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Polyunsaturated fatty acids (w-3 acids, PUFAs) are essential components of cell membranes in all mammals. A multifactorial
beneficial influence of w-3 fatty acids on the health of humans and other mammals has been observed for many years.
Therefore, w-3 fatty acids and their function in the prophylaxis and treatment of various pathologies have been subjected
to numerous studies. Regarding the documented therapeutic influence of w-3 fatty acids on the nervous and immune
systems, the aim of this paper is to present the current state of knowledge and the critical assessment of the role of w-3
fatty acids in the prophylaxis and treatment of spinal cord injury (SCI) in rodent models. The prophylactic properties
(pre-SCI) include the stabilization of neuron cell membranes, the reduction of the expression of inflammatory cytokines
(IL-1p, TNF-a, IL-6, and KC/GRO/CINC), the improvement of local blood flow, reduced eicosanoid production, activation
of protective intracellular transcription pathways (dependent on RXR, PPAR-a, Akt, and CREB), and increased
concentration of lipids, glycogen, and oligosaccharides by neurons. On the other hand, the therapeutic properties (post-
SCI) include the increased production of endogenous antioxidants such as carnosine and homocarnosine, the maintenance
of elevated GSH concentrations at the site of injury, reduced concentrations of oxidative stress marker (MDA), autophagy
improvement (via increasing the expression of LC3-II), and p38 MAPK expression reduction in the superficial dorsal
horns (limiting the sensation of neuropathic pain). Paradoxically, despite the well-documented protective activity of w-3
acids in rodents with SCI, the research does not offer an answer to the principal question of the optimal dose and
treatment duration. Therefore, it is worth emphasizing the role of multicenter rodent studies with the implementation of
standards which initially may even be based on arbitrary criteria. Additionally, basing on available research data, the
authors of this paper make a careful attempt at referring some of the conclusions to the human population.
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1. Introduction

Polyunsaturated fatty acids (w-3 acids, PUFAs) are essen-
tial components of cell membranes in all mammals [1].
They facilitate normal functioning of the body, but many
mammals are unable to synthesize them which necessitates
their dietary supply. The group of w-3 includes alpha-
linolenic acid (ALA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) [1, 2]. A multifactorial bene-
ficial influence of w-3 fatty acids on the health of humans
and other mammals has been observed for many years.
Therefore, w-3 fatty acids and their function in the pro-
phylaxis and treatment of various pathologies have been
subjected to numerous studies. The research includes
mainly cardiovascular, immune, and nervous system dis-
eases [3-5]. The treatment of patients after spinal cord
injury (SCI) constitutes a particular challenge for contem-
porary medicine, as those injuries primarily contribute to
disorders of the nerve tissue and the immune system dur-
ing inflammation.

Complexity of the natural course of SCI-related patho-
physiological events occurs as a result of two subsequent
phases such as primary and secondary (delayed) injuries
where all parts and compartments of the spinal cord are
vulnerable and could be affected [6]. Occurring primary
injury is associated with application of external physical
force whose character determines the severity of the initial
injury [7]. Therefore, primary injury in the case of SCI
could in this case result from an external mechanical force
(direct/indirect) as well as rapid acceleration/deceleration,
ballistic penetration, and less blast exposure arising from
shock wave [7]. The macrostructural changes after primary
injury in the spinal cord cover damage, laceration, and
swelling of the neural tissue as well as various types of
structural damage of meninges, ligaments, and bone struc-
tures [8]. These events are also connected to the observed
changes associated with alternations in circulation of the
cerebrospinal fluid (CSF) including an increase of intrasp-
inal pressure (ISP) resulting in subsequent reduction of
spinal cord perfusion pressure (SCPP) [9]. The main
effects of primary injury cover immediate death of various
cell populations associated with rapid reflux of neurotrans-
mitters, dysregulation of transmembrane permeability, and
dysfunction of neurovascular units forming blood-spinal
cord barrier [10]. Secondary damage includes nonlinear
phenomena, including several self-propagating immunol-
ogy, neurometabolic, and neurochemical events resulting
in progressive neurodegeneration [11]. The main mecha-
nisms involved in secondary injury cover local and sys-
temic immunoactivation that involves a multitude of
inflammatory mediators and cells, cell death via necrosis
or apoptosis, glutamate excitotoxicity, induction of oxida-
tive stress and free-radical generation, altered energy
metabolism due to mitochondria dysfunction, and impair-
ment of adenosine-5’-triphosphate (ATP) production and
calcium- (Ca®"-) mediated neurotoxicity associated with
abnormal cell membrane permeability [12]. Both, primary
and secondary injury-associated events in all neurostruc-
tural levels finally lead to progressive neuronal loss, demy-
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elination, lesion expansion, and glial scar formation which
results in neurodegeneration of affected parts of the spinal
cord manifesting themselves as neurological deficits due to
interruption of axonal connections [13, 14]. SCI should be
treated not only as local damage but also as systemic
pathology, which is manifested in an immune response
involving changes in the transcriptome set, proteome set,
immune cell recruitment, and the production of inflamma-
tory mediators [15]. One of the main events in SCI is the
activation and proliferation of microglial cells (Iba-17) and
astrocytes (GFAP') which together with immune cells par-
ticipate in the creation of a tightly regulated inflammatory
microenvironment [16]. In this case, activated microglia
cells and astrocytes serve as one of the main sources of
cytokines, proteinases, extracellular matrix molecules
(ECMs), and growth factors at the epicenter of lesions
[17]. Of all secreted cytokines, both in experimental and
clinical conditions, tumor necrosis factor alpha (TNF-a)
together with interleukin 1 beta (IL-1f) and interleukin 6
(IL-6) dominate in the pathogenesis of SCI and other neu-
rological diseases [18].

