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Abstract: Spinal cord injury (SCI) is an irreversible disease resulting in partial or total loss of sensory
and motor function. The pathophysiology of SCI is characterized by an initial primary injury phase
followed by a secondary phase in which reactive oxygen species (ROSs) and associated oxidative
stress play hallmark roles. Physical exercise is an indispensable means of promoting psychophysical
well-being and improving quality of life. It positively influences the neuromuscular, cardiovascular,
respiratory, and immune systems. Moreover, exercise may provide a mechanism to regulate the
variation and equilibrium between pro-oxidants and antioxidants. After a brief overview of spinal
cord anatomy and the different types of spinal cord injury, the purpose of this review is to investigate
the evidence regarding the effect of exercise on oxidative stress among individuals with SCI.
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1. Introduction

Spinal cord injury (SCI) is a potentially devastating condition for patients that can be
caused by non-traumatic or traumatic events [1]. Patients with SCI may sustain multiple
sensorimotor deficits. These can include full or partial paralysis of muscles below the lesion;
muscle spasms; spasticity; neuropathic pain; and bowel, bladder, and sexual dysfunctions.
Deficits in neurological function have significant impacts on the metabolism and can lead to
subsequent metabolic-related disease risk (e.g., type 2 diabetes and cardiovascular disease)
in SCI patients. Subjects with high-level injuries have manifested reduced glucose tolerance,
greater insulin resistance, impairment of lipid profiles, decreased bone density and muscle
mass, and thermoregulatory alteration leading to periods of hypothermia [2].

The worldwide incidence of traumatic SCI is ~26.5 cases per 1,000,000 inhabitants, and
most cases are males (68.3%) [3]. SCI can be divided into primary and secondary phases [4].
The latter is characterized by multifaceted pathological events that may last for months and
years [5,6] It is well-known that oxidative stress contributes to a harsh post-injury microen-
vironment, causing further cell death by necrosis and apoptosis. Therefore, counteracting
reactive oxygen species (ROS) generation and oxidative stress are essential strategies for
SCI treatment. Physical exercise is an indispensable element in ensuring a correct lifestyle,
and an inverse dose–response link exists between volume of physical activity and all-cause
mortality [7,8]. In accord, regular exercise promotes psychophysical well-being, preventing
and managing disorders of the osteomuscular, cardiovascular, endocrine, and immune
systems and the onset of potential cancer [9–11]. In the nervous system, physical exercise
induces neurogenesis and brain plasticity, enhancing cognitive and motor functions. It pro-
motes axonal growth, induces phenotypic changes in peripheral structures, and positively
affects the levels of neurotrophins such as brain-derived neurotrophic factor (BDNF) [12,13].
Furthermore, exercise has been demonstrated to improve insulin resistance, adipose fuel
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metabolism, inflammation, and epigenetic factors by preventing and mitigating the impacts
of secondary metabolic diseases related to SCI [14].

According to the 2020 World Health Organization (WHO) guidelines, adults should
perform 150–300 min of weekly moderate aerobic exercise or 75–150 min of vigorous-
intensity physical activity per week [15]. On the other hand, physical exercise at higher
intensities is associated with ROS overproduction and/or alteration in the antioxidant
defense systems, leading to oxidative stress [16]. Considering the harmful role of ox-
idative stress in SCI, our objective is to review the influence of exercise on it after SCI.
Thus, this review aims to provide an overview of spinal cord anatomy and the types of
SCI and discuss studies present in the literature regarding the effects of exercise on the
oxidative/antioxidative ratios of SCI patients.

2. Overview of Spinal Cord Anatomy

The central nervous system (CNS) consists of two parts: the brain and the spinal cord.
The spinal cord, following the brainstem, represents the most caudal portion of the central
nervous system. The spinal cord is a long, cylindrical extension contained and protected
within the vertebral canal. It is one-quarter the length of the individual’s height, averaging
42.3 cm in males and 38.9 cm in females [17]. The spinal cord has two characteristic
enlargements corresponding to the emergence of the nerve roots for the respective brachial
and lumbosacral plexuses, which innervate the muscles of the upper and lower limbs,
respectively. Inferiorly, the spinal cord gradually decreases in size and terminates at the
body of the second lumbar vertebra in the medullary cone, which in turn extends into
a connective filament, attached dorsally to the first coccygeal vertebra, called the filum
terminale. The pearly white surface of the spinal cord shows a deep longitudinal fissure in
the anterior midline; this is the anterior median fissure. In contrast, the posterior surface
shows a shallow groove in the midline; this is the posterior median fissure. In addition,
shallow depressions known as anterolateral and posterolateral grooves are present on both
sides. The ventral (motor) roots of the spinal cord emerge from the anterolateral groove,
while the dorsal (sensory) roots of the spinal cord penetrate the posterolateral groove. The
spinal cord can be divided into a series of transverse segments (or neuromeres) that are
grouped into regions. The name of each region corresponds to that of the portion of the
spinal column from which the corresponding spinal nerves emerge. Thus, it is possible to
identify the cervical region (C1–C8), the thoracic region (T1–T12), the lumbar region (L1–L5),
the sacral region (S1–S5), and the coccygeal region (Co1–Co3) (Figure 1A). The first spinal
nerve exits between the foramen magnum and the first cervical vertebra; all other spinal
nerves exit progressively from the successive intervertebral spaces. The transverse section
of the spinal cord is formed by a gray substance internally and a white substance arranged
in the periphery [18] (Figure 1B). The gray substance is shaped like an H or a butterfly and
is crossed by the central canal. This canal, lined with ependymal cells, contains a small
amount of cerebrospinal fluid and is in continuity cranially with the fourth ventricle, while
caudally, it exceeds the filum terminale by a few millimeters, terminating in a blind end. The
gray substance contains the cell bodies of the spinal cord neurons, glial cells, and vessels.
Its H shape derives from the presence of two lateral masses (horns) arranged in a “C” shape,
with the concavity facing sideways and joined by a transverse section (gray commissure)
crossed by the central canal. The dorsal horns receive sensitive information that enters the
spinal cord through the dorsal roots of the spinal nerves. The ventral horns contain the
pyrenophores of the motor neurons that send axons through the ventral roots of the spinal
nerves to terminate on striated muscles. The lateral horns, located only in the neuromeres
from C8 to L2, contain visceral preganglionic motor neurons that project to the sympathetic
ganglia. White matter is the collection of myelinated and unmyelinated nerve fibers that
run through the spinal cord. The amount of white matter will decrease in a craniocaudal
direction, contrary to the gray matter, whose occupied space will increase. The white
matter of the spinal cord comprises funicular fibers with a longitudinal course; they are
organized into dorsal (or posterior), lateral, and ventral (or anterior) columns (Figure 1C).
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Each column is dedicated to the transport of specific information. In particular, the dorsal
columns transport ascending sensory information from somatic mechanoreceptors. The
lateral columns comprise axons that travel from the cerebral cortex to contact spinal motor
neurons. The ventral (i.e., ventrolateral and anterolateral) columns carry both ascending
pain and temperature information and descending motor information [19].
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Figure 1. Spinal cord anatomy. (A) Neuromeres of spinal cord. (B) Organization of spinal cord into
gray matter, containing neuronal cell bodies, and white matter, (C) containing myelinated axons
organized in ascending or descending tracts (created with BioRender.com, https://app.biorender.com,
accessed on 26 June 2023).

3. Spinal Cord Injuries

A dying lioness, depicted on a stone panel from the Assyrian Palace of Ashurbanipal
and dating from around 650 BC, is the earliest known graphic example of SCI. The panel
shows a lioness trying to crawl with her lower extremities paralyzed due to arrows running
through her back. SCI is a devastating neurological condition that can significantly reduce
quality of life and has a tremendous socioeconomic impact on affected individuals and the
health care system. The term SCI is used to refer to damage to the tight bundle of cells and
nerves through which the spinal cord (1) receives signals from the body and sends them to
the brain and (2) receives motor commands from the brain and sends them to the rest of
the body [20]. This damage is characterized by several temporary or permanent symptoms
such as paralysis, paresthesia, spasticity, pain, weakness, changes in sexual function, and
loss of bladder and bowel control [21]. The life expectancy of SCI patients highly depends
on the gravity and localization of the lesion, which can be incomplete or complete, leading
to the loss of sensory and/or motor function below the level of the injury [22]. The severity
of SCI is classified into different grades (Table 1) based on the International Standards for
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Neurological Classification of Spinal Cord Injury (ISNCSCI) (Figure 2) developed by the
American Spinal Injury Association (ASIA). A complete SCI is characterized by the loss of
all motor and sensory functions, including sacral roots, distal to the site of injury (Grade
A). Injuries classified as B through E on the AIS are incomplete and have some degree of
retained motor or sensory function below the site of injury. Patients affected by Grade E
injuries show normal motor and sensory functions but still may have irregular reflexes or
other neurological phenomena [22].

