury (neurons and astrocytes) or 24 h (oligoden-
drocytes and microglia) and reaches a peak at eight hours
in neurons, 24 h in astrocytes, and 7–8 d in oligoden-
drocytes and microglia ( 51–53 ). In SCI lesions, apoptosis
occurs mainly due to injury-induced Ca2 + influx, which
activates caspases and calpain, enzymes involved in the
breakdown of cellular proteins ( 8 ). Excitotoxins, free rad-
icals, and inflammatory mediators are also known factors
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en Nat
enero 16, 2024. Para uso personal exclusivamente. No se permiten otros usos sin aut
that contribute to cell death and stimulate necrosis or apop-
tosis ( 54 ). 

To date, several drugs have been tested in both ani-
mal models and clinical trials for SCI. Some examples are
mentioned below. 

Minocycline, a clinically used tetracycline, crosses the
blood-brain barrier and prevents caspase upregulation and
decreases caspase-3 mRNA expression, in addition to its
anti-inflammatory activity, limiting the degree of func-
tional loss after trauma ( 55 ). In contusion animal mod-
els of SCI, minocycline showed functional and spared tis-
sue improvement. Locomotion scores were significantly
higher in minocycline-treated rats than those in vehicle or
tetracycline-treated, and lesion size was significantly re-
duced. Among other effects, minocycline treatment sig-
nificantly reduced microgliosis, specific caspase-3 activity,
and substrate cleavage ( 55 , 56 ). 

Calcitriol and metformin act as inhibitors of apop-
tosis after SCI. Calcitriol, a biologically active metabo-
lite of vitamin D, promotes locomotor recovery after SCI
by reducing oxidative stress and inhibiting apoptosis, as
well as inhibiting autophagy ( 57 ). Independently, met-
formin is a glucagon-like peptide-1 agonist used as a hy-
poglycemic agent for the treatment of type 2 diabetes
through adenosine monophosphate-activated protein ki-
nase (AMKP) activation. Metformin attenuates SCI by in-
hibiting apoptosis and inflammation, enhancing autophagy
via the mTOR/p70S6K signaling pathway, and promoting
functional recovery in SCI rats by activating the Wnt/ β-
catenin signaling pathway ( 58 , 59 ). 

Atorvastatin and simvastatin are two inhibitors of 3-
hydroxy-3-methylglutaryl coenzyme A reductase. Atorvas-
tatin decreases caspase-3 activity by 50% and approxi-
mately 20% in apoptotic cells at the injury site, preventing
early apoptosis within two hours of administration ( 60 ),
and acute atorvastatin treatment decreases caspase-3 cleav-
age in neurons, astrocytes, and oligodendrocytes ( 61 ). Sim-
vastatin reduces neuronal apoptosis and improves function
and recovery via activation of the Wnt/ β-catenin signaling
pathway ( 62 ) 

Ascorbic acid (vitamin C) has been described to reduce
caspase-3 in SCI-induced rats; however, its effect was im-
proved when combined with taurine ( 63 ). There is no infor-
mation available about the single therapeutic effect of alfa
tocopherol (vitamin E) on apoptosis; however, when asso-
ciated with vitamin C, it produces a decrease in cleaved
caspase-3 ( 64 ). 

Considering granulocyte colony-stimulating factor (G-
CSF), it has been described that suppresses or significantly
decreases neuronal apoptosis after SCI and increases ex-
pression of the anti-apoptotic G-CSF target gene Bcl-X(L).
In addition, G-CSF improves functional connectivity and
promotes hindlimb function recovery ( 65 , 66 ). There are
also several phase I to III clinical trials with chronic com-
plete and incomplete SCI and subacute incomplete SCI in
ional Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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which G-CSF promotes motor, sensation, and basic daily
tasks (including bladder and bowel management) improve-
ment ( 67–70 ). 

Retinoic acid (RA) has a neuroprotective role in re-
covery from SCI. RA has been described as related to
the prevention of spinal cord barrier disruption by activat-
ing autophagic flux and inhibiting endoplasmic reticulum
stress-induced cell apoptosis ( 71 ). 