It is estimated that approximately 6 million patients
are affected by SCI worldwide. Those patients suffer from
impaired mobility manifesting as paraplegia or tetraplegia
[19]. SCI is associated with the occurrence of numerous
complications with the most common ones being the
infections of the urinary or respiratory system, develop-
ment of pressure ulcers, cardiovascular disorders, sleep
disturbance, depression, muscle atrophy, and osteoporosis
[20]. Circumstances in which SCIs occur in people are
commonly heterogenous, sudden, and difficult to predict
(e.g., traffic accidents and falls from a height) which makes
it hard to formulate reliable conclusions from the imple-
mented treatment. It is much easier to introduce reliable
conditions of research on SCI on the animal model during
controlled laboratory trials. Rodents, such as mice and
rats, belong to the group of animals whose physiology of
life processes presents numerous similarities to that of
humans. Therefore, this kind of research is currently the
most preferred.

Regarding the documented therapeutic influence of w-3
fatty acids on the nervous and immune systems [21, 22],
the aim of this paper is to present the current state of knowl-
edge and the critical assessment of the role of w-3 fatty acids
in the prophylaxis and treatment of SCI in rodent models.
Basing on available research data in this area, the authors of
this paper make a careful attempt at referring some of the
conclusions to the human population.

2. The Structure of »-3 Fatty Acids

Fatty acids are characterized by the presence of the carbon
chain with a methyl group (-CH;) at one end and a car-
boxyl group (-COOH) at the other [23]. Unsaturated fatty
acids are characterized by the carbon chain which includes
at least one double bond. Compounds including one dou-
ble bond are called monounsaturated fatty acids (MUFAs),
while those with two or more double bonds, PUFAs [24].
Another criterion of fatty acid classification is the number
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of carbon atoms in the carbon chain. Short-chain fatty
acids contain up to 13 carbon atoms; long-chain ones,
between 14 and 19; and very long-chain fatty acids, over
20 carbon atoms. Notably, fatty acids which occur in
humans are mainly characterized by the even number of
carbon atoms in the carbon chain. w-3 fatty acids are a
group of chemical compounds with the common fea-
ture—the presence of the last double bond in the carbon
chain three carbon atoms away from the -CH, group.
They include polyunsaturated fatty acids such as ALA
(the carbon chain consists of 18 carbon atoms), EPA (20
carbon atoms in the carbon chain), and DHA (22 carbon
atoms in the carbon chain) [23, 24]. Their structure and
more, including the location of the double bonds, are pre-
sented in Figure 1.

3. The Biological Function of ®-3 Acids

w-3 acids are mainly present in seafood (lean and oily fish)
and in plants—numerous nuts, seeds of oily plants, and green
leaves. Fatty acid intake in the Western diet is still dominated
by w-6 acids [25]. However, the tendency towards the con-
sumption of w-3 acids is on the rise, because of better health
education and the mass production and consumption of die-
tary supplements based on ALA, EPA, and DHA [25].

