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ABSTRACT

Introduction: Spinal cord injuries are widely acknowledged for their profound impact on quality of life. Consequently, there
is a particular interest in comprehending the molecular and genetic pathophysiological mechanisms that are distinctly as-
sociated with the development of muscle complications, such as atrophy. These complications are crucial features of spinal
cord injury, leading to further mobility limitations and systemic disturbances in cellular homeostasis. Objectives: The present
review aims to elucidate the molecular and inflammatory mechanisms involved in muscle atrophy that contribute to the
deterioration of individuals with spinal cord injury. Furthermore, the current therapeutic options for this condition will be
explored in this review, with the aim of providing a comprehensive approach to muscle atrophy in spinal cord injury and iden-
tifying potential therapeutic targets. Materials and Methods: This narrative literature review was conducted through online
research in PubMed, SciELO, and Web of Science between October 2023 and January 2024. A search was conducted using
keywords such as “spinal cord injury,” “muscle atrophy,” “oxidative stress,” and “skeletal muscle,” with the use of Boolean
operators to refine the search. A total of 48 studies were selected based on specific criteria. Conclusions: The process of mus-
cle atrophy that occurs after a spinal cord injury is characterized by the disruption of motor signals, which in turn results in
damage to the neuromuscular junction. Furthermore, this process gives rise to a calcium imbalance, as well as the activation
of pathways that lead to cell death and protein breakdown. Inflammatory cytokines have been demonstrated to promote
catabolism by inhibiting protein synthesis and inducing atrogenes such as MuRF1 and MAFbx. Calcium-dependent enzymes
have been demonstrated to contribute to protein degradation, thereby driving progressive muscle loss. These findings under-
score the significance of timely, multidisciplinary interventions —integrating pharmacological, rehabilitative, and molecular
strategies— to preserve muscle function and enhance outcomes in individuals with SCI.
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RESUMEN

Introduccion: en el presente estudio se aborda una introduccién al tema en cuestion. Las lesiones de la médula espinal se
caracterizan por su repercusion en la calidad de vida de los pacientes, por lo tanto, resulta de particular interés comprender
los mecanismos patolégicos moleculares y genéticos fuertemente asociados al desarrollo de complicaciones musculares, ta-
les como la atrofia. Estas complicaciones son caracteristicas esenciales de las lesiones medulares, ocasionando restricciones
adicionales en la movilidad y alteraciones sistémicas en el equilibrio celular. Objetivos: El propdsito de la presente revision
es esclarecer los mecanismos moleculares e inflamatorios implicados en la atrofia muscular, contribuyendo asi a la degene-
racién de las personas afectadas por lesiones de la médula espinal. En este estudio, se explorardn las opciones terapéuticas
actuales con el objetivo de proporcionar un enfoque integral al estudio de la atrofia muscular en la lesidon de la médula espinal
y de identificar potenciales dianas terapéuticas. Métodos y materiales empleados: Este estudio constituye una revisién na-
rrativa de la literatura, llevada a cabo mediante una exhaustiva investigacion en linea en las bases de datos PubMed, SciELO
y Web of Science, entre los meses de octubre de 2023 y enero de 2024. Se emplearon palabras clave como “lesién de la mé-
dula espinal”, “atrofia muscular”, “estrés oxidativo” y “musculo esquelético”, utilizando operadores booleanos para refinar la
busqueda. El presente estudio aborda un total de 48 estudios seleccionados mediante criterios especificos. Conclusiones:
La atrofia muscular posterior a la lesion medular se caracteriza por la interrupcion de las sefiales motoras, lo que resulta en la
afectacion de las uniones neuromusculares, un desequilibrio en el calcio y la activacién de vias de muerte celular y degrada-
cion de proteinas. El incremento de los factores inflamatorios estimula el catabolismo a través de la inhibicion de la sintesis
de proteinas y la activacidn de los genes reguladores de la degradacién muscular, tales como MuRF1 y MAFbx. Las enzimas
dependientes de calcio contribuyen a la degradacién de las proteinas, lo que resulta en una pérdida progresiva de la masa
muscular. Los hallazgos subrayan la relevancia de las intervenciones multidisciplinarias tempranas, que integran estrategias
farmacoldgicas, de rehabilitacion y moleculares, con el propdsito de preservar la funcion muscular y optimizar los resultados
en individuos con lesién medular.
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Palabras clave: atrofia muscular; lesién medular; tratamiento.