Table 1. American Spinal Injury Association impairment scale.

Grade Type of Injury Clinical Description

A Complete Complete injury with loss of motor and sensory functions, including sacral roots.

B Incomplete Incomplete injury with preserved sensory functions but complete loss of motor function
below the neurological level, including the sacral segments S4–S5.

C Incomplete Preserved motor function below the injury level; less than half of the key muscles below
the neurological level will have a muscle grade of less than 3.

D Incomplete Preserved motor function below the injury level; at least half of the muscles below the
neurological level will have a muscle grade of 3 or more.

E Normal Normal motor and sensory functions.
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SCI can be due to a non-traumatic or traumatic event. In the former case, damage
to the spinal cord occurs due to a degenerative disease, infection, or tumor. Conversely,
traumatic damage is more common and occurs when a traumatic impact fractures or
dislocates the vertebrae [23–25]. The pathophysiology of SCI comprises an initial primary
injury followed by a secondary phase of injury in which oxidative stress plays a key role.
Primary injury will result immediately at the time of the initial impact. The mechanical
insult on the spinal cord will harm resident tissue, and the bony or disk fragments will
provoke damage or transection of the spinal cord and the surrounding structures. This
phase is characterized by local hemorrhaging within the spinal cord tissue and by edema.
In fact, following the traumatic injury, blood–spinal cord barrier permeability is increased,
causing the entry of osmotically active substances into the injury site [22]. The bleeding
that characterizes the early time of SCI is later interrupted, causing hypoxia and ischemia,
which concur with the initiation of secondary-phase SCI [26,27]. The secondary injury is
a multicascade of pathomechanisms occurring in the hours, days, and weeks following
the primary injury and not only involves the site of the initial primary injury but also
spreads to adjacent tissue. These events include alterations in electrolytes; production of
ROSs; apoptosis and necrosis; increases in inflammatory factors such as tumor necrosis
factor (TNF)-α, cytokines (IL-1α and IL-1β), and transforming growth factor (TGF)-α; the
release of nitric oxide and glutamate; glial scar formation (gliosis) of astrocytes; significant
increases in the frequency of chemokines; human growth-regulated oncogene/keratinocyte
chemoattractant (GRO/KC); and macrophage inflammatory protein-1(MIP-1α) [28–30].

4. Oxidative Stress in SCI

The severity of SCI is strictly linked to the balance between the production of ROSs and
the ability of the antioxidant system to detoxify these reactive chemical species [31,32]. ROSs
are unstable molecules, containing oxygen, that easily react with other molecules in a cell.
These comprise oxygen-free radicals (e.g., superoxide, hydroxyl radicals, lipid radicals) and
non-radicals (e.g., hydrogen peroxide, lipid peroxide, peroxynitrite) (Table 2). ROSs are con-
trolled by antioxidant mechanisms that include enzymatic and non-enzymatic molecules.
Low-molecular-weight non-enzymatic antioxidant compounds include glutathione, vita-
mins C and E, β-carotene, and uric acid. Conversely, antioxidant enzymes include superox-
ide dismutase (SOD), catalase, glutathione reductase, and glutathione peroxidase [27].

Table 2. Main reactive oxygen species.

Reactive Species Chemical Structure

Superoxide Anions O2
•−

Hydroxyl Radicals •OH
Hydrogen Peroxides H2O2

Nitric Oxide •NO
Peroxynitrites ONOO−

Lipid Peroxyl LOO−

Lipid Alkoxyl LO•

Under physiological conditions, mitochondria represent the major source of cellular
ROSs, since they use ~90% of the oxygen employed by cells during oxidative phosphoryla-
tion. However, SCI is characterized by mitochondrial dysfunctions that furtherly increase
ROS generation [33]. ROSs are also generated by microglia and leukocytes that, after
injury, show a significant increase in oxygen consumption and synthesize ROSs primarily
with the enzyme systems of nicotinamide adenine dinucleotide phosphate (NADPH) with
myeloperoxidases, cyclooxygenase, and xanthine oxidase [34]. Under normal conditions,
ROSs regulate several biochemical processes, such as cell differentiation [35], neuroge-
nesis [36], antioxidant gene expression [37], and the immune system [38]. In contrast,
following SCI, increased ROS formation can lead to damage to lipids, proteins, nucleic
acids, cells, and tissues, inducing necrosis and apoptosis [39,40]. Spinal cord tissue is partic-
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ularly sensitive to oxidative damage [27]. In early SCI studies conducted in rodent models,
ROS overexpression was observed from 1 to 24 h after injury [41–46]. In a contusion model
of SCI in rats, a significant expression of oxidative stress markers was found from 3 h
post-injury. Moreover, that expression was rapidly expanded within gray and white matter
at up to 72 h post-injury [47]. Other studies performed in SCI rat models demonstrated the
presence of high levels of ROSs at up to at least 10 days post-injury [48–50]. High levels of
oxidative stress-related proteins, such as glutathione S-transferase Yb-3 and apolipoprotein
A-I precursor peroxiredoxin-6, were detected at 24 h following acute spinal cord contusion
in rats [51]. Another study undertaken in a rat model of moderately severe contusion SCI
showed that peroxynitrite rapidly accumulated at early time points and an important in-
crease was sustained up to 1 week after injury [52]. High levels of ROSs were also detected
in blood samples from patients with cervical SCI for up to 7 days [53]. However, SCI also
results in long-lasting oxidative stress. In fact, in the blood of subjects with SCI, high levels
of oxidative stress biomarkers have significantly increased in the first year after an acute
SCI. On the other hand, one month after the injury, levels of antioxidants, such as total
and oxidized glutathione, different carotenoids, and α-tocopherol, were reduced by 19%
to 71% as compared to control subjects [54]. This result is in line with previous evidence
showing that SCI causes a significant decrease in the antioxidant content of the spinal cord
compared to significant increases in oxidative stress markers [46,55,56].

5. The Influence of Exercise on Oxidative Stress in Individuals with SCI

SCI is highly complex from its pathophysiology to its management, and to date, there
is no resolving clinical therapy. A robust portion of the literature has demonstrated that
exercise has several beneficial effects after SCI.

Exercise strengthens paralyzed muscles and promotes the recovery of motor func-
tions [57,58]. In an intact spinal cord, exercise dynamically modulates adult neurogenesis
mediated by the ACh and GABA neurotransmitters [59]. In SCI rodent models, endurance
exercise has promoted axonal regeneration via hormonal mechanisms, DNA methylation,
and BDNF expression [60–62]. Moreover, exercise has increased myelination and restora-
tion of serotonergic fiber innervation to the lumbar spinal cord, promoting the survival of
grafted neural stem cells via IGF-1 [63]. It has also improved neuroplasticity and restored
motor and sensory functions in SCI patients, also affecting the secondary consequences of
SCI, such as chronic inflammation and cardiometabolic syndrome [64–67].

In able-bodied individuals, physical exercise leads to an immediate increase in ox-
idative stress levels, followed by high antioxidant enzyme activity [68–70]. Similarly, in
SCI subjects, exercise induces the increase in oxidative stress as the first response, but
generally, this increment is balanced by a progressive activation of antioxidative activities
such as the production of SOD and GPx glutathione peroxidase (GPx) [70] or a reduction in
oxidized lipid levels. In this way, exercise trains the ability to rebalance the antioxidative
to oxidative activity ratio. Indeed, it has been demonstrated that ROS production during
exercise, through a feedback mechanism, activates the process of antioxidant enzyme pro-
duction through cell-signaling processes [71]. Moreover, people who train have higher
glutathione concentrations at rest and lower resting concentrations of glutathione disul-
fide and malondialdehyde (markers of oxidative stress) [72–74]. In contrast, a sedentary
lifestyle, without the intake of adequate nutrients in quantity and quality, will result in
increases in circulating glucose and fatty acids that will induce, through the mitochondrial
electron transport chain, excess production of ROSs [75]. Thus, there is already evidence
that, in non-pathologic subjects, fitness level, often assessed as the maximum rate of oxygen
employed during exercise, strongly influences antioxidant capacity. SCI subjects generally
have lower maximum oxygen consumption (VO2 max) than normal subjects, as it turns out
that less muscle mass is activated during exercise. In addition, the atrophy characteristic
of SCI leads to progressive loss of lean mass, which also has intrinsic alterations, such as
reduced mitochondrial oxidative capacity [76]. This condition, certainly depending on
the type and level of injury, predisposes this population to chronic increases in oxidative
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stress [77]. In addition, subjects with SCI and sedentary lifestyles seem to have higher levels
of lipid peroxides both at rest and in response to a single exercise test. From this evidence
follows the hypothesis that exercise may influence the management of oxidative stress even
in SCI subjects. However, to date, the studies in the literature that have examined the effects
of training protocols on oxidative stress in humans with SCI are few and heterogeneous in
their results, as several open questions exist. First of all, there is one regarding the differen-
tial effects of different types, durations, and intensities of exercise: for example, between
aerobic, anaerobic, and combined aerobic–anaerobic training. Another open question is
that of different metabolic reactions to chronic or acute exercise. When aerobic training
is repeated over time and becomes “chronic”, it will result in reduced LDL oxidation,
but a single exercise to exhaustion (acute) is associated with a progressive increase in
LDL. Thus, regular training could give benefits in managing the oxidative/antioxidative
ratio, but intense and prolonged exercise inappropriate to a subject’s characteristics and
fitness level could result in excess ROS production in various tissues, increasing oxidative
stress [78,79]. For these and other reasons described above, we wanted to discuss in this
section the current studies present in the literature (Table 3) that have investigated the
effects of any exercise protocol (chronic or acute) by evaluating oxidant and antioxidant
markers in subjects with SCI to understand what the clear results are and, above all, what
the questions not yet investigated regarding the regulation effects of the oxidative stress of
physical exercise in subjects with SCI are.

