
Omega-3 fatty acids and acute neurological trauma:
a perspective on clinical translation*

Traumatic injury to the nervous system
remains one of the most significant
unmet needs in the clinic. Injury to the
central nervous system (CNS), e.g.
spinal cord and brain injury, affects
predominantly young patients. There
are no effective treatments, although
rehabilitation can facilitate some reco-
very of function. Injury in the peripheral
nervous system (PNS) has, relatively, a
better outcome, but major nerve inju-
ries can often leave the patients with
significant impairments. In the last

decade, accumulating evidence shows
that omega-3 fatty acids have signifi-
cant therapeutic potential in CNS injury.
The present overview summarizes prog-
ress on this topic, and the required
developments towards clinical transla-
tion in CNS injury, with a focus on spinal
cord trauma, and also reports the first
evidence that supports beneficial effects
of these compounds in PNS injury.

Omega-3 fatty acids and
central nervous system
injury – steps towards
translation

Spinal cord injury (SCI) is a catastrophic
event which can result in permanent

and major disability. The estimated cost
of treating an individual for life can
reach over $3 million. In Europe, care
costs are estimated at around s4 billion
per year. Injury to the spinal cord arises
as a consequence of many types of
trauma; the initial trauma often leads to
forces such as dislocation, distraction
and compression being exerted onto
the nervous tissue, that ultimately lead
to irreversible injury and cell death at the
point of impact.

In the aftermath of SCI, a complex chain
of reactions is triggered around the injury
epicentre, which will ultimately deter-
mine the degree of functional im-
pairment (Profyris et al., 2004; De Biase
et al., 2005). Haemorrhage develops
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early, leading to tissue oedema, accom-
panied by a disruption of the blood flow
in the cord. Compression of the spinal
cord leads to anoxia, that is proportional
to the severity of the initial injury.
Oedema develops at the injury epicentre
and spreads rostrocaudally. Further-
more, injury also triggers a complex
inflammatory reaction, which starts with
local activationof themicroglia, followed
by infiltration of neutrophils, systemic
macrophages and T-cells. This inflam-
matory reaction is complex, and may
significantly enhance the primary dam-
age, but there is also evidence that some
elements of inflammation exert a protec-
tive role (Crutcher et al., 2006; Donnelly
and Popovich, 2008). The two main
therapeutic strategies in SCI are basedon
neuroprotection (early intervention to
protect vulnerable tissue in the early
phase of the initial trauma) and neuro-
regeneration (delayed intervention to
promote repair) (Kwon et al., 2004).

Traumatic brain injury (TBI) is the leading
cause of disability and mortality in those
under 50 years old. It is generally the
result of falls,motor accidents, sports and
war injuries. The incidence of TBI is
increasing worldwide and it is estimated
that around 500 in every 100,000
individuals suffer from TBI annually in
the US and in Europe. In amanner similar
to SCI, tensile stretch forces are also an
important factor in the pathology of TBI.

Treatment of TBI, like in SCI, is focused
on neuroprotection and neurorepair. In
spite of the importance of this condi-
tion, there are at present no neuropro-
tective treatments that could be used to
protect the patient in the aftermath of
injury. They would be associated with
huge personal benefits for patients and
carers. Such treatments would also have
very significant impact in terms of public
health costs. As TBI and SCI share many
elements of pathophysiology, certain
neuroprotective treatments could be
beneficial in both.

The exploration of treatments with
neuroprotective properties has led to
many promising results in animal mod-
els of injury, which attempt to repro-
duce the conditions of injury in humans.
However, numerous clinical trials in SCI
and TBI, focused on neuroprotection,
have failed to lead to an effective
treatment. Treatments tested so far
include: corticosteroids, opiate anatgo-
nists, calcium channel blockers (e.g.
nimodipine), antioxidants and free rad-

ical scavengers (e.g tirilazad) and gluta-
mate NMDA receptor antagonists
(Hawryluk et al., 2008). This is reminis-
cent of the stroke field in which over one
hundred clinical trials for acute stroke
have failed. The reasons for the failures
of acute SCI trials may reside partly in
the intrinsic limitations of some of the
trials and their design (Hawryluk et al.,
2008) but also in the decisions leading
perhaps hastily from a promising pre-
clinical observation to a clinical study.