management costs per individual, SCl is a matter of concern
for global public health.*

INTRODUCTION

Spinal cord injury (SCI) is a devastating condition in which

anatomical or electrophysiological disruption of the spinal
cord interrupts the communication between the central
nervous system and the peripheral nervous system.! This
disruption leads to motor neuron dysfunction distal to the
injury site, resulting in various physical impairments, with
muscle atrophy being one of the most frequent.? Beyond
the loss of neural input and output, inflammatory and sig-
naling pathways play a significant role in long-term com-
plications often associated with muscular and bone dys-
function, leading to a continuously worsening condition
and, eventually, a downturn in the prognosis after SCI.

SCl etiology, according to Yanbo Liu et al.,? is mostly attribut-
ed to traumatic causes such as falls, violent acts, and tran-
sit-related injuries. The most prevalent and incidental level
of damage is the cervical region, which is also related to
the most significant disability. Given the trend of increasing
global life expectancy over the last decades (reaching up to
73.5 years in 2019), the average age of individuals with SCI
tends to increase. With a worldwide prevalence of around
20.6 million cases estimated in 2019 and very high medical

SCl can be classified based on the injury mechanism and the
chronological stages in which it presents. Regarding the first
classification, non-traumatic SClI occurs when neuronal de-
terioration is mediated by immune-related, degenerative or
infectious mechanisms. In contrast, traumatic SCI involves
functional and physical interruption resulting from the ex-
ternal application of force conditioning, a complete or par-
tial neuronal dysfunction distal to the injured segment.®

In this last case, the sudden application of force to the spi-
nal cord not only damages the neuronal tissue, but also
compromises blood vessels and adjacent structures such as
bone, muscles and connective tissue, resulting in ischemia
and the release of multiple proinflammatory mediators that
will condition and perpetuate the dysfunction. In terms of
chronological classification, the time from injury up to 48
hours is designated as the acute stage of SCI, between
48 hours and 14 days as subacute, 14 days to 6 months as
intermediate, and after 6 months of clinical progression, it
is considered a chronic lesion.> Throughout this process,
depending on its stage, individuals with SCI experience
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varying degrees of inflammation and activation of signaling
pathways. The inflammatory process, which is ongoing, has
consequences for both damaged tissue and the potential
for new long-term complications related to musculoskel-
etal dysfunction. These include the loss of muscle mass
and, eventually, muscle atrophy. The chronological stages
of SCI facilitate a pathophysiological understanding of im-
munological mechanisms and emphasize the significance of
time-dependent medical therapies that prevent individuals
from progressing to muscular complications.

In view of the considerable clinical implications of spinal
cord injury, a thorough review of the mechanisms of muscle
atrophy is both appropriate and necessary. The topic has
been identified as being of significant relevance, primari-
ly due to three key factors. Firstly, there is the increasing
global prevalence of the condition. Secondly, there is the
ageing population. Thirdly, and finally, there is the impact
of muscle atrophy on long-term functionality. The physical
consequences of muscle atrophy are twofold. Firstly, it lim-
its mobility and independence. Secondly, it contributes to
secondary complications.

These include, but are not limited to, insulin resistance, os-
teoporosis and cardiovascular disease. The latter two have
been shown to drastically worsen prognosis and increase
healthcare costs. Despite the advances made in the field of
medicine, this narrative review offers a structured synthesis
of the existing evidence, highlighting the gaps in literature
and identifying emerging therapeutic approaches tailored
to the mechanism of muscle atrophy. The objective of this
review is twofold: firstly, to integrate epidemiological data,
molecular insights and current treatment strategies; and
secondly, to support evidence-based care and guide future
research.