Van Duijnhoven et al. [80] and Goldhardt et al. [81] (Table 3) have evaluated the chron-
ical and acute effects, respectively, of associating functional electrical stimulation (FES),
with aerobic training protocols, with the oxidative stress of subjects with SCI. This research
hypothesis is based on the fact that it has already been demonstrated that muscle activation
by FES in this population immediately increases oxygen consumption [82]. Van Duijnhoven
et al. hypothesized that a single exercise with FES would immediately alter oxidative stress
but improve the antioxidative capacity when the exercise became chronic. Therefore, for
8 weeks, they trained subjects with chronic SCI by applying gradual electrical stimulation
during leg cycle ergometer exercise with a constant rpm frequency (Table 1 reports the
training parameters) but did not find a difference in the concentrations of oxidative and
antioxidative markers between before and after those 8 weeks. Therefore, the intensity of
this training method appears to be ineffective in increasing the antioxidant capacities of
subjects with SCI, but subjects should be able to tolerate it without an increase in oxidative
stress. However, Van Duijnhoven et al. also showed that the subjects’ starting fitness levels
were negatively correlated with oxidative stress, as assessed with the malondialdehyde
(MDA) concentration. In contrast, Goldhardt et al. evaluated the effect of associating FES
with two different exercises but carried out the FES before the training session and not dur-
ing it. Goldhardt submitted participants with SCI to two different single training sessions:
first, FES followed by treadmill walking with body weight support, and then FES followed
by walking with a floor walker. Both acute exercises caused increased concentrations of
oxidative stress markers, but only the exercise with the walker also activated an antioxidant
response. This means that exercise influences oxidative stress in a protocol-dependent man-
ner. In contrast to the findings of Van et al., Ordonez, F.J., et al. [83] (Table 3) demonstrated
that (chronic) aerobic exercise, with arm-cranking, increased the total antioxidant statuses
(TASs) of plasma and GPx (markers of antioxidant processes) and reduced concentrations of
MDA and carbonyl groups (markers of oxidative stress) in participants with SCI. However,
the number of training sessions was higher in the study by Ordonez et al. (36 sessions) than
in Van Duijnhoven’s study (20 sessions), with higher intensity, and the protocol did not
provide for the use of FES. However, when a single session of the same exercise at the same
moderate intensity but with a longer duration (2 h instead of the 30 min for Ordonez et al.)
was considered and evaluated by Mitsui et al. [84] (Table 3), the concentrations of oxidized
low-density lipoprotein (oxLDL), an indicator of oxidation, did not change in subjects with
SCI compared to able-bodied (AB) subjects. This seems to be associated with concentrations
of adrenaline, which were higher in AB subjects in the study by Mitsui et al. Indeed, the
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antioxidant role of adrenaline has been already demonstrated [85]. The results suggest
that increases in plasma adrenaline levels during exercise contribute to increases in plasma
oxLDL levels but that subjects with SCI do not have the same response. In fact, this type
of single-session exercise does not seem to alter the oxidative states of these populations.
However, when the same exercise was performed to exhaustion with higher intensity in the
study by Wang et al. [5] (Table 3), oxidative markers increased only in the SCI group, but
the “antioxidant” defense mechanisms after this type of acute exercise were activated only
in the control group (subjects without SCI). Another key issue is the association between a
subject’s daily amount of physical activity and their antioxidant capacity. Inglés et al. [86]
monitored the amount of moderate to vigorous physical activity (MVPA) performed by
subjects with SCI for one week, dividing them successively into two groups, one active
and one sedentary, and then assessing their fitness statuses with an incremental exhaustion
test. They noted that both groups had significant increases in MDA and protein carbony-
lation after the test but only the active subjects also had increases in their concentrations
of the antioxidant markers exercise-induced catalase and GPx (Table 3). However, that
study assessed physical activity with only an accelerometer, not giving specific information
on the type of physical or sports activity performed. Similar results have been found in
tetraplegic rugby players; Hübner-Woźniak et al. [87] compared subjects with tetraplegia,
who had been playing rugby for about 7 years with a biweekly frequency and a duration of
two hours per training session, with inactive subjects with the same pathology (Table 3).
Rugby is a sport that combines different exercise intensities, alternating high-intensity
phases with low-intensity phases and also aerobic phases with anaerobic phases, also re-
quiring skills such as speed, muscle strength, and endurance. In fact, Hübner-Woźniak et al.
found that resting catalase and GPx activity concentrations were higher in tetraplegic rugby
player subjects than in sedentary subjects. In contrast to the results of Hübner-Woźniak
et al., Garbeloti et al. [88] analyzed the effects of wheelchair basketball, a discipline catego-
rized among the disciplines with mixed aerobic–anaerobic effort in the same way as rugby,
in subjects with SCI, comparing them to sedentary subjects with SCI and sedentary AB
subjects. The wheelchair basketball players had been practicing this sport for 7 years, three
times a week. However, no statistically significant differences were found in the nitric oxide
(NO) concentrations of the two SCI subject groups nor in their thiobarbituric acid-reactive
substance (TBARS) concentrations. Garbeloti explained these results by hypothesizing
that the disuse of the lower limb muscles did not modify the production of nitric oxide or
oxidative stress because it activated a protective metabolic mechanism involving vascular
factors, independently from the exercises of the upper limbs. However, this point needs
further clarification not specified by the authors. Therefore, wheelchair basketball seemed
not to be effective in improving the antioxidative capacities of the subjects but did not alter
the TBARS levels accordingly. Basketball is an activity well-tolerated by subjects with SCI
because it does not produce excessive oxidative stress; the same can be said for performing
a wheelchair half-marathon race. In fact, Mitsui et al. [89] analyzed the concentrations
of derivatives of reactive oxygen metabolites (d-ROMs) and ox-LDL as oxidative stress
markers and of biological antioxidant potential (BAP) and adrenaline as antioxidative
mechanism markers before and after a wheelchair half-marathon in subjects with cervical
SCI and lumbar SCI. By collecting blood samples 10 min and 1 h after the end of the
competition, they found that there were no changes in the ox-LDL or d-ROMs in the two
groups and that the only statistically significant differences were the increases in adrenaline
and BAP, only within 10 min from the end of the race and only in the lumbar SCI group.
This also underlines different responses according to the lesion level. However, in Mitsui’s
study, the two groups (lumbar and cervical SCI) had different BMIs and ages, which can
influence d-ROM concentration.
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Table 3. This table shows the studies in the current literature that have analyzed the effects of physical activity on oxidative stress in subjects with SCI by reporting
the characteristics of individual protocols.

Authors Groups
Training
Protocols

Training
Session

Duration

Training
Period

Training
Intensity

Fitness Level
Assessment

Oxidative
Stress Markers

Antioxidative
Stress Markers

Techniques Results

Van Duijnhoven
et al. [80]

AB
SCI

FES during leg
cycle ergometer

exercise
30′ 20 sessions

~6.1 W at
50 rpm

Incremental
maximal exercise

MDA
SOD
GPx

MDA-TBA:
fluorescence detection

SOD: photometry
GPx: spectroscopy

Correlation between fitness
level and MDA. No changes

in MDA, SOD, or GPx.

Goldhardt
et al. [81]

SCI

FES + treadmill
walking session

FES + floor
walker session

30′ + 60′

30′ + 60′
Single session

4.5 km/h,
as fast as

they could
NS

TBARSs
AOPPs

Nox

CAT
GSH

TBARSs: spectrofluorimetry
Nitrite: spectrophotometry
AOPPs: spectrophotometry
CAT: plasma samples were

incubated with ethanol
and triton

GSH: plasma incubated with
DTNB, b-NADPH, and

NaHCO3 as stabilizing agents
and M phosphate–
potassium buffer

Treadmill session: increases in
AOPPs, NOx, and TBARSs

without changes in
antioxidant mediators. Walker
training: elevations in AOPPs
and NOx but also in CAT and

GSH levels.