The process of drug discovery in neuro-
trauma involves the use of in vitro and in
vivomodels. The former allow a detailed
analysis of the response of the neurones
and glial cells to injury, and the mecha-
nisms underlying the beneficial efects of
compounds. There is also a wide variety
of in vivo animals of CNS injury, which
attempt to mimic the human trauma.
Unfortunately, drugs are sometimes
tested in such models with very unrealis-
tic time windows (many treatments lose
their effects if delayed by a few hours)
and in only one injury model or only one
species. It is also sometimes difficult to
achieve in humans the drug concentra-
tions that are achieved in animals inorder
to obtain efficacy. Furthermore, the
relative importance of rescuing a small
amount of tissue in the area surrounding
the lesion in a small rodent (rat, mouse)
vs. the need to protect a much more
substantial volume of tissue in humans is
often overlooked.

As the efficacy and safety of new
treatments for neurotrauma must be
investigated in animal models before
initiationof clinical trials, a largevarietyof
animal species including dogs, cats,
sheep, monkeys, rabbits, rats and mice
have been used for the modelling of SCI
and TBI. What has become clear over
decades of failure in translation is that it is
essential that a new treatment is validat-
ed in several injury models in the same
species, and/or injurymodels in different
species. Rats and mice are the most
widely used animals and they differ in
their reponse to injury of the CNS.
Genetically modified mice are widely
used to study pathological events and
although their response to injurymaynot
be closer to humans, they offer the
additional advantage of facilitating the
analysis in vivoof someof themechanistic
aspects of new treatments, using specific
genetic manipulation. It is well-estab-
lished that mice exhibit a very different
response to SCI, not only in terms of

functional recovery, but also in their
tissue changes and in particular their
inflammatory reaction, compared to that
seen inothermammals. For example, ina
study by Sroga and colleagues, micro-
glia/macrophages showed a peak activa-
tion at 7 days post-injury, similar to what
is seen in rats, and subtle decreases in
labelling over the next 2-5 weeks. In
contrast, the onset and magnitude of
lymphocytic infiltration were markedly
different between rats and mice. Maxi-
mal T-cell accumulation occurred earlier
but to a lesser extent in rats compared
with mice. One distinct finding in mice
was the presence of cell clusters that
resembled lymphocytes but did not
express lymphocyte-specific markers;
these cells extended from blood vessels
within the fibrotic tissuematrix, and their
phenotype was characteristic of fibro-
cytes, which are involved in wound
healing. These species-specific neuroin-
flammatory aspects may result in the
formation of a distinct tissue environ-
ment at the site of SCI, and may also
account for differences in neurological
outccome (Sroga et al., 2003). Mice do
not exhibit the progressive necrosis and
larger central dramatic cavitation of the
cord that occurs in rats and other
mammals, in which a rim of preserved
white matter surrounds a fluid-filled
cystic cavity after contusion/compres-
sion trauma. In contrast, the injured
mouse spinal cord shows after injury
dense fibrous connective tissue, and if
present, there are only very small cavities
(microcysts) at the lesion site. The
connective tissue matrix at the lesion
site decreases in size along its rostrocau-
dal axis over time, and the small cavities
disappear at the chronic time points
rather than enlarging, which is different
to the trend seen in rats, in which
cavitation increases over time.

In SCI research, two types of injury
models are used: (i) models that aim to
mimic as closely as possible the type of
SCI that is observed clinically (i.e.
injuries associated with contusion or
compression forces), and (ii) models in
which specific sections of the cord or
tracts are lesioned, which are appropri-
ate for the study of regeneration (i.e.
hemisection and transection models).

Omega-3 polyunsaturated fatty acids
(PUFA) were shown almost a decade
ago to have significant neuroprotective
potential (Blondeau et al., 2002) and in
particular they appeared to protect
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acutely the cord after an episodeof spinal
cord ischaemia (Lang-Lazdunski et al.,
2003). Following these observations
with alpha-linolenic acid, the biosynthet-
ic precursor of long chain omega-3 PUFA
such as docosahexaenoic acid (DHA),
studies in our laboratory have shown that
the intravenous administration of a bolus
of DHA 30 min after hemisection SCI,
dramatically improved functional and
histological outcome in rats (King
et al., 2006). These results were subse-
quently confirmed in a model of com-
pression SCI(Huang et al., 2007a). In this
model, we also showed that the neuro-
protective effect of the acute intravenous
DHA bolus is further enhanced by
combination with a sustained dietary
DHA supplementation, in the weeks
follwing injury (Huang et al., 2007b;
Ward et al., 2010). This confirmation of
efficacy strengthens the probability that
this treatment will indeed
showprotection inhumanSCI.However,
in order to increase further the probabi-
lity of successful translation to clinic, it is
important to show efficacy in more than
one species and/or model of SCI and
ideally, later on to replicate the success of
the treatment in more than one inde-
pendent laboratory. Therefore, we re-
cently performed a study on the effect of
the acute DHA treatment in a mouse
compression SCI model, using a similar
paradigm as that used in the rat, which

assesses the effect of a single early acute
intravenous administration, associated
or not with chronic DHA dietary supple-
mentation in the period following injury
(Lim et al., 2010).