METHODOLOGY AND MATERIALS

This is a narrative literature review performed through on-
line research in PubMed, SciELO, and Web of Science be-
tween October 2023 and January 2024. Keywords such as
“spinal cord injury,” “muscle atrophy,” “oxidative stress,”
and “skeletal muscle” were used. Boolean operators were
used in the following combinations: “spinal cord injury AND
muscle atrophy”, “spinal cord injury” AND “muscle atro-
phy” AND “oxidative stress” AND “molecular mechanisms”,
IF (“spinal cord injury” AND “muscle atrophy”) THEN “ox-
idative stress”. The selection criteria included English and
Spanish language publications, evidence-based, especially
focusing on muscle atrophy after SCI. Publications in lan-
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guages other than English or Spanish were excluded. Arti-
cles that did not meet the eligibility criteria were exclud-
ed and classified, with reasons including insufficient data,
non-indexed articles, and studies published in languages
other than English or Spanish. Selected articles were pub-
lished in journals related to immunology, oxidative stress,
neuroscience, neurorehabilitation, molecular science, and
neurology, between 2000 and 2024. Articles focused on
prognosis, psychological impact, economic involvement,
future aiming, and ethics were also excluded from this lit-
erature review.

Results of the search: A total of 294 records were initially
identified. 150 from PubMed, 20 from SciELO, and 124 from
Web of Science. After removing 84 duplicates, 210 records
remained. A screening review of 210 documents was con-
ducted by examining titles and abstracts, leading to the ex-
clusion of 120 articles. Twenty of the remaining documents
were not retrieved. The 70 remaining articles underwent a
full text evaluation to determine if they met the inclusion
criteria or not. Finally, 48 studies were selected (Figure 1).
No automation tools were used in the process.

RESULTS

Muscle atrophy

Skeletal muscle is a key component of physiological met-
abolic homeostasis, including energy metabolism, thermo-
genesis, as well as mechanical and protective functions.
Since 40% of our total body weight is muscle, representing
approximately 50% of the total protein body mass-it is ex-
pected that any pathological process might trigger conse-
guences that not only affect muscular tissue but also impact
multiple metabolic processes and molecular pathways.®

Muscular tissue is composed of excitable contractile myofi-
bers, which can be classified into three types based on their
oxidative rate: Type | (slow oxidative rate), also known as
red muscle fibers; Type lla (fast oxidative rate); and Type Ilb
(fast glycolytic rate), also called white muscle fibers, which
are capable of hydrolyzing ATP faster than type | fibers.®

The term “muscle atrophy” is defined as a skeletal muscle
disorder characterized by the progressive deterioration of
functionality and muscle mass decline. The categorization
of this condition may be facilitated by its underlying etiolo-
gy, which can be defined as the causative agents that pre-
cipitate the onset of the disease. In this instance, etiology is
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constituted by congenital diseases, which are characterized
by the presence of protein mutations. These mutations are
the primary causative agents of muscle atrophy. However,
the present review highlights that acquired muscular dys-
function may also result from malnutrition, sepsis, or neural
disconnection causing muscular atrophy. In such cases, the
underlying condition and the person’s immobilization cre-
ate an imbalance between protein synthesis and degrada-
tion, triggered by multiple signaling pathways, such as the
sphingosine 1-phosphate signaling axis activated by the re-

lease of TNFa in acute inflammation affecting skeletal mus-
cle myotubes. The result of these events is the promotion of
cellular apoptosis, muscle wasting, weakness, and muscle
atrophy, thereby perpetuating muscular dysfunction and
clinically leading to a decline in mobility.®® Histologically,
atrophied muscle is characterized by a significant reduction
in myofiber diameters and a hypereosinophilic sarcoplasm.
However, in denervation atrophy, as observed in SCI, the
characteristic histologic feature includes myofibers that are
compressed and have crowded nuclei, along with the.

FIGURE 1. Prisma research flow diagram, 210 articles were screened, from PubMED, SciELO and Web of Science, after assessing eligibility,

only 48 studies were included.