The function of w-3 acids has been widely studied and
described in professional literature available worldwide.
Study results explicitly indicate that w-3 acids present the
anti-inflammatory activity, as they reduce the production
of inflammatory factors and limit undesirable effects of
immune cell activation. It is worth emphasizing that such
an activity is of comprehensive and multiplane nature. At
the cellular level, the activity of nuclear factor kappa B
(NFxB) is reduced [24, 26]. It is one of the most impor-
tant nuclear transcription factors responsible for the

increased expression of genes stimulating inflammatory
processes, including those contributing to the synthesis of
inflammatory cytokines, chemotactic and adhesion mole-
cules. Several mechanisms may cause the inhibition of
NF«B activity. One is associated with the increased expres-
sion of peroxisome proliferator-activated receptor gamma
(PPAR-y) and genes responsible for the synthesis of ago-
nists of this receptor via the consumption of increased
doses of w-3 acids [27]. The activation of PPAR-y and
associated signaling pathways inhibits NFxB translocation
to the cell nucleus and gene expression in the cell nucleus
presenting anti-inflammatory properties [27]. Another
mechanism is connected with the ability of fatty acids to
activate G-protein-coupled cell membrane receptors. G-
protein-coupled receptor 120 (GPR120) is such a receptor,
which, thanks to DHA, and probably EPA, demonstrates
suppressive properties on the activation of intracellular
phosphorylation pathways leading to NFxB activation [28].

The predominant anti-inflammatory activity of w-3 acids
consists in reducing the production of eicosanoids (ECS)
dependent on arachidonic acid (20:4n-6) such as prostaglan-
din E2 (PGE,) and leukotriene B4 (LTB,) and increasing the
production of prostaglandin E3 (PGE;) and leukotriene B5
(LTB;) which present a considerably lower inflammatory
activity and are dependent on ALA and EPA [24, 29]. ECS
are a group of lipid inflammatory mediators including pros-
tanoids (prostacyclins, thromboxanes, and prostaglandins),
leukotrienes, and lipoxins [30]. They are produced as a result
of the activity of specific enzymes, cyclooxygenase (COX),
lipoxygenase (LOX), and P450 enzymes, with substrates such
as arachidonic acid, linoleic acid, or ALA. All human and
animal studies confirmed that using high doses of w-3 acids
(apart from ALA, EPA, and DHA) diminished the local and
systemic inflammatory response via reducing the levels of
“strong” ECS in the blood serum (PGE, and LTB, mentioned



before). It is linked to the change in the composition of the
cell membrane which is due to the reduction in the percent-
age of w-6 acids included and the increased percentage of w-3
acids [29, 30].

The increased percentage of w-3 acids in the cell mem-
brane may also play a role in inhibiting the development
of various neoplastic cells. Some studies showed that w-3
acids inhibited cell divisions in tumors over the synthesis
phase (S phase) and prevented the initiation of the second
growth phase (G2 phase). Prolonging cell cycle arrest sta-
tus leads to the apoptosis of neoplastic cells. A potential
related mechanism involves the activation of sphingomye-
linase (SMYase) on the cell membrane by w-3 acids which
increases the synthesis of ceramide [31]. Ceramide, via
further activation of phosphatase 1 (PP1) and 2A (PP2A)
proteins and p21 protein, inhibits the phosphorylation of
the retinoblastoma protein (pRb) in a two-way manner
[32], which prevents further cell divisions within the
tumor. Interestingly, some authors noted that the above
signaling pathways may only lead to the apoptosis of neo-
plastic cells. As regards healthy cells, e.g., of the retina,
heart, or neurons, w-3 acids present protective properties
which inhibit programmed cell death [33, 34]. The duality
of this activity has not been explained so far. Most proba-
bly, it uses the same signaling pathways, but the issue
requires further research.

The supplementation with w-3 acids also results in the
reduced chemotaxis of neutrophils and monocytes, i.e., the
key process responsible for the development of inflamma-
tion [35]. The tendency towards reduced chemotaxis
occurred for such chemoattractants as ECS (LTB,), bacte-
rial antigens, and blood serum proteins. Another key ele-
ment of the spread of an inflammation apart from the
migration of activated inflammatory cells is their ability
to pass through the lumen of the blood vessel to the site
of inflammation. Regular intake of fish oils including
EPA and DHA diminished the expression of intercellular
adhesion molecule 1 (ICAM-1) in the membranes of
immune cells and vascular cell adhesion molecule 1
(VCAM-1) on the surface of vascular endothelium cells
[36]. Such a tendency was observed particularly in mono-
cytes. The molecules are responsible for binding leukocytes
to the vascular wall enabling the initiation of their diape-
desis to the extravascular space. T cells constitute another
cell line influenced by EPA and DHA. w-3 fatty acids
decrease their proliferation and reactivity in cell cultures.
Most probably, the phenomenon is dose-dependent [21].