Our observations confirmed the neuro-
protective effect of a single bolus of DHA
administered intravenously at the dose
of 500 nmol/kg 30 min after injury after
compression SCI. The treatment led to a
significant increase in tissue protection,
as reflected by a multitude of cellular
markers. For example, DHA led to
enhanced neuronal survival (figure 1),
as well as an increase in oligodendrocyte
survival. A marked reduction in the
microglial response after injury was also
seen (figure 2).

In contrast toourprevious study in the rat
(Huang et al., 2007b), the significant
neuroprotective effect of the acute DHA
injection was notmarkedly enhanced for
all themarkers studied, by a combination
with chronic dietary DHA supplementa-
tion (400 mg/kg/day) over the period of
28 days after injury. It is not possible to
conclude from this first set of data in the
mouse whether the effect of the acute
single DHA injectionwould be enhanced
in mice if a longer period of DHA dietary
supplementation and/or a different dose
are used. Furthermore, raised dietary
DHA levels alone for 4 weeks following
compression of the spinal cord did not

protect significantly against either the
neurological deficit or the histological
damage.

This confirmation adds further support
to the hope of successful clinical trans-
lation of DHA in SCI, as an early
intervention which could be delivered
by emergency teams. The critical time
window for this acute bolus intervention
appears to be the 2 h period following
injury, which is achievable, both within
a civilian and military context. Finally,
more extensive studies in the semi-
acute and chronc period after injury are
required in order to better understand
the potential of long-chain omega-3
PUFA in this period. Interestingly, there
is some evidence that the use of fish oil
containing lipid emulsions (which con-
tain DHA but also eicosapentaenoic acid
(EPA)), may be of benefit in critically ill
patients with multiple trauma (Heller et
al., 2006). However, it is likely that the
mechanisms triggered by the acute
bolus and the sustained exposure to
DHA (diet or infusion) are quite differ-
ent.

Mechanism of action of
omega-3 PUFA

After SCI, the primary injury area is
compromised rapidly, but the injury
also spreads. Metabolic and biochemi-
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Figure 1. Neuronal protection in the dorsal horn and ventral horn of the spinal cord in mice injected with saline or DHA and then fed a DHA
enriched diet or control diet. Representative images taken from the injury epicentre show that the number of NeuN-labelled cells in the animals
treated with saline injection (B and G) and DHA diet alone (D and I) was substantially less than naı̈ve control animals (A and F). Animals
receiving a DHA injection alone (C and H) and DHA injection plus DHA diet (E and J) had more NeuN-labelled cells compared with saline-treated
animals. Scale bar = 50 mm. (Lim et al., 2010).
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cal changes, over a period of hours to
days, increase the area of cell death.
Excitotoxicity and increased oxidation
are key neurochemical processe involved
in injury (Hall and Braughler, 1986).
Some of the cellular changes that deve-
lop in time also attempt to create a
boundary between healthy and dam-
aged tissue, and remove necrotic tissue.
These changes include theappearanceof
reactive astrocytes, the activation of
microglial cells and the infiltration of
immune cells from the periphery. In
tracts affected by the injury, Wallerian
degeneration begins in the first days
following injury and continues over a
period of weeks. Gene profiling studies
have identified hundreds of geneswhose
expression is either upregulated or
downregulated at various time points
after SCI (De Biase et al., 2005). The aim
of neuroprotective treatments is to
rescue CNS tissue that is under threat

from the rapidly spreading damage.
However, the extreme complexity of
the reactions triggered by neurotrauma
presents a tremendous challenge, to
identify those events that are key to the
evolving pathology and which could be
critically targetted by DHA.

Omega-3 PUFAs are essential structural
compounds in theCNS, but they also act
as endogenous ligands at a variety of
receptors and ion channels, and as
substrates of enzymes. Their activity at
potassiumand sodiumchannels couldbe
amajor factor controlling hyperexcitabil-
ity after injury (Vreugdenhil et al., 1996;
Heurteaux et al., 2006). Continuous
exposure to DHA can lead to significant
changes in the biophysical properties of
membranes. Increasing endogenous
omega-3 PUFA levels through a raised
DHA dietary level produces widespread
effects on gene expression. One target

mediating the effects ongene expression
are nuclear receptors transcription fac-
tors. DHA acts as a ligand for the retinoid
X receptor (RXR) (Mata de Urquiza et al.,
2000). RXR can heterodimerize with
retinoic acid receptors (RAR) and act as
a modulator of gene expression at
retinoid-responsive promoters. Omega-
3 PUFAs can also activate PPARs (peroxi-
some proliferator activated receptors).
PPARs can bind DNA as a heterodimer
withRXR, andhavebeen shown tohavea
therapeutic value as a target in SCI
(McTigue et al., 2007).