Loss of organelles and changes in muscular cell types. It is
important to note that in animal models, a specific tenden-
cy to change the type of muscle fiber has been observed
in type Il fibers in cases of atrophy secondary to disuse, ca-
chexia and malnutrition.*

After SCI, the disconnection of the neural network and
the resulting lack of muscular movement lead to atrophy.
In the complex neuronal relation between the spinal cord
and skeletal muscle, there are three types of motor neu-
rons that are crucial in the pathophysiology of muscular
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atrophy: Alpha, Beta and Gamma motor neurons. Since al-
pha motor neurons contain extrafusal fibers and are found
predominantly at neuromuscular junctions, they act as
force regulators. Gamma motor neurons have intrafusal
fibers distributed largely in muscle spindles which act as
somatosensorial mechanoreceptors, therefore modulating
the length of muscular fibers during contraction. Finally,
Beta motor neurons contain both extrafusal and intrafus-
al fibers.”® Studies have shown that whenever there is a
sudden neuronal interruption, motor neurons can become
highly excited promoting deep hyperreflexia and even spas-
ticity.® With the interruption of the synaptic communication
between any given motor neuron and its corresponding
neuromuscular junction, the motor endplate undergoes a
degeneration process, resulting in the inability to eliminate
acetylcholine, consequently leading to the accumulation of
substrates such as calcium and the initiation of apoptotic
processes in skeletal muscle.®

Consequently, the process of muscle atrophy after any SCI
is not solely attributable to a sudden absence of neural
input; it is also associated with various molecular path-
ways and molecular phenomena, including mitochondri-
al dysfunction, increased oxidative stress, inflammation,
and the activation of multiple proteolytic enzymes that
contribute to muscle wasting, cell apoptosis, and muscle
atrophy.

Signaling Pathways, Inflammation and Proinflam-
matory Cytokines Involved in Muscle Atrophy

Muscle atrophy is a condition mediated by “atrogens”, which
are activated through various proteolytic pathways associ-
ated with this pathological process.® Given the complexity

of the factors involved in these associated mechanisms, it is
essential to understand some of the key elements intimate-
ly related to this common complication of SCI.

After a traumatic event involving the spinal cord, multiple
factors and signaling pathways are activated to respond to
the macro and microscopic damage caused by the initial
insult. Although these elements initially aim to contain fur-
ther damage and eliminate cellular debris, they eventually
contribute to the perpetuation and development of mus-
cle atrophy. Cytokines such as tumor necrosis factor alpha
(TNF-a), interleukin 1/6 (IL-1, IL-6), and tumor necrosis fac-
tor-like weak apoptosis inducer (TWEAK) act as pro-inflam-
matory mediators and are directly linked to muscle catabo-
lism through the down-regulation of mRNA translation and
blockage of muscle protein synthesis by inhibiting the PI3K/
Akt pathway and promoting the transcription of atrophy-re-
lated genes (e.g. MuRF1, MAFbx).!

Following SCI, an increased intracellular calcium con-
centration has been identified as the starting point of a
cascade of events that culminate in the participation of
calcium-dependent proteases called calpains. These en-
zymes function as catalysts in proteolytic processes and
contribute to the inhibition of various signaling pathways
that ultimately result in muscle destruction.’* The role
of Calpain in calcium-mediated protein decomposition
is to inhibit and catalyze the proteolytic events involved
in muscle atrophy. Caspases are implicated in the loss of
muscle fibers, as they play an essential role in apoptosis.!?
Additionally, the recruitment and activation rate of auto-
phagic lysosomes that degrade protein-based material,
is particularly important. These lysosomes show height-
ened activity during SCl and have preference for glycolytic
type Il muscle fibers in their autophagic process, as seen
in Figure 2.3
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FIGURE 2. This image illustrates the complex network of molecular pathways leading to muscle atrophy following spinal cord injury (SCI).
Key pro-inflammatory cytokines: TNF-a, IL-1/6, and TWEAK, initiate cascades that inhibit anabolic pathways such as PI3K/Akt and pro-
mote protein degradation via calpains, caspases, autophagy, and the ubiquitin-proteasome system. This intricate interplay underscores
the multifactorial nature of SCI-induced muscle atrophy. Figure self-made in Biorender. IL: interleukin, mRNA: messenger ribonucleic
acid, TWEAK: tumor necrosis factor-like weak inducer of apoptosis, TNF: tumor necrosis factor, PI3K: phosphatidylinositol 3-kinase, ROS:
reactive oxygen species, mMTORC1: mechanistic target of rapamycin complex 1, Ca: Calcium, Rheb: Ras homolog enriched in brain.

