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Object. Traumatic brain injury remains the most common cause of death in persons under 45 years of age in the
Western world. Recent evidence from animal studies suggests that supplementation with omega-3 fatty acid (O3FA)
(particularly eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]) improves functional outcomes follow-
ing focal neural injury. The purpose of this study is to determine the benefits of O3FA supplementation following
diffuse axonal injury in rats.

Methods. Forty adult male Sprague-Dawley rats were used. Three groups of 10 rats were subjected to an impact
acceleration injury and the remaining group underwent a sham-injury procedure (surgery, but no impact injury). Two
of the groups subjected to the injury were supplemented with 10 or 40 mg/kg/day of O3FA; the third injured group
served as an unsupplemented control group. The sham-injured rats likewise received no O3FA supplementation.
Serum fatty acid levels were determined from the isolated plasma phospholipids prior to the injury and at the end
of the 30 days of supplementation. After the animals had been killed, immunohistochemical analysis of brainstem
white matter tracts was performed to assess the presence of 3-amyloid precursor protein (APP), a marker of axonal
injury. Immunohistochemical analyses of axonal injury mechanisms—including analysis for caspase-3, a marker of
apoptosis; RMO-14, a marker of neurofilament compaction; and cytochrome c, a marker of mitochondrial injury —
were performed.

Results. Dietary supplementation with a fish oil concentrate rich in EPA and DHA for 30 days resulted in signifi-
cant increases in O3FA serum levels: 11.6% + 4.9% over initial levels in the 10 mg/kg/day group and 30.7% = 3.6% in
the 40 mg/kg/day group. Immunohistochemical analysis revealed significantly (p < 0.05) decreased numbers of APP-
positive axons in animals receiving O3FA supplementation: 7.7 = 14.4 axons per mm? in the 10 mg/kg/day group
and 6.2 = 11.4 axons per mm? in the 40 mg/kg/day group, versus 182.2 + 44.6 axons per mm? in unsupplemented
animals. Sham-injured animals had 4.1 = 1.3 APP-positive axons per mm?. Similarly, immunohistochemical analysis
of caspase-3 expression demonstrated significant (p < 0.05) reduction in animals receiving O3FA supplementation,
18.5 = 28.3 axons per mm? in the 10 mg/kg/day group and 13.8 + 18.9 axons per mm? in the 40 mg/kg/day group,
versus 129.3 = 49.1 axons per mm? in unsupplemented animals.

Conclusions. Dietary supplementation with a fish oil concentrate rich in the O3FAs EPA and DHA increases
serum levels of these same fatty acids in a dose-response effect. Omega-3 fatty acid supplementation significantly
reduces the number of APP-positive axons at 30 days postinjury to levels similar to those in uninjured animals. Ome-
ga-3 fatty acids are safe, affordable, and readily available worldwide to potentially reduce the burden of traumatic
brain injury. (DOI: 10.3171/2010.5.JNS08914)
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cause of death in persons under 45 years of age
in the Western world. The societal impact is pro-
found, with 2 million cases, 220,000 hospitalizations, and
52,000 deaths from head trauma occurring each year in
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Abbreviations used in this paper: AA = arachidonic acid; APP =
amyloid precursor protein; COX = cyclooxygenase; DHA = doco-
sahexaenoic acid; EPA = eicosapentaenoic acid; LOX = lipoxy-
genase; NGS = normal goat serum; O3FA = omega-3 fatty acid;
PBS = phosphate-buffered saline; Sir2 = silent information 2; TBI
= traumatic brain injury; TRAAK = TWIK-related arachidonic
acid—stimulated potassium channel; TREK = TWIK-related potas-
sium channel; TWIK = 2-pore weakly inward rectifying potassium
channel.
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the US alone. Another 80,000-90,000 persons each year
suffer permanent debilitation. The total cost of TBI in
the US, both direct health care and indirect personal and
societal costs, is estimated at $44 billion per annum .3
While the causal mechanisms of TBI cross a spectrum
from low-height falls to sports-related head impacts to
blunt high-speed motor vehicle injuries, the underly-
ing pathophysiology remains similar. Autopsy studies
performed in patients with injury classifications rang-
ing from concussion to severe TBI demonstrate diffuse
injury to white matter tracts running from the cortex to
the brainstem. The extent of traumatic axonal injury is a
principal determinant of morbidity and mortality follow-
ing TBI.

Initially, traumatic axonal injury was thought to in-
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volve immediate axonal tearing through the direct ac-
tion of forces associated with the traumatic insult. More
recently, experiments employing anterograde tracers
have revealed that traumatic axonal injury is a progres-
sive event involving a focal impairment of axoplasmic
transport leading to axonal swelling and ultimate dis-
connection in the hours to days following TBI.>* Initial
disruption of the axon plasma membrane results in ion
channel dysregulation and loss of calcium homeostasis.
Subsequently, a series of calcium-dependent cascades are
activated, resulting in mitochondrial damage and cyto-
chrome c release. Ultimately, cytochrome c release acti-
vates a caspase-3—mediated apoptotic cascade of prote-
olytic cleavage of cytoskeletal substrates resulting in the
axonal disconnection characteristic of traumatic axonal
injury.®!93 These biochemical events are related to the
neurobehavioral effects of TBI, including the early onset
of dementia.??