Immune Response and Neuroinflammation 

As previously described, neuroinflammation starts from the
very beginning of the injury in the acute phase due to dis-
ruption of blood vessels and macro- and microhemorrhages
in the lesion site with extravasation of blood cells, includ-
ing neutrophils and monocytes. Posteriorly, inflammatory
mediators like TNF α and IL-1 β and other molecules such
as ROS, nitric oxide, histamine, and matrix metallopro-
teinases that increase the blood-spine barrier permeability
appear ( 72 , 73 ). Infiltration by inflammatory cells, contin-
ued activation of resident microglia, and release of noncel-
lular mediators (TNF α, interferons, and interleukins) play
important roles both deleteriously to further secondary in-
jury and beneficially to the removal of cellular debris and
enhancement of the environment for regenerative growth
( 73–75 ). Decreased levels of TNF α, IL-1 β, and IL-6 might
be an indicator of a better neurological outcome after trau-
matic SCI in patients ( 75 ). For a more detailed explanation
of the complex immune response and neuroinflammation
in SCI, see Alizadeh A, et al. ( 13 ). 

Minocycline is a CNS-penetrating tetracycline antibiotic
that inhibits microglial activation and downregulates proin-
flammatory cyclooxygenase-2, TNF-a, and IL-1 β. Both
preclinical and clinical studies of acute minocycline treat-
ment have shown improved behavioral outcomes, espe-
cially improved motor scores ( 76 ). 

Methylprednisolone, in addition to inhibiting free-
radical reactions and lipoperoxidation, acts on cytoplas-
mic receptors to upregulate anti-inflammatory factors and
interfere with the actions of proinflammatory cytokines,
arachidonic acid metabolites, and adhesion proteins when
administered at high doses within eight hours of injury.
As it was said before, methylprednisolone remains as a
therapeutic option ( 76 , 77 ). 

Several other therapeutic strategies are associated with
a reduction in inflammatory response, inhibition of apop-
tosis, increased tissue sparing, and improved motor recov-
ery in animal SCI studies. CsA is a potent and selective
immunosuppressive agent that, due to its mechanism of
action, can be used to inhibit the inflammatory response,
and act as a neuroprotector agent after SCI ( 46 ). 

Immunization with neural-derived peptides (INDP) is
another beneficial therapeutic strategy in either acute or
chronic SCI, that improves motor and sensory function.
After moderate acute injury, INDP elicited a pattern of
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en N
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genes characterized by a significant reduction in IL6, IL1 β,
and TNF α but with an increase in IL10, IL4 ( 78 , 79 ). After
a chronic injury, INDP induced a significant production of
the anti-inflammatory proteins IL-4 and IL-10 ( 80 ). 

Supplements such as trace elements and minerals with
anti-inflammatory activity have shown positive results in
animal models of SCI. DHA is neuroprotective in rodent
models of SCI, significantly reducing lipid, protein, and
RNA/DNA oxidation and the induction of cyclooxygenase-
2 by i.v. DHA also has significant locomotor recovery
( 50 , 79 , 81 ). Zinc has a protective effect on SCI by inhibit-
ing oxidative damage and NLRP3 inflammation, promoting
motor function recovery after the lesion ( 79 , 82 ). 

Treatment with D-carnosine, but not L-carnosine sig-
nificantly reduced the degree of spinal cord inflammation
and tissue damage, neutrophil infiltration, and proinflam-
matory cytokines, among other activities, and significantly
ameliorated the loss of limb function after a compression
SCI ( 83 ). 

It has been described that gut dysbiosis impairs recov-
ery after SCI ( 84 ) and that reprogramming the gut mi-
crobiota by fecal microbiota transplantation improves lo-
comotor and gastrointestinal function in SCI mice, possi-
bly through the anti-inflammatory functions of short-chain
fatty acids ( 85 ). 

Drugs such as Rolipram, Imatinib, Atorvastatin, Met-
formin, and Sumatriptan, also inhibit inflammation and
apoptosis, and improve locomotor recovery in animal SCI
studies ( 7 , 86–88 ). 

Positive Effects of Single Therapeutic Strategies in the 
Intermediate-Chronic Phase of SCI. Restorative Approach

Because the final repair effect after SCI is often unsatis-
factory due to the limited ability to regenerate nerves, the
restorative approach implies structural repair strategies, in-
cluding cell replacement, axonal regeneration and connec-
tivity, remyelination, and others that support the functional
improvement of the injured spinal cord. As mentioned ear-
lier in the section on neuroprotection, there are also several
publications that address repair methods and functional re-
covery in animal models and some clinical trials using dif-
ferent kinds of cell transplantation, biomaterials, and sub-
stances that enhance and direct axonal regeneration, con-
nectivity, and remyelination. Most of these strategies have
more than one way to improve structural and functional
changes. We will briefly describe some of them as indi-
vidual treatments. 