Another mechanism of muscle atrophy and catabolic in-
duction is the ubiquitin-proteasome system, which consists
of various enzymes and proteins that work together to de-
grade proteins, including ubiquitin itself, and a 26S prote-
asome responsible for degrading the polypeptides formed
by the system, thereby promoting protein replacement.®
Some ubiquitin-related proteins are of special interest be-
cause of their transcription factors, such as O-type forkhead
transcription factor (FOXO), which plays an essential role in
muscle atrophy by participating in many protein destruc-
tion pathways.*

The function of the Ubiquitin-E3 ligase muscle ring fin-
ger-1 (MuRf1) is of particular interest, as this gene has
been found to be profoundly linked to muscle mass loss
in recent studies and is recognized as a molecular mark-
er of muscle atrophy. Another strongly involved ligase is
muscle atrophy F-box/MAFbx (Atrogin-1), which has been
observed to act as a mediator of myofibril degradation,
making it a key component of these pathophysiological
mechanisms.® It is worth mentioning that in many animal

models, the expression of these factors can be significant-
ly increased following SCI.%1%16

Despite the existence of multiple catabolic mechanisms in-
volved in SCI, we can also find factors that activate anabolic
pathways, such as the signaling stream mediated by insu-
lin-like growth factor-1 (IGF-1) that results in the activation
of phosphatidylinositol-3 kinase (PI13K)/Akt, promoting hy-
pertrophy and nerve regeneration.® Unfortunately, inflam-
mation caused by SCI can significantly affect the concentra-
tion of substrates needed for these anabolic functions, thus
impairing these capabilities and ultimately preventing mus-
cle mass regeneration. Additionally, it has been observed
that this down-regulation can persist chronically in subjects
with a complete spinal cord section.®

As previously mentioned, there is a very complex interac-
tion between molecules, genes and signaling pathways
that lead to muscle mass reduction. Among them, TNF-a
has multiple physiological functions related to immunity
and inflammatory response. In addition, it is also known for
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its involvement in apoptotic events when it is attached to
the TNF receptor-1 (TNFR1). This results in the activation
of multiple substrates that trigger the production and ac-
cumulation of reactive oxygen species, the transcription of
proapoptotic protein mediators, and the activation and re-
cruitment of caspases, which are closely linked to myofibril-
lar degradation and muscle mass loss.”8

Additionally, individuals with pathological signaling path-
way activation secondary to SCl present several mecha-
nisms that promote muscle atrophy. Among these, myosta-
tin, within the TGFB superfamily, is of particular interest due
to its expression being limited to skeletal muscle.'® Myosta-
tin regulates the transcription of genes such as MuRF1 and
Atroginl through the phosphorylation of Smad complexes
(Smad2/Smad3, and later Smad4), limiting muscle growth
and playing a major role in muscle mass loss.%*® Equally im-
portant, there are multiple types of tissue and cell bodies
capable of secreting interleukin-6 (IL-6), including adipo-
cytes, cardiomyocytes, leucocytes and even skeletal mus-
cle.®® Specifically in skeletal muscle tissue, IL-6 plays an
important role in the activation of muscle satellite cells. By
doing so, it contributes to the development of new muscle
cells; however, it has been observed that constant and long-
term exposure to IL -6, in conjunction with other factors
such as TNF-alpha, can promote muscle atrophy.>*®

This phenomenon also applies to TWEAK, belonging to the
TNF superfamily, which is primarily produced in tissues un-
dergoing active inflammation, such as the muscle and con-
nective tissue involved in SCI. It is also linked to proteolysis
and oxidative stress through nuclear factor kappa-light-
chain-enhancer of B cells (NF-kappa-B).° In addition, fibro-
blast growth factor-inducible 14 (Fn14) acts as a TWEAK re-
ceptor, and the binding of these two components has been
proven to induce tissue remodeling and fibrosis.?’ Thus,
both TWEAK and TWEAK/Fn14 are involved in the patho-
logical remodeling of skeletal muscle, leading to atrophy
through their continuous activity in injured individuals.