Ordonez et al. [83] SCI Arm-cranking 30′ 36 sessions
50% to 65% of

HRmax

Continuous
incremental

workload test to
exhaustion

MDA
carbonyl groups

TAS
GPx

TAS: spectrophotometry
MDA: fluorimetric detection
Plasma carbonyl: hemolysis

GPX: supernatant of
erythrocyte hemolysates

TAS and GPX activity were
significantly increased, with

reductions in MDA and
carbonyl groups.

Mitsui et al. [84]
SCI
AB

Arm-cranking 2 h Single session 60% Vo2
Progressive VO2

max test
oxLDL Adrenaline

oxLDL: enzyme-linked
immunosorbent assay

Adrenaline: high-performance
liquid chromatography

Increased plasma adrenaline
levels in both groups but less
so with SCI. Plasma oxLDL

significantly increased levels
only in AB subjects.

Wang et al. [90]
AB
SCI

Continuous
incremental

workload test
until exhaustion

Until
exhaustion

Single session
+10 W

every 2′

Continuous
incremental

workload test to
exhaustion

urinary
8-iso-PGF2_
11-dehydro-

TXB2

NO

NO: Griess reagent-based
colorimetric method

11-dehydro-TXB2: Jaffe
alkaline picrate method

8-iso-PGF2_: enzyme-linked
immunosorbent assay

Strenuous arm exercise
increased levels of urinary

8-iso-PGF2_ and
11-dehydro-TXB2 only in the
SCI group. NO increased only

in AB subjects.
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Table 3. Cont.

Authors Groups
Training
Protocols

Training
Session

Duration

Training
Period

Training
Intensity

Fitness Level
Assessment

Oxidative
Stress Markers

Antioxidative
Stress Markers

Techniques Results

Inglés et al. [86]
Active SCI
Non-active

SCI
MVPA >180′ 7 days >3 METS

GET until
volitional

exhaustion

MDA
protein

carbonylation

CAT
GPx

MDA: chromatographic
technique

Protein carbonylation:
immunoblot detection of

plasma protein
carbonyl groups

Catalase and GPx mRNA:
real-time PCR

Significant increases in
plasma MDA and protein

carbonyls after the GET, but
subjects with active SCI had

higher exercise-induced
catalase and GPx expression

than non-active subjects.

Hübner-Woźniak
et al. [87]

Sedentary
AB

Rugby AB
Rugby T

Sedentary
T

Wheelchair rugby 2 h 2 days/w
7.1 ± 3.4

years
NS NS NS

SOD
CAT
GPx
GR8
TAS

SOD: erythrocyte hemolysates
GPX: whole-blood

hemolysates
GR: erythrocyte hemolysates

CAT: erythrocyte hemolysates
CAT: standard curve

TAS: ABTS

CAT and GPX activities were
significantly higher in rugby

players than sedentary
subjects. TAS was higher in

AB groups.

Garbeloti
et al. [88]

Basketball
SCI

Sedentary
SCI

Sedentary
AB

Wheelchair
basketball

3 days/w 7 years NS NS TBARSs NO

NO: Griess nitrate
reductase method
TBARSs: OXltek®

TBARS assay

Sedentary AB group had
higher levels of TBARSs. No

differences were found
between groups in NO

concentrations.

Mitsui et al. [89]
C SCI
L SCI

Wheelchair
half-marathon

race
NS Single session NS NS

D-ROMs
oxLDL

BAP
Adrenaline

oxLDL: enzyme-linked
immunosorbent assay

Oxidative stress: d-ROM test
Antioxidant abilities: BAP test
Adrenaline: high-performance

liquid chromatography

d-ROMs and oxLDL did not
change. BAP and adrenaline

increased only in LSCI.

AB: able-bodied (subjects); SCI: (individuals with) spinal cord injury; FES: functional electrical stimulation; MDA: malondialdehyde; SOD: superoxide dismutase; GPx: glutathione
peroxidase; TBARSs: thiobarbituric acid-reactive substances; AOPPs: plasma advanced oxidation protein products; CAT: catalase; GSH: glutathione; NO: nitric oxide; NOx: nitrogen
oxide; T: tetraplegia; GR8: glutathione reductase; TAS: plasma total antioxidant status; NS: not specified; GET: graded exercise test; d-ROMs: derivatives of reactive oxygen metabolites;
oxLDL: oxidized low-density lipoprotein; BAP: biological antioxidant potential; MVPA: moderate to vigorous physical activity; HR: heart rate.
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In conclusion, few studies in the literature have analyzed the effect of physical exercise
on the oxidative stress of subjects with SCI (particularly, in considering the Scopus and
PubMed databases, eight papers have considered the effect on oxidative stress and one has
considered only the antioxidant effect). Of these, five have referred to evaluation of single
sessions or single incremental tests, evaluating only the acute effect of exercise, and others
have evaluated the effects of long-term training protocols (only two have evaluated sports
activity protocols and only two have evaluated physical activity protocols) programmed in
order to also train the antioxidant capacity in the SCI condition.

Nevertheless, from these studies, analyzed by us, we can draw the following conclusions:

• FES can be useful in programming the training plans of individuals with SCI when
combined with stimuli with appropriate intensities, but the duration, intensity, and
timing of administration can affect the effects on oxidative stress management;

• Twelve weeks of aerobic exercise with a three-week frequency and an intensity of
about 60% of the maximum heart rate are suitable to train the antioxidant capacities of
subjects with SCI;

• Exhaustion exercise seems to be poorly tolerated in subjects with SCI because they fail
to have adequate antioxidant responses;

• Active (>180′ per week of MVPA) SCI subjects have greater antioxidative capacities in
response to oxidative damage, induced by high-intensity to exhaustive exercise, than
inactive subjects with SCI;

• The exercise intensity of wheelchair basketball is adequate and that of a half-marathon
race is not excessive for trained SCI subjects because the balance between oxidation
and antioxidation is maintained during these two sports activities.

6. Perspective

The effectiveness of exercise in the treatments of numerous diseases is now an undis-
puted fact. In individuals with SCI, exercise has a positive and lasting impact in both
promoting neural recovery and reducing secondary complications. Indeed, exercise pro-
motes the reconstruction of neuronal structures, cellular differentiation, and the expression
of neurotrophic factors. People with SCI have shown increased risk factors (e.g., sys-
temic inflammation, hyperinsulinemia, lipidemia, and lactate) for the development of
metabolic disease [91]. Significantly, exercise improves aspects of metabolic regulation
and cardiorespiratory fitness, regulates cellular electrophysiological functions, and reduces
muscle imbalances by improving overall tone. It also increases the range of motion and
reduces spasticity [92,93].

Exercise improves (anti)oxidative statuses in patients with SCI. It is well-known that
ROSs and oxidative stress are hallmarks of secondary injury underlying SCI. However, it
should be highlighted that ROSs and oxidative stress are also implicated in the growth,
differentiation, and autophagy processes, which represent key mechanisms for maintaining
cellular homeostasis [94]. A transitory oxidative status is needed during exercise to trigger
the adaptive mechanisms of skeletal muscles [95]. Furthermore, ROS-based signaling path-
ways are implied in several skeletal muscle responses to exercise, such as the modulation
of antioxidant enzymes, increased insulin sensitivity, mitochondrial biogenesis, and the
modification/adaptation of muscle contraction [96–98].

Exercise is medicine and, as such, needs the right doses, to be advised and monitored
by professionals. The SCI guidelines recommended for cardiorespiratory fitness and muscle
strength benefits are to engage in at least 20 min of moderate- to vigorous-intensity aerobic
exercise two times per week and three sets of strength exercises for each major functioning
muscle group, at a moderate to vigorous intensity, two times per week. To ensure car-
diometabolic health benefits, adults with SCI are prompted to perform at least 30 min of
moderate- to vigorous-intensity aerobic exercise three times per week [99]. Considering
that exercise can alter the balance between oxidative stress and antioxidant factors, it is
necessary to create an ad hoc training program adapted to the difficulties of and capable of
providing emotional support to and helping a person with SCI.
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Overall, it is possible to state that regular and adapted exercise could give benefits in
managing the oxidative/antioxidative ratios of SCI patients.

Author Contributions: Conceptualization, G.M. (Giuseppe Musumeci); writing—original draft
preparation, G.M. (Grazia Maugeri) and A.A.; writing—review and editing, G.M. (Grazia Maugeri),
A.A., and M.S.; visualization, M.S. and V.D.; supervision, V.D. and G.M. (Giuseppe Musumeci);
funding acquisition, G.M. (Grazia Maugeri). All authors have read and agreed to the published
version of the manuscript.