Cell Transplantation 

Transplanted cells replace lost and damaged cells and tis-
sues due to primary and secondary mechanisms of the
lesion and because they secrete neurotrophic factors that
modulate the immune response and local microenviron-
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
torización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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ment, and provide the substrate and support needed for
axon regeneration and remyelination ( 89 ). 

Schwann cells are an important component of nerve
regeneration in the peripheral nervous system ( 90 ). In
animal models of SCI Schwann cells, among other func-
tions, they promote remyelination, provide growth factors
and extracellular matrix components, and enhance axon
regeneration in the central nervous system, improving
motor and sensory function ( 91 ). In a clinical trial, autol-
ogous Schwann cell transplantation was shown to improve
motor, sensory, and autonomic functions in patients ( 92 ),
and a Phase I clinical trial in patients with chronic SCI
showed safety ( 93 ). 

Mesenchymal stem cells (MSC) are self-renewing cells
with multiple differentiation potentials ( 94 ). MSC pro-
motes tissue protection and neural repair by secreting neu-
rotrophic factors and regulating immune responses (reg-
ulating macrophage phenotype M1 to M2 and reducing
inflammatory cell infiltration), inhibiting apoptosis, pro-
moting angiogenesis, and regenerating axons and myelin
( 95–97 ). Although positive results have been reported in
preclinical studies for the treatment of SCI, the therapeu-
tic effect in clinical studies oscillates between significant
and non-significant functional improvement ( 98 , 99 ). 

Olfactory ensheathing cells (OECs) are specialized
types of glial cells present in the olfactory mucosa and
olfactory bulb. OECs have shown several beneficial ef-
fects in in vitro and in animal studies such as secreting
neurotrophic factors, promoting angiogenesis and phago-
cytosis, regulating local immune responses, producing ex-
tracellular matrix to support and guide axon growth and
improving motor function ( 100 , 101 ). Although OECs are
safe and effective in a limited number of clinical trials,
more such studies, especially randomized clinical trials,
are needed to confirm their safety and efficacy ( 100 , 102 ). 

Neural stem cells (NSCs) are self-renewing cells with
multiple differentiation potentials, ranging from neurons
that can act as relay neurons to integrate into damaged
neural circuits to oligodendrocytes that can form myelin
sheaths and promote regeneration and repair of axons
and signal transduction ( 89 , 103 , 104 ). NSCs reduce neu-
ronal apoptosis, inhibit neuroinflammation, and promote
autophagy ( 105 ), and NSC cell grafts form extensive
synaptic networks that integrate with host circuits after SCI
( 106 ). Few clinical trials using NSCs have been reported
whether for subacute or chronic, cervical or thoracic SCI
( 107–110 ). They all demonstrated safe and well-tolerated
transplantations and surgical procedures with no additional
damage, and a modest neurological benefit at the end of
the follow-up ( 107–110 ). 

Other types of cells are also being studied in search
of more therapeutic alternatives. Induced pluripotent
stem cells (iPSCs) are self-renewing and have multi-
differentiation potential, which are generated by genetic
modification and reprogramming of differentiated somatic
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en Nat
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cells ( 111 ). Oligodendrocyte precursor cells (OPCs) can be
rapidly activated after SCI, massively proliferate, and dif-
ferentiate into oligodendrocytes to promote remyelination
( 112 ). Genetically modified cells can more efficiently ex-
press the required protective nerve growth factor, enhance
the differentiation of neural stem cells or progenitor cells
into neurons, and improve the survival rate of transplanted
cells, thereby improving the efficacy of cell therapy and
promoting regeneration and repair of SCI ( 89 ). 