Oxidative stress and Mitochondrial dysfunction

Mitochondrial biogenesis is regulated by various factors,
including peroxisome proliferator-activated receptor-y
coactivator (PGC-1a), a transcriptional coactivator that is
highly expressed in skeletal muscle. Through various sig-
naling pathways, PGC-1a can increase the transcription of
mitochondrial genes in response to certain stimuli, such
as increased energy demand, as seen in SCL.%?' Moreover,
PGC-1a is closely linked to the upregulation in antioxidant

factors. Thus, PGC-1a provides oxidative stress protection
not only through mitochondrial regulation and functions
such as reactive oxygen species (ROS) detoxification and
oxidative phosphorylation but also by promoting diverse
antioxidant substrates that prevent oxidative damage and
ensure mitochondrial survival.*

However, PGC-1a levels can significantly decrease with in-
flammation. Mitochondrial dysfunction invariably leads to
an imbalance in the production and elimination of reactive
oxygen species (ROS), which consequently promotes signal-
ing and proapoptotic pathways in muscle cells.® It is known
that due to mitochondrial function, ROS are inevitably
produced, however, this production coexists in a delicate
balance with their elimination through antioxidant agents.
Therefore, any stimulus that aggravates this balance results
in the accumulation of ROS and is reflected in the deteriora-
tion of cellular functions.?

Finally, in conditions with long-term inflammatory environ-
ments, such as SCl, the downregulation of PGC1-a might
perpetuate and increase oxidative damage. In addition to
the harmful mechanisms triggered by inflammation that
can inevitably result in muscle atrophy, it is important to
note that muscle atrophy itself is also related to an increase
in oxidative stress, creating a self-sustaining inflammatory
loop initiated by the initial injury and further perpetuated
by muscle atrophy.?® Exogenous antioxidant therapy (e.g.
vitamin D) has been recommend recently to reduce or re-
verse oxidative stress and support the muscular rehabilita-
tion of individuals after SCI.

Bone Implications in Muscle Atrophy

The lack of motion in the limbs following a SCI, which leads
to the absence of mechanical stress, has a particularly nega-
tive impact on the physiological functions of the bone, since
mechanical stress is one of the main promoters of bone re-
modeling.?*

Moreover, the delicate balance between bone formation
and resorption depends on multiple factors that stimulate
complex signaling pathways, resulting in cell differentia-
tion into either osteoclasts or osteoblasts. On one hand,
osteoblasts can produce macrophage-colony stimulating
factor (M-CSF) and RANKL, which, when combined with
RANK, trigger a signaling cascade leading to the differ-
entiation of osteoclasts. These osteoclasts, along with
cathepsin k and hydrochloric acid, are responsible for
bone resorption. On the other hand, the recruitment of
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osteoblasts leads to the formation of new bone segments
along with osteocytes.?

When limb motility is lost, the mechanical stimuli that the
bone is designed to carry is no longer available. Therefore,
in the absence of these mechanical stimuli, osteocytes will
not produce signals that promote bone remodeling, leading
to a decrease in bone tissue, osteoporosis, and a greater
risk of fracture.?*?® Interestingly, elevated IL-6 concentra-
tions have been identified in individuals with SCI, attributed
to osteoclast-like cell stimulation observed in bone marrow
cultures of people with paraplegia.?> Some studies suggest
that the loss of bone quality may begin shortly after an SCI
and can persist chronically if not adequately addressed.?*%

Systemic Implications of Muscle Atrophy

Beyond the outcomes that specifically concern the muscu-
loskeletal system, there are multiple systemic repercussions
that can substantially deteriorate the prognosis of the SCI
individuals. The inability to perform certain activities due
to SCI leads to a significantly sedentary lifestyle. Given the
musculoskeletal conditions resulting from SCI, there is a
tendency towards insulin resistance and alterations in car-
bohydrate metabolism, as well as difficulty in thermoreg-
ulation and accumulation of adipose tissue. These factors
may lead to a higher incidence of cardiometabolic morbid-
ities, atherosclerosis, dyslipidemias, chronic renal disease,
among other conditions, compared to people without
SCI.?"® There has also been a clear association between
low muscle mass and cardiovascular events, specifically in
SCI individuals with cervical or thoracic injuries that com-
promise the cardiorespiratory function. Physical rehabilita-
tion to maintain muscle mass has been proven to improve
pulmonary capacity and systemic cardiovascular function.?