EPA and DHA also belong to the substrates of resolvins
(EPA, DHA) and protectins (DHA), which are produced
via COX and LOX pathways [37-39]. The activity of resol-
vins and protectins is highly anti-inflammatory. Cell culture
and rodent studies demonstrated a multidirectional character
of inflammation reduction. Resolvin E1 (RvE1l), presenting
affinity for RvEl receptor and leukotriene Bl receptor
(BLT,) for which it competes with LTB,, blocks leukocyte
chemotaxis to the site of inflammation and binding to the
vascular endothelium cells. Furthermore, binding to N-
formyl peptide receptor 2 (FPR2/ALX) and resolvin D1
(RvD1) receptor, it blocks the biological activity of lipoxin
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A, and annexin Al and reduces the production of IL-18
[38]. Protectin D1 presents an inhibitory effect on the cellular
synthesis of IL-15 and TNF-a which are responsible for
increased proinflammatory inducible nitric oxide synthase
(iNOS) expression. Apart from limiting the production of
IL-1f and TNF-a by the cells of the vascular endothelium
and endoxin-stimulated macrophages and monocytes, it
was noted that the supplementation with fish oils at high
doses also reduced the synthesis of interleukin 2 (IL-2) and
IL-6 [40]. However, the effect was not observable at doses
lower than 2 g EPA+DHA day'1 [40].

4. The Biological Effect of »-3 Acids in Spinal
Cord Injury in Rodent Models

Rodents are the most common animal model which is
used in research on the influence of w-3 acids on the
injured spinal cord. The majority of studies involve iatro-
genic spinal cord injury and the observation of changes
in the functional and histologic parameters following the
supplementation with w-3 acids compared to control
groups. Most studies conducted in this way, sometimes
enhanced with further modifications, reveal a positive role
of w-3 acids on the improvement of the health status in
animals with SCI [41-43].

4.1. Histological and Anti-inflammatory Improvement after
SCIL. A study by Lim et al. [41] showed that mice with
the Caenorhabditis elegans fat-1 gene (fat-1 mice), which
is responsible for the increased endogenous production
of w-3 acids, were characterized by a more rapid recovery
after SCI compared to mice which received a diet low in
w-3 acids, standard laboratory diet, or diet with an
increased percentage of w-6 acids, respectively. Primarily,
fat-1 mice presented a faster recovery of motor functions
after SCI. The histological examination of tissues collected
from the injury site in this group showed an increased
number of neurons and oligodendrocytes with a simulta-
neous decrease in the number of macrophages and con-
centrations of inflammatory cytokines. Emon et al. [44]
studied the histologic preparations of the nerve tissue col-
lected on day 35 after SCI from rats fed with w-3 acids.
They reported reduced spinal cord edema, white matter
cavitation, demyelination, and vessel ingrowth. Similar
observations were made for mice which received w-3 acids
prior to planned SCI, which indicated their prophylactic
role in terms of developing an inflammation following
neurotrauma. Apart from the above-mentioned in vivo
research, in vitro studies also confirmed the protective
influence of w-3 acids on nerve cells and the activation
of regenerative processes. A markedly lower concentration
of IL-6 and KC/GRO/CINC was noted in fat-1 mice com-
pared to control groups. The authors explained it by the
positive effect of w-3 acids on the stabilization of cell
membranes, improvement of local blood flow, reduced
production of ECS, inhibition of glutamatergic pathways,
and the activation of protective intracellular transcription
pathways. It is considered to be mainly due to DHA influ-
ence which blocks voltage-sensitive Na* and Ca®" channels
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and activates two-domain background K* channels (e.g.,
TREK-1, TREK-2, and TRAAK channels). It results in
inhibiting the phenomenon of the depolarization-induced
increased activation of glutamate receptors [43]. Similar
results concerning the anti-inflammatory activity of w-3
acids were obtained by Bi et al. [45], who noted a statisti-
cally significant (p <0.05) decrease in the concentrations
of proinflammatory IL-6, interleukin 1 receptor antagonist
(IL-1ra), C-reactive protein, and TNF-a in rats with SCI
which were fed with food containing w-3 acids. The con-
centration of anti-inflammatory interleukin 10 (IL-10)
was directly proportional to the w-3/w-6 acid ratio [43].

4.2. Antioxidant Activity. Some authors indicated a signifi-
cant influence of w-3 acids on antioxidant activity during
cellular processes following SCI [43, 46]. w-3 acids
increased the production of endogenous antioxidants such
as carnosine and homocarnosine, which resulted in the
diminished synthesis of nitrogen oxide, concentration of
immune cells at the site of injury, neuron apoptosis, and
the production of inflammatory cytokines. Moreover, the
administration of w-3 acids to rats with SCI significantly
increased the concentration of antioxidant catalase (CAT)
and superoxide dismutase (SOD) reducing the concentra-
tion of malondialdehyde (MDA), a typical marker of oxida-
tive stress. w-3 acids diminished the expression of
glutamine synthetase which is responsible for reducing the
activity of glutamate-induced excitotoxicity in the injured
tissue. It was noted that diet rich in w-3 acids maintained
the elevated concentrations of glutathione (GSH) at the site
of injury. It protected biologically active proteins from irre-
versible oxidization. Therefore, neutrophil infiltration was
limited, and the apoptosis of nerve cells was inhibited at
the site of injury, which translated into the improvement
of the motor function in rodents with SCI [43, 46].