Axon Regeneration and Remyelination Supporters 

Preservation of neurons is important for functional re-
covery after a CNS injury, including the spinal cord,
through adequate connectivity supported by preserved
healthy axons. Injured CNS myelin contains growth in-
hibitory molecules that impede the regeneration of in-
jured axons ( 113 ). One way to solve this problem is to
neutralize myelin-associated inhibitors (MAIs) in the in-
jured spinal cord, such as Nogo, myelin-associated gly-
coprotein (MAG), and oligodendrocyte-myelin glycopro-
tein (OMgp), which are known to prevent axonal regen-
eration. Antagonism of MAIs through vaccination with
protein or DNA vaccines targeting Nogo, MAG, OMgp,
and their co-receptors enhances sprouting and regenera-
tion of lesioned axons in animal models of SCI ( 114–
117 ). Another approach is to target downstream intracel-
lular signaling pathways within the growth cone, such
as the Rho/Rac pathway. Rho antagonists such as C3-
exoenzyme, fasudil, Y-27532, and ibuprofen improved lo-
comotor outcomes in animal models of SCI ( 7 ), and some
of these approaches have been translated into human stud-
ies. C3-like enzymes with improved permeability charac-
teristics (BA-210 + Tisseel, Cethrin) and ibuprofen have
been tested in human clinical trials ( 118 ). Although an
open-label Phase I/IIa clinical trial with BA-210 or VX-
210 (trademarked as Cethrin R ©) showed positive clinical
changes mainly in complete cervical injuries, a random-
ized, double-blind, placebo-controlled Phase 2b/3 trial to
evaluate efficacy and safety of the Rho inhibitor VX-210
in patients after acute traumatic cervical SCI was ended
early due to failure to meet the primary efficacy end-point,
with no statistically significant difference in change from
baseline in the upper-extremity motor score at six months
after treatment between the VX-210 and placebo groups
( 119 , 120 ). 

Remyelination is a regenerative process that occurs
spontaneously but is often insufficient to restore lost axonal
function and improve neurological deficits after demyeli-
nation. Remyelination in the CNS is mainly mediated by
adult oligodendrocyte progenitor cells (OPCs) ( 121 ). One
way to improve remyelination is through several potential
small molecules such as benztropine, a muscarinic antag-
onist, that induces OPC differentiation ( 122 ). Clemastine,
another antimuscarinic compound also affected oligoden-
ional Library of Health and Social Security de ClinicalKey.es por Elsevier en 
orización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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drocyte differentiation and myelination. An opioid receptor
(KOR) agonist, U -50488, is an enhancer of the differenti-
ation and myelination of oligodendrocytes in cell culture;
miconazole and clobetasol have also been identified as in-
ducers of oligodendrocyte maturation ( 121 ). Unfortunately,
these substances have not been tested in SCI. The second
way to improve remyelination is cell transplantation in an-
imal models of SCI such as OPCs. In addition to being a
substrate for remyelination, OPCs regulate local immune
function, secrete a variety of nutritional factors, cytokines,
and chemokines, among others, and also have functional
recovery effects ( 89 , 123 ). OPCs have also been considered
in human transplantation. There is an open-label, dose-
escalation, multicenter clinical trial with C4-7 subacute
AIS grade A or B in patients with SCI, who received
a single dose of OPC administered by intraparenchymal
injection into the spinal cord at the site of injury. At one-
year follow-up, 21/22 (96%) of the intention-to-treat group
recovered one or more levels of neurological function on
at least one side of their body, and 7/22 (32%) recovered
two or more levels of neurological function on at least one
side of their body ( 124 ). 

Neurorehabilitation is another tool in the treatment of
several neurological disorders, not because of the concept
of focusing on the restoration of neurological function by
making the best use of the residual function to replace what
has been lost as much as possible ( 125 ), but because neu-
rorehabilitation enhances neural plasticity, especially when
started as early as possible ( 126 , 127 ). Exercise as part of
neurorehabilitation procedures has shown different ways
to improve structural and functional changes in SCI ani-
mal models: improving modulation of the mTOR pathway
(responsible for differentiation, survival, proliferation, and
protein synthesis), blocking or decreasing its negative reg-
ulator, phosphatase, and tensin homolog (PTEN), through
increasing levels of microRNAs (miR21 and miR199a-3p),
which was correlated with a significant increase in mTOR
mRNA and an increase in the level of phosphorylated S6
expression in spinal interneurons ( 126 ). The mTOR path-
way plays a critical role in regulating the regenerative ca-
pacity of neurons ( 128 ). Exercise after SCI also increases
the mRNA of BDNF, GDNF, and neurotrophin 4 (NT-4)
( 126 ). BDNF is a powerful neurotrophic factor known to
induce plastic changes that regulate neuronal growth, ex-
citability, and even regeneration ( 129 ). Bose PK, et al, us-
ing hind limb exercise (cycling and treadmill training) af-
ter a spinal cord contusion, reported no spasticity in either
group and an increased rate of recovery of limb place-
ment ( 130 ). In addition, exercise has been described to
modulate gene expression in injured neurons, resulting in
increased regeneration ( 127 ). Therefore, exercise as an es-
sential component of neurorehabilitation, especially early
rehabilitation, is a neuroprotective and regenerative agent.
Because it is a non-invasive strategy, it should be consid-
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ered an indispensable strategy for the treatment of several
CNS diseases, including SCI ( 131–133 ). 