Pharmacological management approach

To date, no pharmacological strategies have demonstrated
significant reduction or reversal of muscle atrophy. None-
theless, given the number of signaling pathways involved
in the pathophysiology of this process, several therapeutic
options are currently available, and some others are still un-
der study, which could radically change the outcomes for
individuals with SCI.

As previously mentioned, muscle atrophy in SCl involves the
disruption of many molecular pathways. Due to the variety

of these alterations, there are as many clinical approaches
as there are disturbances. For instance, it has been identi-
fied that up to 60% of men who have suffered an SCI pres-
ent with gonadal dysfunction and, as a result, a decrease in
total testosterone levels.?

Testosterone, an androgen with anabolic effect, is strongly
linked to the maintenance of proper musculoskeletal func-
tion. It not only contributes to increasing muscle mass but
has also been observed to promote protein synthesis by ac-
tivating PI3K/Akt pathways, thereby decreasing the expres-
sion of MAFbx, FOXO1, MuRF1, and other genes involved in
muscle atrophy.>16:30,31

Additionally, testosterone is involved in neuronal recovery
processes and is known to have neuroprotective character-
istics against oxidative stress.3> However, it is important to
consider the risks involved in testosterone hormone thera-
py, with one of the main concerns being prostate growth in
males.’ As a result, this therapy is not yet a viable option
to prevent muscle wasting and atrophy on its own, as it re-
quires further studies.

It is evident that mitochondrial dysfunction, in conjunction
with the subsequent accumulation of ROS, constitutes a
pivotal factor in the progressive decline in muscle function
and mass. Consequently, a therapeutic approach that has
been proposed is the utilization of antioxidants. It has been
hypothesized that the utilization of vitamins, including but
not limited to vitamin E and vitamin D, may result in a re-
duction in the prevalence of muscle atrophy. It has been de-
termined that the incorporation of polyphenols could play a
pivotal role in the prevention of mitochondrial dysfunction.
This process involves the elimination of the accumulation
of ROS and the reduction of the pro-inflammatory stimulus
that promotes and perpetuates skeletal muscle damage.®

Various other options have been explored as part of the
pharmacological approach to muscle atrophy, target-
ing the signaling pathways involved in this condition. For
instance, pharmacological agents that inhibit myostatin,
which, as previously discussed, is an important factor re-
stricting muscle growth through the regulation of genes
linked to muscle atrophy, although they have not been
proven to be completely effective in SCI management.
It has been hypothesized that the potential exists for the
utilization of B2-agonists to promote protein synthesis and
activate PI3K/Akt signaling pathways, thereby achieving
anabolic benefits.}*1°3* However, despite their individually
promising therapeutic effects, these approaches are not
sufficient to completely meet the needs of an individual
with muscle atrophy secondary to SCl, as there is currently
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no pharmacological option available that can address the
complex signaling network involved in this condition.®

Genetic, cellular and other managements in deve-
lopment and study

The possibility of a genetic approach to the management
of muscular atrophy has significantly developed over the
last few decades. However, current limitations in this field
still represent a hurdle for its implementation as a definitive
treatment.

The potential exists for the application of both muscle-de-
rived and non-muscle-derived stem cells to mitigate this
complication. In addition, endeavors to identify efficacious
therapies for the management of muscle atrophy have re-
sulted in the exploration of strategies such as the controlled
use of tetanus neurotoxin. These have the capacity to be
transported by the axon after their internalization at the
neuromuscular junction, thereby activating a series of com-
plex mechanisms that lead to the disinhibition of the in-
volved motor neurons.?>*¢ However, despite being excellent
therapeutic alternatives, they still have technical complica-
tions that prevent their full therapeutic implementation.3%%