Another potential benefit associated with using w-3 acids
in the diet of rodents with SCI is the increased presence of
hemoproteins, such as cytoglobin or neuroglobin, in the
nerve tissue [46]. Those hemoproteins improved the intracel-
lular transport of oxygen, simultaneously binding free radi-
cals and nitrogen oxide. The authors pointed out that the
precise mechanism of the influence of w-3 acids on the
metabolism of hemoproteins had not been elucidated and
required further analyses.

4.3. Energy Processes Supporting. Interestingly, w-3 acids
were found to increase the concentration of lipids, glycogen,
and oligosaccharides in the nerve tissue cells [46]. The fact
that w-3 acids influence the promotion of glycogenesis and
inhibit glycogen disintegration contributes to the increase
of energy supplies necessary for healing processes. In view
of undisturbed access to energy substrates, neurons are more
durable and resistant to inflammatory processes following
SCI (apoptosis inhibition). They also demonstrate a tendency
towards the increased synthesis of antioxidants and mole-
cules responsible for cell divisions (e.g., amino acids, lipids,
and nucleotides). Additional support of post-SCI energy pro-
cesses which is offered by w-3 acids is connected with the ele-
vated expression of glucose transporter 1 (GLUT-1) and

increased synthesis of phosphates in the injured tissue.
According to some authors, it has a secondary effect on
the increased synthesis of synaptic proteins and the activa-
tion of inactive neurons. The resultant increase in nerve
tissue plasticity in animal models after SCI was noted both
after oral administration and following DHA injections at
the site of injury [46]. Notably, it is highly probable that
DHA exerts an effect on the activation of transcription
pathways associated with the activation of the retinoid X
receptor (RXR). Apparently, DHA is a ligand for RXR,
which is, in turn, responsible for promoting numerous
anabolic processes in tissues, such as cell division, growth,
and differentiation of various cell lines. The stimulation of
neuroplasticity by w-3 acids may be due to the promotion
of an RXR-dependent pathway [43].

4.4. Antiapoptotic Properties. w-3 acids also influence epige-
netic mechanisms via the increased acetylation of lysine, his-
tone H3, and antiapoptotic B-cell lymphoma 2 (Bcl-2) marker
in human neuronal M17 cells. Research conducted on rodent
models corroborated this tendency [46]. The increased expres-
sion of biological factors inhibiting apoptosis was accompa-
nied by the reduced mRNA expression for proapoptotic
proteins, such as Bacillus circulans xylanase (bcx), p53, cas-
pase-3, and pronerve growth factor (pro-NGF) mRNA.
Therefore, w-3 acids promoted the expression of neuropro-
tective genes, which resulted in increasing the resistance of
glial cells and neurons to glutamate toxicity, apoptosis, and
calcium overload and reduced the motor dysfunction in rats
which received w-3 acids before and after SCL

4.5. Antinociceptive Properties. It was also demonstrated that
diet richer in w-3 acids reduced thermal hypersensitivity in
SCL An experiment conducted by Figueroa et al. [47] con-
firmed that the implementation of an 8-week prophylactic
diet enriched with w-3 acids prior to and continued for 8
weeks after induced SCI alleviated chronic neuropathic
pain in rats. As a result of conversion, the increased con-
centration of w-3 acids in the cell membranes of neuro-
cytes and glial cells caused an increased synthesis and
accumulation of N-acylethanolamine (NAE) precursors
such as docosahexaenoyl ethanolamine (DHEA), docosa-
pentaenoyl ethanolamine (DPEA), and eicosapentaenoyl
ethanolamine (EPEA). N-Acylethanolamines are a part
of the endocannabinoid system which is responsible for
numerous life processes, e.g., energy metabolism, immune
processes, and, as regards the present study, the inhibi-
tion of pain sensation and neuroprotection [48-51].
DHEA, DPEA, and EPEA belong to the class of nuclear
factor agonists which inhibit the synthesis of proinflam-
matory molecules, such as histamine, TNF-«, cyclooxy-
genase 2 (COX-2), and iNOS, via binding with
proliferator activated receptor alpha (PPAR-«) in the cell
nucleus. Furthermore, DHEA and EPEA present affinity
for cannabinoid receptors and DPEA—for cannabinoid-
like G-coupled receptors GPR55 and GPR119. Therefore,
it is claimed that DHEA, DPEA, and EPEA present anti-
nociceptive, anticonvulsant, anti-inflammatory, and neuro-
protective properties in SCIL It was also observed that the
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TaBLE 1: Basso, Beattie, Bresnahan (BBB) locomotor rating scale. BBB scale is used as a tool to assess locomotor recovery after spinal cord

injury in rodent models [48].