Biomaterials 

After SCI, during the intermediate and chronic phases,
the scar formed by astrocytes matures, cyst formation,
Waller’s degeneration, nerve demyelination, inflammatory
responses, and local inhibitory microenvironmental sub-
stances are altogether the main obstacles to axon regenera-
tion and neural circuit repair. In addition to cell transplan-
tation, axonal regeneration, and remyelination supporters,
biomaterials are an additional strategy aid for restorative
therapeutic procedures to improve structural and functional
recovery after SCI. Biomaterials are used to mechanically
stabilize the injury site and provide an environment for host
cell interactions, physically fill SCI-associated cavities, re-
constitute the extracellular matrix (ECM), and bridge the
injury to guide axonal growth across the area ( 134–137 ). 

Biomaterials used to treat SCI can be in the form
of conduits, sheets, scaffolds, fibers, particles, or hydro-
gels ( 137 ). Biomaterials can be used to deliver therapeutic
agents and cells ( 134 ) and to guide axonal regeneration as
channels, fibers, scaffolds, and magnetic microgels ( 137 ).
The use of hydrogel to deliver anti-inflammatory drugs is
appropriate for the acute phase of SCI and the use of fibers
and conduits to achieve guided neural regeneration at later
stages. 

However, not all biomaterials are adequate for use in an-
imal models and potentially in humans. Essential elements
of a good biomaterial (functional biomaterial) include good
biocompatibility, adequate biodegradability, and low im-
munogenicity ( 138 ). According to their main components
and preparation methods, functional biomaterials are nat-
ural (agarose, collagen, gelatin, chitosan, alginate, fib-
rin, hyaluronic acid, and extracellular matrix), synthetic
(degradable polymers such as PGA, PCL, PLA, PLGA,
and PEG; non-degradable polymers such as PHEMA and
PHPMA; synthetic polypeptide molecules, and conductive
polymers), mix/composite/hybrid (synthetic and natural
biomaterials combining desirable properties of both types
of materials), and micro/nanomaterials ( 89 , 137 , 139 , 140 ). 

Because biomaterials have mainly been used as com-
plementary or adjuvant treatments for SCI and other neu-
rological traumatic, ischemic, or degenerative diseases, we
will briefly mention some examples as a single treatment
for SCI. 

Polyethylene glycol (PEG) is a synthetic biocompatible
polymer with many useful properties for the development
of therapeutics for the treatment of SCI. PEG reduces the
inflammatory response, inhibits vacuole and scar forma-
tion, mitigates oxidative stress, promotes and guides ax-
onal regeneration, and restores synaptic connections with
target tissues, thereby promoting spinal cord repair and im-
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
torización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.
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proving motor function ( 141 , 142 ). In the search for strate-
gies to bridge large tissue gaps after acute or chronic SCI,
PEG was tested. A chronic spinal cord lesion was created
by a complete spinal cord transection five weeks before
treatment. Then, after the microsurgical scar resection, the
resulting cavity was filled with polyethylene glycol (PEG
600), which was found to be an excellent substrate for cel-
lular invasion, revascularization, axonal regeneration, and
even compact remyelination in vivo ( 143 ). In another doc-
ument that investigated the feasibility of a system of mod-
ular hydrogel tubes to promote bidirectional regeneration
after SCI, porous hydrogel tubes fabricated from PEG were
implanted into a T9-10 lateral hemisection mouse model.
The implanted tubes had good apposition and integration
with the host tissue; the glial scar was significantly reduced
compared to control, which allowed axon growth along the
inner and outer surface of the tubes, and approximately
30% of the axons within the tube were myelinated, which
improved functional recovery compared to control ( 144 ). 