Funding: PIAno di inCEntivi per la RIcerca di Ateneo 2020/2022 Linea di Intervento 3 “Starting
Grant” “REPAIR”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hamid, R.; Averbeck, M.A.; Chiang, H.; Garcia, A.; Al Mousa, R.T.; Oh, S.J.; Patel, A.; Plata, M.; Del Popolo, G. Epidemiology and

pathophysiology of neurogenic bladder after spinal cord injury. World J. Urol. 2018, 36, 1517–1527. [CrossRef] [PubMed]
2. Smith, D.L., Jr.; Yarar-Fisher, C. Contributors to Metabolic Disease Risk Following Spinal Cord Injury. Curr. Phys. Med. Rehabil.

Rep. 2016, 4, 190–199. [CrossRef] [PubMed]
3. Barbiellini Amidei, C.; Salmaso, L.; Bellio, S.; Saia, M. Epidemiology of traumatic spinal cord injury: A large population-based

study. Spinal Cord 2022, 60, 812–819. [CrossRef] [PubMed]
4. McDonald, J.W.; Sadowsky, C. Spinal-cord injury. Lancet 2002, 359, 417–425. [CrossRef]
5. Wilson, J.R.; Forgione, N.; Fehlings, M.G. Emerging therapies for acute traumatic spinal cord injury. CMAJ 2013, 185, 485–492.

[CrossRef]
6. Stahel, P.F.; VanderHeiden, T.; Finn, M.A. Management strategies for acute spinal cord injury: Current options and future

perspectives. Curr. Opin. Crit. Care 2012, 18, 651–660. [CrossRef]
7. Powers, S.K.; Deminice, R.; Ozdemir, M.; Yoshihara, T.; Bomkamp, M.P.; Hyatt, H. Exercise-induced oxidative stress: Friend or

foe? J. Sport Health Sci. 2020, 9, 415–425. [CrossRef]
8. Lee, I.M.; Skerrett, P.J. Physical activity and all-cause mortality: What is the dose-response relation? Med. Sci. Sports Exerc. 2001,

33, S459–S471; discussion S454–S493. [CrossRef]
9. Maugeri, G.; Musumeci, G. Adapted Physical Activity to Ensure the Physical and Psychological Well-Being of COVID-19 Patients.

J. Funct. Morphol. Kinesiol. 2021, 6, 13. [CrossRef]
10. Maugeri, G.; D’Agata, V.; Magri, B.; Roggio, F.; Castorina, A.; Ravalli, S.; Di Rosa, M.; Musumeci, G. Neuroprotective Effects of

Physical Activity via the Adaptation of Astrocytes. Cells 2021, 10, 1542. [CrossRef]
11. Lauretta, G.; Ravalli, S.; Maugeri, G.; D’Agata, V.; Rosa, M.D.; Musumeci, G. The Impact of Physical Exercise on the Hippocampus

in Physiological Condition and Ageing-Related Decline: Current Evidence from Animal and Human Studies. Curr. Pharm.
Biotechnol. 2022, 23, 180–189. [CrossRef] [PubMed]

12. Udina, E.; Cobianchi, S.; Allodi, I.; Navarro, X. Effects of activity-dependent strategies on regeneration and plasticity after
peripheral nerve injuries. Ann. Anat. 2011, 193, 347–353. [CrossRef] [PubMed]

13. Di Liegro, C.M.; Schiera, G.; Proia, P.; Di Liegro, I. Physical Activity and Brain Health. Genes 2019, 10, 720. [CrossRef] [PubMed]
14. Myers, J.; Kokkinos, P.; Nyelin, E. Physical Activity, Cardiorespiratory Fitness, and the Metabolic Syndrome. Nutrients 2019,

11, 1652. [CrossRef] [PubMed]
15. Bull, F.C.; Al-Ansari, S.S.; Biddle, S.; Borodulin, K.; Buman, M.P.; Cardon, G.; Carty, C.; Chaput, J.P.; Chastin, S.; Chou, R.; et al.

World Health Organization 2020 guidelines on physical activity and sedentary behaviour. Br. J. Sports Med. 2020, 54, 1451–1462.
[CrossRef] [PubMed]

16. Davies, K.J.; Quintanilha, A.T.; Brooks, G.A.; Packer, L. Free radicals and tissue damage produced by exercise. Biochem. Biophys.
Res. Commun. 1982, 107, 1198–1205. [CrossRef]

17. Khan, Y.S.; Lui, F. Neuroanatomy, Spinal Cord. In StatPearls; StatPearls: Treasure Island, FL, USA, 2023.
18. Adigun, O.O.; Reddy, V.; Varacallo, M. Anatomy, Back, Spinal Cord. In StatPearls; StatPearls: Treasure Island, FL, USA, 2023.
19. Purves, D.; Augustine, G.J.; Fitzpatrick, D.; Katz, L.C.; LaMantia, A.-S.; McNamara, J.O.; Williams, S.M. (Eds.) The Internal

Anatomy of the Spinal Cord. In Neuroscience, 2nd ed.; Sinauer Associates: Sunderland, MA, USA, 2001.
20. Bican, O.; Minagar, A.; Pruitt, A.A. The spinal cord: A review of functional neuroanatomy. Neurol. Clin. 2013, 31, 1–18. [CrossRef]
21. Hayta, E.; Elden, H. Acute spinal cord injury: A review of pathophysiology and potential of non-steroidal anti-inflammatory

drugs for pharmacological intervention. J. Chem. Neuroanat. 2018, 87, 25–31. [CrossRef]
22. Alizadeh, A.; Dyck, S.M.; Karimi-Abdolrezaee, S. Traumatic Spinal Cord Injury: An Overview of Pathophysiology, Models and

Acute Injury Mechanisms. Front. Neurol. 2019, 10, 282. [CrossRef]
23. Sekhon, L.H.; Fehlings, M.G. Epidemiology, demographics, and pathophysiology of acute spinal cord injury. Spine 2001, 26,

S2–S12. [CrossRef]
24. Oyinbo, C.A. Secondary injury mechanisms in traumatic spinal cord injury: A nugget of this multiply cascade. Acta Neurobiol.

Exp. 2011, 71, 281–299.

https://doi.org/10.1007/s00345-018-2301-z
https://www.ncbi.nlm.nih.gov/pubmed/29752515
https://doi.org/10.1007/s40141-016-0124-7
https://www.ncbi.nlm.nih.gov/pubmed/29276654
https://doi.org/10.1038/s41393-022-00795-w
https://www.ncbi.nlm.nih.gov/pubmed/35396455
https://doi.org/10.1016/S0140-6736(02)07603-1
https://doi.org/10.1503/cmaj.121206
https://doi.org/10.1097/MCC.0b013e32835a0e54
https://doi.org/10.1016/j.jshs.2020.04.001
https://doi.org/10.1097/00005768-200106001-00016
https://doi.org/10.3390/jfmk6010013
https://doi.org/10.3390/cells10061542
https://doi.org/10.2174/1389201022666210405142611
https://www.ncbi.nlm.nih.gov/pubmed/33820516
https://doi.org/10.1016/j.aanat.2011.02.012
https://www.ncbi.nlm.nih.gov/pubmed/21514121
https://doi.org/10.3390/genes10090720
https://www.ncbi.nlm.nih.gov/pubmed/31533339
https://doi.org/10.3390/nu11071652
https://www.ncbi.nlm.nih.gov/pubmed/31331009
https://doi.org/10.1136/bjsports-2020-102955
https://www.ncbi.nlm.nih.gov/pubmed/33239350
https://doi.org/10.1016/S0006-291X(82)80124-1
https://doi.org/10.1016/j.ncl.2012.09.009
https://doi.org/10.1016/j.jchemneu.2017.08.001
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.1097/00007632-200112151-00002


Antioxidants 2023, 12, 1401 13 of 15

25. Dumont, R.J.; Okonkwo, D.O.; Verma, S.; Hurlbert, R.J.; Boulos, P.T.; Ellegala, D.B.; Dumont, A.S. Acute spinal cord injury, part I:
Pathophysiologic mechanisms. Clin. Neuropharmacol. 2001, 24, 254–264. [CrossRef]

26. Yezierski, R.P. Pain following spinal cord injury: Pathophysiology and central mechanisms. Prog. Brain Res. 2000, 129, 429–449.
[CrossRef]

27. Jia, Z.; Zhu, H.; Li, J.; Wang, X.; Misra, H.; Li, Y. Oxidative stress in spinal cord injury and antioxidant-based intervention. Spinal
Cord 2012, 50, 264–274. [CrossRef]

28. Tran, A.P.; Warren, P.M.; Silver, J. The Biology of Regeneration Failure and Success After Spinal Cord Injury. Physiol. Rev. 2018, 98,
881–917. [CrossRef]

29. Garcia, E.; Aguilar-Cevallos, J.; Silva-Garcia, R.; Ibarra, A. Cytokine and Growth Factor Activation In Vivo and In Vitro after
Spinal Cord Injury. Mediat. Inflamm. 2016, 2016, 9476020. [CrossRef]