It is important to note that following
trauma, polyunsaturated fatty acids such
as DHA are cleaved from membrane
phospholipids to free (unesterified) DHA
by phospholipase A2 enzymes and the
free DHA can then be converted to
neuroactive metabolites such as neuro-
protectin D1 (NPD1). Omega-3 PUFAs
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Figure 2. Decreased microglial activation in mice treated with saline injection and DHA injection plus DHA-enriched diet after spinal cord injury.
Representative images taken from the epicentre show that resting microglial cells with ramified thin processes were noted in the naı̈ve tissue (A
and D). The microglia shape in saline-treated injured controls was larger and irregular (B and E), reflecting activation. At 28 days after surgery,
there appeared to be less Iba1 immunoreactivity in DHA-treated animals (C and F) compared with saline-treated animals (B and E). The effect is
more marked in the dorsal horn compared to the ventral horn. Scale bar = 50 mm. (Lim et al., 2010).
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and their metabolites can up-regulate
the expression of anti-apoptotic proteins
such as the Bcl-2 family, whilst down-
regulating the apoptotic proteases cas-
pase-3 and 9, and pro-apoptotic signal-
ling proteins including Bax, Bad, Bid and
Bik. It has also been suggested that
omega-3 PUFAs enhance the expression
of neurotrophins, including brain-de-
rived neurotrophic factor (BDNF). An
increase in dietary omega-3 PUFAs
resulted in BDNF levels being restored
after experimental TBI in rats (Wu et al.,
2004).

Omega-3 fatty acids
and their potetial in
the management of
peripheral nerve injury

Peripheral nerve injury (PNI) occurs
largely as a result of either direct
mechanical trauma, disease, (such as
diabetes), or toxicity associated with
certain drugs. The various types of
mechanical trauma include crush and
compression injury, transection injury,
and stretch injury. The latter could
follow displacement of fractures and
dislocation of joints. Unlike axons in the
CNS, axons in the adult peripheral

nervous system (PNS) can regenerate
when damaged. Partial or complete
axonal regeneration is essential for the
functional recovery of nerves after inju-
ry. Satisfactory recovery usually occurs
only inminor nerve injuries, or when the
distance over which regeneration must
occur is small (Jaquet et al., 2001). After
a PNI, rehabilitation can lead to some
recovery. However, some patients may
remain extensively incapacitated and
are unable to return successfuly to an
active life (Rosberg et al., 2005). Hence
there is a need for new therapies that
protect injured peripheral neurons and
enhance regeneration, thus improving
functional outcome.

Vascular changes accompany the neural
changes seen after PNI, and this can
exacerbatehypoxiaand ischaemia.There
is alsoan inflammatory reaction following
PNI, largely believed to be beneficial for
recovery. Macrophages are involved in
phagocytosis of degenerating nerve
fibres, which is a critical step enabling
regeneration, as myelin contains many
growth-inhibitory molecules, such as
myelin-associated glycoprotein and ol-
igodendrocyte myelin glycoprotein, as
well as the Nogo receptor and the p75
neurotrophin receptor. Macrophages

release mitogens for Schwann cells and
fibroblasts, and cytokines that stimulate
the synthesis of growth factors.

Many key events in the pathology of PNI
reproduce events occurring in CNS
trauma. These include : 1) production
of free radicals which results in lipid
peroxidation and oxidation of proteins
and nucleic acids, 2) activation of pro-
apoptotic proteases, 3) mitochondrial
dysfunction, 4) activation of calpains
leading to damage of the cytoskeleton,
5) activation of phospholipase A2

enzymes which release fatty acids such
as arachidonic acid, triggering a local
increase in deleterious prostaglandins
and leukotrienes.

In humans, the distance over which a
nerve must regenerate can be quite
large, and for example it can take
approximately 800 days for a nerve to
regenerate from the shoulder, after a
brachial plexus injury, to the hand. After
such a time there will be irreversible
damage to thedenervated target organs,
and full functional recovery will be
unlikely. Therefore, therapies that can
not only offer neuroprotection in the
aftermath of PNI but also accelerate the
rate of regeneration would be very
beneficial in the clinic.