Another interesting biomaterial tested is the poly (2-
hydroxyethyl methacrylate) (pHEMA). The pHEMA scaf-
fold implanted in the dorsal column, using fluorescent im-
munohistochemistry to quantify glial scarring, showed re-
duced intensity compared to lesion controls for GFAP and
the chondroitin sulfate proteoglycan neurocan, one of the
major inhibitory molecules for axon regeneration in nerve
injury ( 145 ). 

Despite the high number of publications on biomaterials
in animal models of disease, their application in humans is
limited and should follow international rules (ISO 10993-
1:2018(E) ( 146 ). 

Other Single Strategies Approach 

There are other single therapeutic strategies with positive
structural and functional results that have not been included
above. We will briefly mention some successful results. 

In addition to minocycline, there are several other an-
tibiotics from different families with therapeutic effects
on SCI, such as macrolides, β-lactams, and dapsone,
which reduce inflammatory microglial activity, promote
autophagy, inhibit neuronal apoptosis, and modulate SCI-
related mitochondrial dysfunction, improving SCI sequels
and complications ( 147 , 148 ). 

Immunotherapy has now expanded into vast areas of
medicine, including the treatment of infectious diseases,
allergies, inflammatory diseases, autoimmune conditions,
cancer, and CNS diseases such as SCI ( 149–151 ). As
we mentioned before, research in SCI has continued with
good and bad results considering axonal regeneration with
MAI antagonists through vaccination with protein or DNA
vaccines ( 150–153 ). Elezanumab is a promising treatment
consisting of immediate or delayed administration of a
high-affinity repulsive human guide molecule A (RGMa)-
specific monoclonal antibody. Elezanumab promoted neu-
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roprotection and neural tissue axonal repair, regeneration
and plasticity, including the formation of neural tissue, cau-
dal synaptic connections to the site of injury, and improve-
ments in various functional tests in SCI rats ( 153 ). 

As mentioned above, immunization with neural-derived
peptides, such as A91, has shown protective T cell-
mediated autoimmunity, reduced proinflammatory re-
sponse, and apoptosis, increased neurogenesis, and pro-
moted the production of neurotrophic factors (NT-3 and
BDNF) at both early and late phases of traumatic SCI
(tSCI). In addition, immunization with A91 improves func-
tional recovery of both acute and chronically injured rats
( 80 , 154 , 155 ). 

Monocyte locomotion inhibitory factor (MLIF) is a pen-
tapeptide produced by Entamoeba histolytica. In spinal
cord-injured animals, reducing iNOS gene products and
a significant upregulation of IL-10 and TGF- β expression
at the site of injury reduces the nitric oxide concentration
and LP levels in the systemic circulation. Also, MLIF im-
proved the rate of motor recovery, which correlated with
increased survival of ventral horn and rubrospinal neurons,
confirming the neuroprotective effects conferred by MLIF
after SCI ( 156 ). 

More recently, robotic devices have been developed for
gait rehabilitation in paraplegic incomplete patients with
SCI or for assisted upper extremity training in individuals
with cervical SCI. General evidence suggests that robot-
assisted interventions are safe and feasible and may reduce
active assistance by therapists. In patients with chronic in-
complete SCI with independent stepping ability at baseline,
robotic exoskeleton training can improve clinical ambula-
tory status ( 157 ), and compared to overground walking, it
results in lower scores of fatigue, mental effort, and dis-
comfort and improvements in the walking economy due to
decreased energy costs with increased speed and workload
( 158 ). In the case of robot-assisted upper extremity training
for individuals with cervical SCI, hands-on therapist assis-
tance may be reduced ( 159 ). Future research is needed to
determine the optimal device and to standardize the type of
intervention to evaluate the role of robot-assisted training
in individuals with SCI ( 158 , 160 ). 