30. Fitch, M.T.; Doller, C.; Combs, C.K.; Landreth, G.E.; Silver, J. Cellular and molecular mechanisms of glial scarring and progressive
cavitation: In vivo and in vitro analysis of inflammation-induced secondary injury after CNS trauma. J. Neurosci. 1999, 19,
8182–8198. [CrossRef]

31. Shao, C.; Roberts, K.N.; Markesbery, W.R.; Scheff, S.W.; Lovell, M.A. Oxidative stress in head trauma in aging. Free Radic. Biol.
Med. 2006, 41, 77–85. [CrossRef] [PubMed]

32. Anwar, M.A.; Al Shehabi, T.S.; Eid, A.H. Inflammogenesis of Secondary Spinal Cord Injury. Front. Cell. Neurosci. 2016, 10, 98.
[CrossRef] [PubMed]

33. Wingrave, J.M.; Schaecher, K.E.; Sribnick, E.A.; Wilford, G.G.; Ray, S.K.; Hazen-Martin, D.J.; Hogan, E.L.; Banik, N.L. Early
induction of secondary injury factors causing activation of calpain and mitochondria-mediated neuronal apoptosis following
spinal cord injury in rats. J. Neurosci. Res. 2003, 73, 95–104. [CrossRef] [PubMed]

34. D’Autreaux, B.; Toledano, M.B. ROS as signalling molecules: Mechanisms that generate specificity in ROS homeostasis. Nat. Rev.
Mol. Cell. Biol. 2007, 8, 813–824. [CrossRef]

35. Vieira, H.L.; Alves, P.M.; Vercelli, A. Modulation of neuronal stem cell differentiation by hypoxia and reactive oxygen species.
Prog. Neurobiol. 2011, 93, 444–455. [CrossRef]

36. Kennedy, K.A.; Sandiford, S.D.; Skerjanc, I.S.; Li, S.S. Reactive oxygen species and the neuronal fate. Cell Mol. Life Sci. 2012, 69,
215–221. [CrossRef]

37. Allen, R.G.; Tresini, M. Oxidative stress and gene regulation. Free Radic. Biol. Med. 2000, 28, 463–499. [CrossRef] [PubMed]
38. Siciliano, G.; Piazza, S.; Carlesi, C.; Del Corona, A.; Franzini, M.; Pompella, A.; Malvaldi, G.; Mancuso, M.; Paolicchi, A.; Murri, L.

Antioxidant capacity and protein oxidation in cerebrospinal fluid of amyotrophic lateral sclerosis. J. Neurol. 2007, 254, 575–580.
[CrossRef]

39. Yan, Y.; Wei, C.L.; Zhang, W.R.; Cheng, H.P.; Liu, J. Cross-talk between calcium and reactive oxygen species signaling. Acta
Pharmacol. Sin. 2006, 27, 821–826. [CrossRef]

40. Feissner, R.F.; Skalska, J.; Gaum, W.E.; Sheu, S.S. Crosstalk signaling between mitochondrial Ca2+ and ROS. Front. Biosci. 2009, 14,
1197–1218. [CrossRef] [PubMed]

41. Azbill, R.D.; Mu, X.; Bruce-Keller, A.J.; Mattson, M.P.; Springer, J.E. Impaired mitochondrial function, oxidative stress and altered
antioxidant enzyme activities following traumatic spinal cord injury. Brain Res. 1997, 765, 283–290. [CrossRef]

42. Liu, D.; Liu, J.; Wen, J. Elevation of hydrogen peroxide after spinal cord injury detected by using the Fenton reaction. Free Radic.
Biol. Med. 1999, 27, 478–482. [CrossRef] [PubMed]

43. Sugawara, T.; Lewen, A.; Gasche, Y.; Yu, F.; Chan, P.H. Overexpression of SOD1 protects vulnerable motor neurons after spinal
cord injury by attenuating mitochondrial cytochrome c release. FASEB J. 2002, 16, 1997–1999. [CrossRef] [PubMed]

44. Liu, D.; Ling, X.; Wen, J.; Liu, J. The role of reactive nitrogen species in secondary spinal cord injury: Formation of nitric oxide,
peroxynitrite, and nitrated protein. J. Neurochem. 2000, 75, 2144–2154. [CrossRef]

45. Liu, D.; Liu, J.; Sun, D.; Wen, J. The time course of hydroxyl radical formation following spinal cord injury: The possible role of
the iron-catalyzed Haber-Weiss reaction. J. Neurotrauma 2004, 21, 805–816. [CrossRef]

46. Visavadiya, N.P.; Patel, S.P.; VanRooyen, J.L.; Sullivan, P.G.; Rabchevsky, A.G. Cellular and subcellular oxidative stress parameters
following severe spinal cord injury. Redox Biol. 2016, 8, 59–67. [CrossRef]

47. Carrico, K.M.; Vaishnav, R.; Hall, E.D. Temporal and spatial dynamics of peroxynitrite-induced oxidative damage after spinal
cord contusion injury. J. Neurotrauma 2009, 26, 1369–1378. [CrossRef] [PubMed]

48. Hakan, T.; Toklu, H.Z.; Biber, N.; Celik, H.; Erzik, C.; Ogunc, A.V.; Cetinel, S.; Sener, G. Meloxicam exerts neuroprotection on
spinal cord trauma in rats. Int. J. Neurosci. 2011, 121, 142–148. [CrossRef] [PubMed]

49. Yang, Y.H.; Wang, Z.; Zheng, J.; Wang, R. Protective effects of gallic acid against spinal cord injury-induced oxidative stress. Mol.
Med. Rep. 2015, 12, 3017–3024. [CrossRef]

50. Zhou, L.; Ouyang, L.; Lin, S.; Chen, S.; Liu, Y.; Zhou, W.; Wang, X. Protective role of beta-carotene against oxidative stress and
neuroinflammation in a rat model of spinal cord injury. Int. Immunopharmacol. 2018, 61, 92–99. [CrossRef]

51. Chen, A.; McEwen, M.L.; Sun, S.; Ravikumar, R.; Springer, J.E. Proteomic and phosphoproteomic analyses of the soluble fraction
following acute spinal cord contusion in rats. J. Neurotrauma 2010, 27, 263–274. [CrossRef] [PubMed]

52. Xiong, Y.; Rabchevsky, A.G.; Hall, E.D. Role of peroxynitrite in secondary oxidative damage after spinal cord injury. J. Neurochem.
2007, 100, 639–649. [CrossRef]

https://doi.org/10.1097/00002826-200109000-00002
https://doi.org/10.1016/S0079-6123(00)29033-X
https://doi.org/10.1038/sc.2011.111
https://doi.org/10.1152/physrev.00017.2017
https://doi.org/10.1155/2016/9476020
https://doi.org/10.1523/JNEUROSCI.19-19-08182.1999
https://doi.org/10.1016/j.freeradbiomed.2006.03.007
https://www.ncbi.nlm.nih.gov/pubmed/16781455
https://doi.org/10.3389/fncel.2016.00098
https://www.ncbi.nlm.nih.gov/pubmed/27147970
https://doi.org/10.1002/jnr.10607
https://www.ncbi.nlm.nih.gov/pubmed/12815713
https://doi.org/10.1038/nrm2256
https://doi.org/10.1016/j.pneurobio.2011.01.007
https://doi.org/10.1007/s00018-011-0807-2
https://doi.org/10.1016/S0891-5849(99)00242-7
https://www.ncbi.nlm.nih.gov/pubmed/10699758
https://doi.org/10.1007/s00415-006-0301-1
https://doi.org/10.1111/j.1745-7254.2006.00390.x
https://doi.org/10.2741/3303
https://www.ncbi.nlm.nih.gov/pubmed/19273125
https://doi.org/10.1016/S0006-8993(97)00573-8
https://doi.org/10.1016/S0891-5849(99)00073-8
https://www.ncbi.nlm.nih.gov/pubmed/10468225
https://doi.org/10.1096/fj.02-0251fje
https://www.ncbi.nlm.nih.gov/pubmed/12368231
https://doi.org/10.1046/j.1471-4159.2000.0752144.x
https://doi.org/10.1089/0897715041269650
https://doi.org/10.1016/j.redox.2015.12.011
https://doi.org/10.1089/neu.2008.0870
https://www.ncbi.nlm.nih.gov/pubmed/19419247
https://doi.org/10.3109/00207454.2010.537415
https://www.ncbi.nlm.nih.gov/pubmed/21138398
https://doi.org/10.3892/mmr.2015.3738
https://doi.org/10.1016/j.intimp.2018.05.022
https://doi.org/10.1089/neu.2009.1051
https://www.ncbi.nlm.nih.gov/pubmed/19691422
https://doi.org/10.1111/j.1471-4159.2006.04312.x