Points

Clinical observation

[e=BEN e Y B R N =

No observable movement of the hindlimbs.
Slight (limited) movement of one or two joints, usually hip and/or knee.
Extensive movement of one joint or extensive movement of one joint and slight movement of the other.
Extensive movement of two joints.
Slight movement of all three joints of the hindlimbs.
Slight movement of two joints and extensive movement of the third joint.
Extensive movement of two joints and slight movement of the third joint.
Extensive movement of the three joints in the hindlimbs.
Sweeping without weight-bearing or plantar support of the paw without weight-bearing.
Plantar support of the paw with weight-bearing only in the support stage (i.e., when static) or o

ccasional, frequent, or inconsistent dorsal stepping with weight-bearing and no plantar stepping.

10 Plantar stepping with occasional weight-bearing and no forelimb-hindlimb coordination.

11 Plantar stepping with frequent to consistent weight-bearing and occasional forelimb-hindlimb coordination.

12 Plantar stepping with frequent to consistent weight-bearing and occasional forelimb-hindlimb coordination.

13 Plantar stepping with frequent to consistent weight-bearing and frequent forelimb-hindlimb coordination.

Plantar stepping with consistent weight support, consistent forelimb-hindlimb coordination, and predominantly

14

rotated paw position (internally or externally) during locomotion both at the instant of initial contact with the surface

as well as before moving the toes at the end of the support stage or frequent plantar stepping, consistent
forelimb-hindlimb coordination, and occasional dorsal stepping.

Consistent plantar stepping, consistent forelimb-hindlimb coordination, and no movement of the toes or
15 occasional movement during forward movement of limb; predominant paw position is parallel to the body
at the time of initial contact.

Consistent plantar stepping and forelimb-hindlimb coordination during gait and movement of the toes occurring
16 frequently during forward movement of the limb; the predominant paw position is parallel to the body at the time
of initial contact and curved at the instant of movement.

Consistent plantar stepping and forelimb-hindlimb coordination during gait and movement of the toes occurring
17 frequently during forward movement of limb; the predominant paw position is parallel to the body at the time of
initial contact and at the instant of movement of the toes.

Consistent plantar stepping and forelimb-hindlimb coordination during gait and movement of the toes occurring
18 consistently during forward movement of limb; the predominant paw position is parallel to the body at the time of
initial contact and curved during movement of the toes.

Consistent plantar stepping and forelimb-hindlimb coordination during gait and movement of the toes occurring
19 consistently during forward movement of limb; the predominant paw position is parallel to the body at the instant of
contact and at the time of movement of the toes, and the animal presents a downward tail some or all of the time.

Consistent plantar stepping and forelimb-hindlimb coordination during gait and movement of the toes occurring
20 consistently during forward movement of limb; the predominant paw position is parallel to the body at the instant of
contact and at the time of movement of toes, and the animal presents consistent elevation of the tail and trunk instability.

21

Consistent plantar stepping and coordinated gait, consistent movement of the toes; paw position is predominantly

parallel to the body during the whole support stage; consistent trunk stability; consistent tail elevation.

expression of p38 mitogen-activated protein kinase (p38
MAPK) in the superficial dorsal horns was significantly
reduced in the nerve tissue in rats which received diet
enriched with w-3 acids. p38 MAPK is responsible for
processes associated with the sensation of neuropathic pain
[52, 53]. It was also noted that diet rich in w-3 acids decreased
the rate of the regenerative processes of nociceptive fibers,
which was indirectly assessed by the evaluation of the expres-
sion of calcitonin gene-related peptide (CGRP) at the site
located 3-5mm below SCI. Therefore, reducing the expres-
sion of p38 MAPK and CGRP in the nerve tissue made the
rats tend to recover more rapidly after SCI thanks to the alle-
viation of neuropathic pain.

4.6. Nerve Regeneration. Prophylactic diet enriched with w-3
acids also significantly changed the concentrations of pro-
teins participating in the promotion of neuroplasticity and
the regeneration of nerve cells from tissues collected from
rats with SCI, i.e., protein kinase B (Akt) and cAMP-
response element binding (CREB) protein [54, 55]. Both
proteins are a part of intracellular signaling pathways which
activate the synthesis of mRNA specific for cell regenera-
tion in the cell nucleus. CREB functions include the regula-
tion of crucial cell stages (proliferation, differentiation, and
survival) [56]. Akt is a critical mediator of growth factor-
induced neuronal survival which participates in inhibiting
apoptosis [57].
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FIGURE 2: Presentation of the effect of w-3 acids on nervous tissue after spinal cord injury in rodent models. Explanation of abbreviations in

the text.