In addition, there are several other new single thera-
peutic strategies with good or excellent results. One un-
usual drug showed important benefits in an SCI rat model:
the stable gastric pentadecapeptide BPC 157. The bene-
ficial effects of the stable gastric pentadecapeptide BPC
157 have been reported in several organ systems, and re-
cently in CNS disorders, including rat models of stroke and
hippocampal ischemia/reperfusion injury, catalepsy and
schizophrenia, and spinal cord injury ( 161 ). In a rat model
of spinal cord compression, the application of BPC 157
showed advanced healing and functional recovery (coun-
teracted tail paralysis). Compared to control rats, those
treated with BPC 157 intraperitoneally 10 min post-injury,
presented only discrete edema and minimal hemorrhage at
ional Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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the injured site, improved tail motor function and spas-
ticity, and at the microscopic level, a reduction in axon
and motoneuron loss and an increase in the number of
large myelinated axons ( 162 ). In another study that tested
BPC 157 at early post-injury course, immediate effect (in-
traperitoneal injection), delayed post-injury course, imme-
diate effect (intragastric administration), and delayed post-
injury course, long-term effect (therapy started and contin-
uously administered orally drinking water from day 4 to
one month after injury), the main results include hematoma
reduction and spinal cord swelling in both early and de-
layed (four days) application; an increase in Nos1, Nos2,
and Nos3 levels 30 min post-injury (early); and in the de-
layed post-injury course, long-term effect, BPC 157 rats
rapidly presented tail function, and histologic study 30 d
after the injury showed no demyelination process ( 162 ).
Future research is needed to confirm these results and test
them in clinical trials. 

Despite the numerous studies published on therapeutic
strategies in tSCI, only some of them have been considered
in randomized clinical trials. A quantitative systematic re-
view published in 2020 reported a few potential substances
that may improve neurological outcomes in acute SCI: MP,
vitamin D associated with progesterone, and erythropoi-
etin and their potential benefits were modest in the studies
evaluated, and further randomized clinical trials with large
patient samples are needed for routine clinical use ( 163 ). 

Perspectives and conclusions 

The structural and molecular pathology of SCI poses crit-
ical challenges for successful neural repair that remain to
be overcome despite the efforts of the scientific and clin-
ical communities. A better understanding of the complex
biological processes, particularly in human cases of SCI,
will be essential for the development of highly effective
therapies ( 9 ). The first challenge is to effectively inhibit
the spread of secondary injury cascades. The second chal-
lenge is to regenerate the injured spinal cord and restore
neural connectivity ( 7 ). 

To date, the lack or limited efficacy of treatments for
SCI is due to multiple factors that simultaneously and
progressively affect the injured spinal cord and the gen-
eral condition of the patient. These factors include exter-
nal factors (primary mechanisms), lesion-specific factors
(secondary mechanisms), patient health status, and factors
related to the experimental treatment being used. They all
contribute to the complexity of treating human SCI. 

External injury factors include the type and severity of
the lesion, which can range from contusion with or with-
out ligament rupture, contusion or compression with rup-
tured ligaments and bony structures with or without vascu-
lar injury (hemorrhage), to partial or complete laceration
and ruptured of soft and bony tissues, vessels, and spinal
cord tissue. As noted above, the injury factors themselves
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en N
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involve secondary injury mechanisms that have been dis-
cussed in more detail in the first part of this review. Im-
portant patient factors include the level of injury (since the
more cephalic the lesion occurs, the more motor, sensory,
and autonomic functions are affected), comorbidities, age,
associated injuries sustained at the same time as the tSCI,
and the individual’s response to the trauma. Finally, the
factors associated with any experimental treatment should
consider that the biological processes involved in the re-
covery of sensory, motor, and sphincter functions and the
voluntary retraining of motor tasks are so diverse that sin-
gle treatment strategies aimed at reducing some of the sec-
ondary mechanisms of injury may be insufficient. This may
be because human SCI is highly heterogeneous, and no
animal model or experimental paradigm replicates all its
aspects. 

Since experiments with animal models do not match the
complexity of tSCI in humans, we face significant chal-
lenges related to interspecies variation and preclinical ex-
perimental models. For example, while rat SCI is more
pathologically similar to the human case than mouse SCI,
mice have been more widely used in preclinical studies
( 137 ). Therefore, the use of multiple animal models is sug-
gested, considering the general perception that a potential
treatment is more robust if its efficacy can be demonstrated
in more than one animal species, especially large animal
and primate models of tSCI ( 7 ). Given the heterogeneity
of human SCI, in which the spinal cord can be variably
damaged by many different mechanical forces (e.g., dis-
traction, shear, contusion), it has been suggested that a
potential treatment is more robust if its efficacy can be
demonstrated in experiments that employ different injury
models (e.g., contusion, clip compression, etc.) ( 7 ). 