Antioxidants 2023, 12, 1401 14 of 15

53. Wozniak, B.; Wozniak, A.; Mila-Kierzenkowska, C.; Kasprzak, H.A. Correlation of Oxidative and Antioxidative Processes in the
Blood of Patients with Cervical Spinal Cord Injury. Oxid. Med. Cell. Longev. 2016, 2016, 6094631. [CrossRef]

54. Bastani, N.E.; Kostovski, E.; Sakhi, A.K.; Karlsen, A.; Carlsen, M.H.; Hjeltnes, N.; Blomhoff, R.; Iversen, P.O. Reduced antioxidant
defense and increased oxidative stress in spinal cord injured patients. Arch. Phys. Med. Rehabil. 2012, 93, 2223–2228.e2222.
[CrossRef] [PubMed]

55. Mao, L.; Wang, H.D.; Wang, X.L.; Tian, L.; Xu, J.Y. Disruption of Nrf2 exacerbated the damage after spinal cord injury in mice. J.
Trauma Acute Care Surg. 2012, 72, 189–198. [CrossRef]

56. Toklu, H.Z.; Hakan, T.; Celik, H.; Biber, N.; Erzik, C.; Ogunc, A.V.; Akakin, D.; Cikler, E.; Cetinel, S.; Ersahin, M.; et al.
Neuroprotective effects of alpha-lipoic acid in experimental spinal cord injury in rats. J. Spinal Cord Med. 2010, 33, 401–409.
[CrossRef]

57. Fu, J.; Wang, H.; Deng, L.; Li, J. Exercise Training Promotes Functional Recovery after Spinal Cord Injury. Neural Plast. 2016,
2016, 4039580. [CrossRef] [PubMed]

58. Hutchinson, K.J.; Linderman, J.K.; Basso, D.M. Skeletal muscle adaptations following spinal cord contusion injury in rat and the
relationship to locomotor function: A time course study. J. Neurotrauma 2001, 18, 1075–1089. [CrossRef] [PubMed]

59. Chang, W.; Pedroni, A.; Bertuzzi, M.; Kizil, C.; Simon, A.; Ampatzis, K. Locomotion dependent neuron-glia interactions control
neurogenesis and regeneration in the adult zebrafish spinal cord. Nat. Commun. 2021, 12, 4857. [CrossRef]

60. Chew, C.; Sengelaub, D.R. Exercise promotes recovery after motoneuron injury via hormonal mechanisms. Neural Regen. Res.
2020, 15, 1373–1376. [CrossRef]

61. Davaa, G.; Hong, J.Y.; Kim, T.U.; Lee, S.J.; Kim, S.Y.; Hong, K.; Hyun, J.K. Exercise Ameliorates Spinal Cord Injury by Changing
DNA Methylation. Cells 2021, 10, 143. [CrossRef]

62. Jung, S.Y.; Seo, T.B.; Kim, D.Y. Treadmill exercise facilitates recovery of locomotor function through axonal regeneration following
spinal cord injury in rats. J. Exerc. Rehabil. 2016, 12, 284–292. [CrossRef]

63. Hwang, D.H.; Shin, H.Y.; Kwon, M.J.; Choi, J.Y.; Ryu, B.Y.; Kim, B.G. Survival of neural stem cell grafts in the lesioned spinal cord
is enhanced by a combination of treadmill locomotor training via insulin-like growth factor-1 signaling. J. Neurosci. 2014, 34,
12788–12800. [CrossRef]

64. Gleeson, M.; Bishop, N.C.; Stensel, D.J.; Lindley, M.R.; Mastana, S.S.; Nimmo, M.A. The anti-inflammatory effects of exercise:
Mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 2011, 11, 607–615. [CrossRef]
[PubMed]

65. Kressler, J.; Cowan, R.E.; Bigford, G.E.; Nash, M.S. Reducing cardiometabolic disease in spinal cord injury. Phys. Med. Rehabil.
Clin. N. Am. 2014, 25, 573–604. [CrossRef]

66. Sandrow-Feinberg, H.R.; Houle, J.D. Exercise after spinal cord injury as an agent for neuroprotection, regeneration and rehabilita-
tion. Brain Res. 2015, 1619, 12–21. [CrossRef]

67. West, C.R.; Crawford, M.A.; Poormasjedi-Meibod, M.S.; Currie, K.D.; Fallavollita, A.; Yuen, V.; McNeill, J.H.; Krassioukov, A.V.
Passive hind-limb cycling improves cardiac function and reduces cardiovascular disease risk in experimental spinal cord injury. J.
Physiol. 2014, 592, 1771–1783. [CrossRef] [PubMed]

68. Alessio, H.M. Exercise-induced oxidative stress. Med. Sci. Sports Exerc. 1993, 25, 218–224. [CrossRef] [PubMed]
69. Ji, L.L. Antioxidants and oxidative stress in exercise. Proc. Soc. Exp. Biol. Med. 1999, 222, 283–292. [CrossRef]
70. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle force production.

Physiol. Rev. 2008, 88, 1243–1276. [CrossRef] [PubMed]
71. Radak, Z.; Chung, H.Y.; Koltai, E.; Taylor, A.W.; Goto, S. Exercise, oxidative stress and hormesis. Ageing Res. Rev. 2008, 7, 34–42.

[CrossRef]
72. Douris, P.C.; Elokda, A.S.; Handrakis, J.P.; Principal, S.; Rondo, E.; Bovell, J.; Coughlin, W.P.; Mastroianni, C.N.; Wong, M.J.;

Zimmerman, T. Martial art training enhances the glutathione antioxidant system in middle-aged adults. J. Strength Cond. Res.
2009, 23, 1518–1523. [CrossRef]

73. Knez, W.L.; Jenkins, D.G.; Coombes, J.S. Oxidative stress in half and full Ironman triathletes. Med. Sci. Sports Exerc. 2007, 39,
283–288. [CrossRef]

74. Teixeira, V.; Valente, H.; Casal, S.; Marques, F.; Moreira, P. Antioxidant status, oxidative stress, and damage in elite trained
kayakers and canoeists and sedentary controls. Int. J. Sport Nutr. Exerc. Metab. 2009, 19, 443–456. [CrossRef] [PubMed]

75. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820. [CrossRef]
76. Mancini, D.M.; Walter, G.; Reichek, N.; Lenkinski, R.; McCully, K.K.; Mullen, J.L.; Wilson, J.R. Contribution of skeletal muscle

atrophy to exercise intolerance and altered muscle metabolism in heart failure. Circulation 1992, 85, 1364–1373. [CrossRef]
[PubMed]

77. Bloomer, R.J.; Fisher-Wellman, K.H. Blood oxidative stress biomarkers: Influence of sex, exercise training status, and dietary
intake. Gend. Med. 2008, 5, 218–228. [CrossRef] [PubMed]

78. Mackinnon, L.T.; Hubinger, L.; Lepre, F. Effects of physical activity and diet on lipoprotein(a). Med. Sci. Sports Exerc. 1997, 29,
1429–1436. [CrossRef]

79. Shern-Brewer, R.; Santanam, N.; Wetzstein, C.; White-Welkley, J.; Parthasarathy, S. Exercise and cardiovascular disease: A new
perspective. Arter. Thromb. Vasc. Biol. 1998, 18, 1181–1187. [CrossRef]

https://doi.org/10.1155/2016/6094631
https://doi.org/10.1016/j.apmr.2012.06.021
https://www.ncbi.nlm.nih.gov/pubmed/22772083
https://doi.org/10.1097/TA.0b013e31821bf541
https://doi.org/10.1080/10790268.2010.11689719
https://doi.org/10.1155/2016/4039580
https://www.ncbi.nlm.nih.gov/pubmed/28050288
https://doi.org/10.1089/08977150152693764
https://www.ncbi.nlm.nih.gov/pubmed/11686494
https://doi.org/10.1038/s41467-021-25052-1
https://doi.org/10.4103/1673-5374.274323
https://doi.org/10.3390/cells10010143
https://doi.org/10.12965/jer.1632698.349
https://doi.org/10.1523/JNEUROSCI.5359-13.2014
https://doi.org/10.1038/nri3041
https://www.ncbi.nlm.nih.gov/pubmed/21818123
https://doi.org/10.1016/j.pmr.2014.04.006
https://doi.org/10.1016/j.brainres.2015.03.052
https://doi.org/10.1113/jphysiol.2013.268367
https://www.ncbi.nlm.nih.gov/pubmed/24535438
https://doi.org/10.1249/00005768-199302000-00010
https://www.ncbi.nlm.nih.gov/pubmed/8383786
https://doi.org/10.1046/j.1525-1373.1999.d01-145.x
https://doi.org/10.1152/physrev.00031.2007
https://www.ncbi.nlm.nih.gov/pubmed/18923182
https://doi.org/10.1016/j.arr.2007.04.004
https://doi.org/10.1519/JSC.0b013e3181b339ac
https://doi.org/10.1249/01.mss.0000246999.09718.0c
https://doi.org/10.1123/ijsnem.19.5.443
https://www.ncbi.nlm.nih.gov/pubmed/19910648
https://doi.org/10.1038/414813a
https://doi.org/10.1161/01.CIR.85.4.1364
https://www.ncbi.nlm.nih.gov/pubmed/1555280
https://doi.org/10.1016/j.genm.2008.07.002
https://www.ncbi.nlm.nih.gov/pubmed/18727988
https://doi.org/10.1097/00005768-199711000-00007
https://doi.org/10.1161/01.ATV.18.7.1181


Antioxidants 2023, 12, 1401 15 of 15

80. van Duijnhoven, N.; Hesse, E.; Janssen, T.; Wodzig, W.; Scheffer, P.; Hopman, M. Impact of exercise training on oxidative stress in
individuals with a spinal cord injury. Eur. J. Appl. Physiol. 2010, 109, 1059–1066. [CrossRef]

81. Goldhardt, M.G.; Andreia, A.; Dorneles, G.P.; da Silva, I.R.; Pochmann, D.; Peres, A.; Rostirola Elsner, V. Does a single bout of
exercise impacts BDNF, oxidative stress and epigenetic markers in spinal cord injury patients? Funct. Neurol. 2019, 34, 158–166.