An improvement in motor function recovery in rats
with SCI at T10 segment induced with high w-3 acid diet
was confirmed in a study by Nie et al. [58]. Compared to
control groups, rats which received 29.75g/kg of dietary
EPA and 17.19g/kg of dietary DHA presented an
increased expression of microtubule-associated protein
1A/1B-light chain 3 type II (LC3-II) after a week and
two weeks following the operation. LC3-II is recruited to
autophagosomal membranes. Therefore, it is thought that
labeling the expression of LC3-II refers to the intensifica-
tion of tissue autophagy. In case of SCI, it is considered
that effective autophagy at the site of injury is beneficia-
l—eftective removal of damaged tissue facilitates faster ini-
tiation of regenerative processes. In vitro studies confirmed
that an increased expression of LC3-II is due to the inhi-
bition of the mammalian target of rapamycin complex 1
(mTORCI1) signaling pathway. Mammalian target of rapa-
mycin (mTOR) is a serine/threonine kinase which partici-
pates in the regulation of metabolism, proliferation,
growth, and autophagy of cells. Studies showed that inhi-
biting the activity of mTORCI1 increased autophagy and
accelerated regenerative processes in tissues [59, 60]. The
activity of w-3 acids decreased the expression of mTORCI1
in neurons which made them much more susceptible to
repair processes following an injury. Reduced mTORCI1
expression is also influenced by lowered concentrations
of protein S6 (p-S6) and protein S6 kinase (p-S6K) in tis-
sues which is also triggered by w-3 acids. Under clinical
conditions, it manifested as a more rapid recovery of hin-
dlimb motor function, while the electrophysiologic moni-
toring of the high w-3 acid diet group demonstrated a
statistically lower latency and a higher amplitude of motor
evoked potential. It translated into a statistically significant
improvement in the function of the urinary bladder and
locomotor function score according to the BBB scale
(Table 1) [61] and better results of walking on a horizon-
tal ladder or beam [62].

5. Summary and Further Perspectives

The above-mentioned results of studies conducted on the
rodent model indicate that w-3 acids present both prophylac-
tic and therapeutic properties towards the nervous tissue
affected by SCI (Figure 2).

The prophylactic properties (pre-SCI status) of w-3 acids
which significantly improved the outcomes in rodents following
iatrogenic SCI include the stabilization of neuron cell mem-
branes; the reduction of the expression of inflammatory mole-
cules such as IL-6, KC/GRO/CINGC, IL-1ra, C-reactive protein,
and TNF-a; the improvement of local blood flow; reduced ECS
production; the inhibition of glutamatergic pathways; the activa-
tion of protective intracellular transcription pathways dependent
on RXR, PPAR-«, Akt, and CREB; and increased concentration
of lipids, glycogen, and oligosaccharides by neurons.

The therapeutic properties (post-SCI status) include the
above-mentioned factors from the list of prophylactic ones
and the increased production of endogenous antioxidants
such as carnosine and homocarnosine, reduced concentra-
tions of oxidative stress marker (MDA), and the maintenance
of elevated GSH concentrations at the site of injury, which
protects proteins from oxidization. Moreover, the therapeu-
tic properties include autophagy improvement (via increas-
ing the expression of LC3-II) and p38 MAPK expression
reduction in the superficial dorsal horns (limiting the sensa-
tion of neuropathic pain).

A summary of w-3 acid properties after SCI is collected
and presented in Table 2.

Prophylactic and therapeutic activity significantly
improves urinary bladder functions, locomotor function
score according to the BBB scale, and gait results. Notably,
the results of therapeutic actions are poorer than those of
the use of prophylaxis only or prophylaxis with w-3 acid
administration following SCI.

According to the majority of studies, the locomotor
function outcomes depend on the dose of w-3 acids
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TaBLE 2: Summary of the biological effects of w-3 fatty acids on cellular processes and clinical outcome after spinal cord injury in rodent
models. Explanation of abbreviations in the text.