An important aspect to consider is the experimental
treatment, as each therapeutic proposal tested addresses
one or some aspects of the secondary mechanisms of in-
jury. Treatment doses may be insufficient to produce the
expected benefit, or there may be a therapeutic window
that limits efficacy, or because therapeutic maneuvers were
applied before or after the time, they would have pro-
duced maximum benefit. To solve these types of prob-
lems, Kabu S, et al. ( 7 ) propose the following: demon-
stration of a dose-response effect which suggests that the
efficacy is indeed attributable to the therapy, and that the
efficacy can be achieved with realistic human doses (use-
ful for drug therapies and to some extent for cell thera-
pies); demonstration of clinically meaningful efficacy, not
just “statistically significant”, but changes that show a no-
ticeable improvement in locomotion is evident; the timing
and window of therapeutic efficacy considering that the
experimental treatment should be close to the human real-
ity (therefore, treatments should be shown to be effective
in experimental studies when administered after some sort
of delay from the time of injury); adequate pharmacoki-
netic/pharmacodynamic properties to deliver a therapeutic
ational Library of Health and Social Security de ClinicalKey.es por Elsevier en 
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dose or maintain its effect at the trauma site to promote
neuroprotection, regeneration and recovery; and overcom-
ing drug resistance due to P-glycoprotein overexpression,
which creates pharmacoresistance in treatments targeting
neurological diseases. 

Many obstacles to the development of successful treat-
ments for SCI remain to be addressed, including repro-
ducibility of the therapeutic paradigm, variations in the
location and severity of SCI among patients, and clinical
variability and recognition of the appropriate timing for
treatment intervention ( 137 ). Different types of tSCI, pa-
tient conditions, including age and underlying diseases, and
injury severity, including different lesion volumes, may be
suitable for different treatment modalities ( 89 ). Therefore,
more clinically representative models should be considered
and developed. There are also differences in biological
cues between animals and humans; hence, extrapolation
of results can be challenging ( 137 ). 

The heterogeneity of tSCI is reflected at the cellu-
lar level, as we mentioned above, in the cellular events
and cellular responses that develop after injury. There-
fore, novel methods such as single-cell RNA sequencing
combined with multi-omics analyses (genomics, transcrip-
tomics, epigenetics, proteomics, and metabolomics) are im-
portant to find alternative mechanisms in the cellular patho-
physiological response and new targets for the treatment of
SCI ( 164 ). 

The ongoing progress seen in neural tracing procedures,
electrophysiological techniques, as well as imaging hard-
ware and software have improved our understanding of
neural circuit plasticity after SCI and the importance of
propriospinal circuits in restoring neural connectivity. At
the same time, however, the increasing knowledge empha-
sizes our need for greater control over the processes that
govern the rewiring of pathways ( 11 ). 

While acute neuroprotective interventions are crucial
to mitigate secondary injury, therapeutic neuroregenerative
approaches are required to help the millions of patients
with chronic post-injury disability ( 76 ). Currently, func-
tional recovery after SCI is a long process that may take
years, and it is unlikely that a full recovery will ever be
achieved ( 137 ). There is a pressing and urgent need for
therapies to improve the neurological outcome of patients
with SCI. The clinical evaluation of therapies that show
promise in the laboratory setting is a significant challenge
that requires considerable resources and time. Failure in
such clinical trials is very costly and discouraging for the
scientific community, patients, and potential investors ( 7 ). 

Single treatments for SCI repair remain an option after
being used for the last forty years. However, they must
include detailed experiments that consider all the aspects
mentioned before, as well as multiple animal models (in-
cluding large animals), different types of lesions, demon-
strate dose-response effects, etc. Conversely, if there is a
belief that individual therapies are unlikely to cure SCI,
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en Nat
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we should use the same carefully designed experiments
described for individual treatments but follow a combined
approach involving neuroprotective and neurodegenerative
mechanisms, and targeting multiple pathways through a
multifactorial therapeutic approach that addresses the com-
plexity of SCI. 
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