Functional Electrical Stimulation

Functional Electrical Stimulation (FES) involves the appli-
cation of controlled electrical impulses to neuromuscular
junctions and muscle fibers via surface electrodes to induce
muscular contraction. It is widely used as a rehabilitation
and injury prevention technique. When combined with re-
sistance training, this electrical stimulation can be a highly
effective therapeutic resource, resulting in muscular hyper-
trophy and improving overall bone and muscle health.?”®
There are several modalities for this electrostimulation
therapy, including FES-cycling, FES-rowing, FES-assisted,
and electro stimulated resistance training (NMEST-RT).3®

Maintaining proper muscle function through FES has been
shown to increase muscle mass, improve blood circula-
tion, and enhance cardiorespiratory performance. It is
also associated with a reduction in complications related
to muscle atrophy, such as fractures, venous thrombosis,
and glucose intolerance.**#° Furthermore, evidence sug-
gests that FES can be combined with other therapies, such
as blood flow restriction, to achieve positive effects and
long-term results.*

The integration of assistive technologies with therapeutic
approaches has proven to be highly beneficial for individ-
uals’ functionality. Despite partial or complete denerva-
tion secondary to an SCI, upper motor stimulus may still be
produced. In recent years, work has focused on developing
neuromechanical prosthetic models, designed to replicate
or enhance the mechanical or neurological function of ex-
tremities affected by the lack of neural input, acting as exo-
skeleton that promote functional recovery.*>*3

It is worth mentioning that even with the growing develop-
ment of devices featuring neuromechanical technology, any
instrument that facilitates the performance of activities for
the individuals is considered an assistive device, whether
it is a wheelchair or a robotic device. Despite the availabil-
ity of multiple assistive devices, physical rehabilitation and
muscular resistance exercises are essential components of
the comprehensive management of SCl individuals, as they
have proven to be especially effective in preserving muscle
mass and preventing complications.*

Physical Rehabilitation

The fundamental principle of physical rehabilitation lies in
the systematic repetition of movements, with or without
resistance, aimed at improving physical capacity and mus-
cle strength.* Evidence supports the necessity of physi-
cal therapy in individuals with muscle atrophy secondary
to spinal cord dysfunction, regardless of whether it is of
traumatic origin.*® However, an interdisciplinary approach
is crucial for creating a personalized program that adjusts
the required number of sessions, intensity, and exercises
to the specific needs of everyone, according to the severity
of their condition. Thus, extremely encouraging results can
be obtained, which, when combined with the previously
mentioned therapeutic efforts, can drastically change both
the prognosis and the quality of life of people with spinal
cord injury, 54748

CONCLUSION

Spinal cord injury (SCI) induces profound skeletal muscle
atrophy through mechanisms that extend beyond the loss
of neural stimulation. Current evidence demonstrates that
muscle wasting is driven by a complex interaction of chronic
inflammation, mitochondrial dysfunction, oxidative stress,
and proteolytic systems such as the ubiquitin-proteasome
pathway, calpains, and caspases. Proinflammatory cytokines,
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including TNF-a, IL-6, and TWEAK, not only inhibit ana-
bolic signaling pathways like PI3K/Akt but also promote
the expression of key atrogenes such as MuRF1 and Atro-
gin-1, directly contributing to protein degradation. These
changes affect type Il muscle fibers and are compound-
ed by elevated intracellular calcium levels, which exacer-
bate apoptotic and autophagic activity. Although anabolic
pathways mediated by IGF-1 attempt to counteract mus-
cle loss, their effects are limited by the persistent inflam-
matory environment. Furthermore, the downregulation of
PGC-1a disrupts mitochondrial biogenesis and antioxidant
defense, intensifying oxidative damage. Collectively, these
findings highlight the multifactorial nature of muscle atro-
phy in SCI and establish the need for targeted therapeutic
strategies that address the underlying molecular mech-
anisms to preserve muscle mass and improve systemic
outcomes in affected individuals. Clinical implications
of the present study urge physicians to implement mul-
tidisciplinary clinical approach; clinicians must consider
not only musculoskeletal rehabilitation but also systemic
monitoring and intervention to mitigate secondary muscle
atrophy complications. Early personalized interventions
integrating pharmacological, rehabilitative, and assistive
technology to optimize patient outcomes and preserve
long-term functionality. Future research should focus on
the identification of molecular targets and biomarkers to
guide tailored therapies.
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