Study

Biological effects of w-3 fatty acids in rodent models after SCI

Mortazavi et al. [10]

| Concentrations of IL-6, KC/GRO/CINC
| Number of macrophages
| ECS production
Inhibition of glutamatergic pathways
Stabilization of cell membranes
T Local blood flow
T Number of neurons
T Number of oligodendrocytes

Borgens and Liu-Snyder [12]

Inhibition of voltage-sensitive Na* and Ca** channels
Activation of two-domain background K* channels (TREK-1, TREK-2, and TRAAK channels)
Inhibition of the depolarization-induced increased activation of glutamate receptors
The activation of transcription pathways associated with the activation of retinoid X receptor (RXR)
T Neuroplasticity
T Concentrations of IL-10

Kawano et al. [13]

| Spinal cord edema
| White matter cavitation
| Demyelination
| Vessel ingrowth

Yuan and He [14]

| Concentrations of IL-6, IL-1ra, C-reactive protein, and TNF-«

Sun et al. [15]

T Expression of cytoglobin and neuroglobin
T Concentration of lipids, glycogen, and oligosaccharides by neurons
T Expression of glucose transporter 1 (GLUT-1)
T Synthesis of phosphates
T Synthesis of synaptic proteins
T Acetylation of lysine, histone H3, and antiapoptotic Bcl-2 marker in human neuronal M17 cells
T Resistance of glial cells and neurons on the activity of glutamate toxicity, apoptosis, and calcium overload
| Expression of mRNA for bex, p53, caspase-3, and pro-NGF

Activation of inactive neurons

| Thermal hypersensitivity

| Synthesis of histamine, TNF-a, COX-2, and iNOS

Beck et al. [16]

| Expression of p38 mitogen-activated protein kinase

T Expression of B/Akt (Akt) and CREB
T Synthesis and accumulation of the precursors of N-acylethanolamines (NAE): DHEA, DPEA, and EPEA

T Expression of microtubule-associated protein 1A/1B-light chain 3 type II (LC3-II)

Belchior et al. [27]

| Expression of mammalian target of rapamycin complex 1 (mnTORC1) signaling pathway

| Concentrations of p-S6 and p-S6K

added to the diet of rodents. Higher doses translated into
a more rapid and effective recovery presented by study
animals. The analyses did not comprise the maximum
acceptable dose in the rodent diet after which further
improvement of post-SCI health status was no longer
observed. It is a partially individual issue, but it causes
difficulties in the assessment of the final influence of w-
3 acids on the improvement of post-SCI neurological
status. No data are available to answer the important
question of whether the status might deteriorate at some
higher doses of w-3 acids.

The research also did not provide response concerning
the optimal duration of pre-SCI prophylaxis with w-3 acids.
In many cases, it is arbitrarily set between 7 days and even
8 weeks [47, 48]. The improvement of motor functions in
rodents resulted from the implementation of w-3 acid-
enriched diet as short as 7 days. However, it was not deter-
mined what the optimal duration of supplementation may
be and, if prolonged, if there would be any statistical differ-
ence in the results.

As demonstrated, despite the explicit results of the above-
mentioned studies indicating the positive impact of w-3 acids
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on numerous aspects of recovery in rodents with SCI, stan-
dards regarding the dose and duration of such treatment
have not been developed yet. It is known that rodent studies
constitute an introduction to the assessment of therapy out-
comes in humans. Therefore, it is notable how much diffi-
culty researchers face when attempting to determine the
effectiveness of high doses of w-3 acids used in the diet of
SCI patients. It is justified to expect that diet enriched with
w-3 acid may have protective and anabolic properties
towards the nerve tissue after an injury. However, the deter-
mination of the optimal therapeutic dose may be even more
difficult than in rodents. SCI patients are a highly heteroge-
nous group as regards diet, weight, drug history, and the
genotype. The deficit of w-3 acids in their diet and the time
of diet saturation are hard to assess. The obtained data may
be unreliable as regards certain doses. The optimal model
of the assessment of the effect of w-3 acids on nerve tissue
regeneration and an improvement of locomotor functions
in patients with SCI may be based on selecting patients who
received prophylactic doses of w-3 acids (at least 2g EPA
+DHA day') [40]. However, such a habit of supplementa-
tion in a randomly completed group is rare, as people usually
do not anticipate an injury.

Paradoxically, despite the well-documented protective
activity of w-3 acids in rodents with SCI, the research does
not offer an answer to the principal question of the optimal
dose and treatment duration. Each new analysis provides
new information concerning the effect of -3 acids on cellu-
lar pathways, secretion of cytokines, cell hormones, or the
interactions with cell receptors. However, the effective imple-
mentation of this knowledge remains challenging. Therefore,
it is worth emphasizing the role of multicenter rodent studies
with the implementation of standards which initially may
even be based on arbitrary criteria. It is possible that such
studies may facilitate the development of an effective therapy
with w-3 acids in humans from a longer perspective. Neglect-
ing the well-documented available research on the therapeu-
tic potential of w-3 acids would be a great waste.
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