The encouraging effects seen with long
chain omega-3 PUFA suh as DHA in SCI,
have led us to explore the effects of
omega-3 fatty acids in PNI. The aim of
our first study was to assess the effect of
increasing tissue levels of omega-3 PUFA
on the response to a PNI, sciatic nerve
crush, in the mouse (Gladman et al., in
press). Such an increase can be achieved
through dietary supplementation, or
alternatively through the use of the
recently developed fat-1 mouse. These
mice express the fat-1 gene from C.
elegans, which encodes a fatty acid
desaturase not normally present in
mammals. This enzyme can convert
omega-6 into omega-3 PUFAs, leading
to enrichment in tissue omega-3 PUFA
levels. This genetic manipulation allows
us to produce two different tissue fatty
acid profiles (i.e. high vs. low omega-6/
omega-3 ratio), in wild type animals
maintained on a diet enriched in
omega-6 PUFA (WT-omega-6) vs. the
fat-1mice maintained on the same diet.

In agreement with previously published
findings using an in vitro analysis of the
response of primary sensory neurones to
fatty acids (Robson et al., 2010) the
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Figure 3. Recovery after peripheral nerve injury in wild type (WT) and fat-1 mice. Animals were
submitted to an injury of the sciatic nerve, and were tested functionally for 7 days. There was
no difference in pre-injury withdrawal thresholds between WT-omega-6 and fat-1 groups, but
at 4 days post-injury there was a statistical difference between the response of the two groups,
and this continued to day 7 (*p<0.05). Error bars indicate S.E.M for n=5 animals/group.
(Gladman et al., in press)
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results of the study with fat-1 mice
demonstrate the intrinsic neurotrophic
properties of omega-3 PUFAs. Thus, in
vitro, dorsal root ganglia primary senso-
ry neurones from fat-1 mice showed
much more complex neurite outgrowth
compared to wild type animals. The
response to PNI in mice expressing the
fat-1 gene was then examined using the
sciatic nerve crush model. Behavioural
observations showed that higher en-
dogenous omega-3 PUFAs had a posi-
tive effect on the rate of sensory
functional recovery. The sciatic func-
tional index reflects locomotion and
combines the coordination of motor
and sensory reflexes. At 7 days post-
injury there was a small but significant
difference, with fat-1 mice regaining
comparatively more function, thus in-
dicative of an increased rate of recovery.
We used the von Frey test to assess the
motor response to a sensory stimulus
and as expected, both groups lost
initially sensation after the injury. By 4
days post-crush, the withdrawal thresh-
old for fat-1mice was significantly lower
than for WT-omega-6 mice (figure 3).
This trend continued up to day 7 when
the experiments were completed, thus
suggesting that omega-3 PUFAs in-
crease the rate of regeneration. Howev-
er, by 1 day post-injury there was
already a small difference in the force

required to induce a response between
the two groups. This is a strong indica-
tion that the injury was less severe in the
fat-1 mice, likely due to the neuropro-
tective properties of omega-3 PUFA
leading to more spared axons, and this
could be the explanation for the ob-
served improvements in both the von
Frey test and the sciatic functional
index. Additionally it could be hypothe-
sised that omega-3 PUFAs led to an
increase in collateral sprouting from
spared axons in the sciatic nerve, and
that this could further contribute to the
increased rate of recovery seen in mice
expressing the fat-1 gene. The fat-1
background also led to an increased
staining for neurofilament, as a marker
of axonal integrity (figure 4).

Conclusion

Omega-3 PUFA continue to represent a
significant promise in CNS trauma,
where progress towards clinical transla-
tion is being made, and there is also an
emerging hope in the use of these
compounds in treatment regimes for
PNI. Many questions remain: what are
the main mechanisms driving neuro-
protection and possibly neuroregenera-
tion with these compunds? Are the
long-chain omega-3 PUFA acting only
as pro-drugs, and precursors to power-

ful metabolites which have distinct
receptors and associated signalling
pathways (Serhan et al., 2004) or do
they have a unique therapeutic value
without conversion to metabolites ?
How will omega-3 PUFA, which have
powerful efects on systemic inflamma-
tion (Calder, 2003; Mori and Beilin,
2004), modulate complex tissue reac-
tions such as neuroinflammation, which
has a dual function after neurotrauma
(Donnelly and Popovich, 2008; Kigerl
et al., 2009)? Complex questions which
are awaiting the answers that will make
safe clinical translation possible.
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