82. Holme, E.; Mohr, T.; Kjaer, M.; Nielsen, B. Temperature responses to electrically induced cycling in spinal cord injured persons.
Med. Sci. Sports Exerc. 2001, 33, 431–435. [CrossRef]

83. Ordonez, F.J.; Rosety, M.A.; Camacho, A.; Rosety, I.; Diaz, A.J.; Fornieles, G.; Bernardi, M.; Rosety-Rodriguez, M. Arm-cranking
exercise reduced oxidative damage in adults with chronic spinal cord injury. Arch. Phys. Med. Rehabil. 2013, 94, 2336–2341.
[CrossRef]

84. Mitsui, T.; Nakamura, T.; Ito, T.; Umemoto, Y.; Sakamoto, K.; Kinoshita, T.; Nakagawa, M.; Tajima, F. Exercise significantly
increases plasma adrenaline and oxidized low-density lipoprotein in normal healthy subjects but not in persons with spinal cord
injury. Arch. Phys. Med. Rehabil. 2012, 93, 725–727. [CrossRef]

85. Gülçin, I. Antioxidant activity of L-adrenaline: A structure-activity insight. Chem. Biol. Interact. 2009, 179, 71–80. [CrossRef]
86. Inglés, M.; Serra-Añó, P.; Gambini, J.; Abu-Sharif, F.; Dromant, M.; Garcia-Valles, R.; Pareja-Galeano, H.; Garcia-Lucerga, C.;

Gomez-Cabrera, M.C. Active paraplegics are protected against exercise-induced oxidative damage through the induction of
antioxidant enzymes. Spinal Cord 2016, 54, 830–837. [CrossRef] [PubMed]
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blood antioxidant defenses in able-bodied and spinal cord injured players. Spinal Cord 2012, 50, 253–256. [CrossRef]

88. Garbeloti, E.J.R.; Paiva, R.C.A.; Restini, C.B.A.; Durand, M.T.; Miranda, C.E.S.; Teixeira, V.E. Biochemical biomarkers are not
dependent on physical exercise in patients with spinal cord injury. BBA Clin. 2016, 6, 5–11. [CrossRef]

89. Mitsui, T.; Ito, T.; Sasaki, Y.; Kawasaki, T.; Nakamura, T.; Nishimura, Y.; Ibusuki, T.; Higuchi, Y.; Hosoe, S.; Ito, F.; et al. Changes
in oxidized LDL during a half marathon in athletes with spinal cord injuries. Spinal Cord Ser. Cases 2017, 3, 17015. [CrossRef]
[PubMed]

90. Wang, J.S.; Yang, C.F.; Wong, M.K.; Chow, S.E.; Chen, J.K. Effect of strenuous arm exercise on oxidized-LDL-potentiated platelet
activation in individuals with spinal cord injury. Thromb. Haemost. 2000, 84, 118–123. [PubMed]

91. Petrie, M.A.; Kimball, A.L.; Shields, R.K. Acute Low Force Electrically Induced Exercise Modulates Post Prandial Glycemic
Markers in People with Spinal Cord Injury. J. Funct. Morphol. Kinesiol. 2022, 7, 89. [CrossRef]

92. Nightingale, T.E.; Walhin, J.P.; Thompson, D.; Bilzon, J.L.J. Impact of Exercise on Cardiometabolic Component Risks in Spinal
Cord-injured Humans. Med. Sci. Sports Exerc. 2017, 49, 2469–2477. [CrossRef]

93. Bergmann, M.; Zahharova, A.; Reinvee, M.; Asser, T.; Gapeyeva, H.; Vahtrik, D. The Effect of Functional Electrical Stimulation
and Therapeutic Exercises on Trunk Muscle Tone and Dynamic Sitting Balance in Persons with Chronic Spinal Cord Injury: A
Crossover Trial. Medicina 2019, 55, 619. [CrossRef]

94. Jitca, G.; Osz, B.E.; Tero-Vescan, A.; Miklos, A.P.; Rusz, C.M.; Batrinu, M.G.; Vari, C.E. Positive Aspects of Oxidative Stress at
Different Levels of the Human Body: A Review. Antioxidants 2022, 11, 572. [CrossRef] [PubMed]

95. Wiggs, M.P. Can endurance exercise preconditioning prevention disuse muscle atrophy? Front. Physiol. 2015, 6, 63. [CrossRef]
[PubMed]

96. Trewin, A.J.; Lundell, L.S.; Perry, B.D.; Patil, K.V.; Chibalin, A.V.; Levinger, I.; McQuade, L.R.; Stepto, N.K. Effect of N-
acetylcysteine infusion on exercise-induced modulation of insulin sensitivity and signaling pathways in human skeletal muscle.
Am. J. Physiol. Endocrinol. Metab. 2015, 309, E388–E397. [CrossRef]

97. Vincent, H.K.; Powers, S.K.; Stewart, D.J.; Demirel, H.A.; Shanely, R.A.; Naito, H. Short-term exercise training improves diaphragm
antioxidant capacity and endurance. Eur. J. Appl. Physiol. 2000, 81, 67–74. [CrossRef] [PubMed]

98. Gomez-Cabrera, M.C.; Domenech, E.; Romagnoli, M.; Arduini, A.; Borras, C.; Pallardo, F.V.; Sastre, J.; Vina, J. Oral administration
of vitamin C decreases muscle mitochondrial biogenesis and hampers training-induced adaptations in endurance performance.
Am. J. Clin. Nutr. 2008, 87, 142–149. [CrossRef] [PubMed]

99. Martin Ginis, K.A.; van der Scheer, J.W.; Latimer-Cheung, A.E.; Barrow, A.; Bourne, C.; Carruthers, P.; Bernardi, M.; Ditor, D.S.;
Gaudet, S.; de Groot, S.; et al. Evidence-based scientific exercise guidelines for adults with spinal cord injury: An update and a
new guideline. Spinal Cord 2018, 56, 308–321. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00421-010-1398-6
https://doi.org/10.1097/00005768-200103000-00015
https://doi.org/10.1016/j.apmr.2013.05.029
https://doi.org/10.1016/j.apmr.2011.08.046
https://doi.org/10.1016/j.cbi.2008.09.023
https://doi.org/10.1038/sc.2016.5
https://www.ncbi.nlm.nih.gov/pubmed/26882488
https://doi.org/10.1038/sc.2011.134
https://doi.org/10.1016/j.bbacli.2016.05.001
https://doi.org/10.1038/scsandc.2017.15
https://www.ncbi.nlm.nih.gov/pubmed/28503322
https://www.ncbi.nlm.nih.gov/pubmed/10928481
https://doi.org/10.3390/jfmk7040089
https://doi.org/10.1249/MSS.0000000000001390
https://doi.org/10.3390/medicina55100619
https://doi.org/10.3390/antiox11030572
https://www.ncbi.nlm.nih.gov/pubmed/35326222
https://doi.org/10.3389/fphys.2015.00063
https://www.ncbi.nlm.nih.gov/pubmed/25814955
https://doi.org/10.1152/ajpendo.00605.2014
https://doi.org/10.1007/PL00013799
https://www.ncbi.nlm.nih.gov/pubmed/10552269
https://doi.org/10.1093/ajcn/87.1.142
https://www.ncbi.nlm.nih.gov/pubmed/18175748
https://doi.org/10.1038/s41393-017-0017-3
https://www.ncbi.nlm.nih.gov/pubmed/29070812

	Introduction 
	Overview of Spinal Cord Anatomy 
	Spinal Cord Injuries 
	Oxidative Stress in SCI 
	The Influence of Exercise on Oxidative Stress in Individuals with SCI 
	Perspective 
	References