While authors of multiple tissue and animal studies
have proposed various pharmacological or physiological
interventions to reduce axonal injury, to date no Phase III
clinical study has shown significant effect in reducing the
morbidity and mortality of TBIL.® However, a continuous
series of evidence-based advances in treatment modali-
ties used in critical care and rehabilitation medicine start-
ing in the 1960s and continuing to the current time has
greatly improved both the survival and functional out-
comes of TBI patients. An improved understanding of the
nutritional requirements of the critically injured patient
has led to the development of both enteral and parenteral
supplementation. The science of nutritional supplemen-
tation has undergone significant change from the early
goals of simply delivering necessary calories to current
regimens that provide specific amino acid and fatty acid
combinations to maximize the healing process. Recent
evidence from animal studies suggests that supplementa-
tion with O3FA (particularly EPA and DHA) improves
functional outcomes following focal neural injury.’¢37 It
remains to be determined whether supplementation with
pharmaceutical- or nutritional-grade O3FA during the
initial postinjury period affects axonal injury.

We hypothesized that O3FA supplementation follow-
ing diffuse axonal injury in rats would ameliorate sec-
ondary mechanisms of injury and result in fewer injured
axons, as measured using immunohistochemical analysis
of APP-positive axons.

Methods

Forty adult male Sprague-Dawley rats (weight 350—
400 g) were used in this study. Three groups of 10 rats
were subjected to an impact acceleration injury using the
Marmarou injury model; a sham-injury procedure was
performed in the remaining 10 animals (surgery as de-
scribed below, but without the impact injury). Two of the
groups subjected to the injury received O3FA supplemen-
tation at a dosage of 10 or 40 mg/kg/day; the third injured
group served as an unsupplemented control group.

Impact Acceleration Injury

The Marmarou impact acceleration injury model,
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which results in reproducible severe TBI, was used to pro-
duce brain injuries for this study. Anesthesia was induced
with intraperitoneal buprenorphine and maintained with
inhaled isoflurane (using a modified medical anesthesia
machine). The animals were shaved and prepared in ster-
ile fashion for surgery, and Marcaine was injected subcu-
taneously into the planned incision site. A 3-cm midline
incision was made in the scalp and the periosteal mem-
branes were separated, exposing bregma and lambda.

The impact acceleration injury is performed as fol-
lows. A metal disk 10 mm in diameter and 3-mm thick is
attached to the skull with cyanoacrylate and centered be-
tween bregma and lambda. The animal is placed prone on
a foam bed with the metal disk directly under a Plexiglas
tube. A 450-g brass weight is dropped through the tube
from a height of 2 m striking the disk. (This step is omit-
ted for the sham-injury group.) The animal is then ven-
tilated on 100% O, while the skull is inspected and the
incision repaired. When the animal recovers spontaneous
respirations, anesthesia is discontinued and the animal is
returned to its cage for postoperative observation.!s

All procedures involving live animals were approved
by the Institutional Animal Care and Use Committee of
West Virginia University, and were performed according
to the principles of the Guide for the Care and Use of
Laboratory Animals, published by the Institute of Labo-
ratory Resources, National Research Council (NIH pub-
lication 85-23-2985).

Omega-3 Fatty Acid Supplementation and Serum Level
Monitoring

The 4 groups received dietary supplementation with
pharmaceutical-grade fish oil concentrate consisting of
60% of the total fatty acid quantity as EPA and DHA in a
2:1 ratio (concentrate supplied by Inflammation Research
Foundation). Two of the 4 groups received dietary sup-
plementation by gavage with a fish oil concentrate daily,
starting on postinjury Day 1 (approximately 24 hours af-
ter injury), in the following amounts: Group 1, 10 mg/kg/
day (6 mg/kg of EPA and DHA per day); and Group 2, 40
mg/kg/day (24 mg/kg of EPA and DHA per day). The rats
in Group 3 served as unsupplemented controls; the rats in
Group 4 underwent sham injury and received no supple-
mentation. Each group received rat chow ad lib, and all
animals were housed in the small-animal vivarium under
veterinary staff supervision. Fatty acid blood testing was
performed prior to the injury and at the end of the 30
days of fish oil supplementation by analyzing the isolat-
ed serum phospholipids, including AA, EPA, and DHA,
from 50-ul blood samples using a previously described
method."

Tissue Preparation and Immunohistochemical Labeling

At 30 days postinjury all 40 animals were killed with
a lethal dose injection of 0.5 ml Ketamine and 0.5 ml Xy-
lazine. The animals were immediately perfused transcar-
dially with 200 ml cold 0.9% saline to wash out all blood.
This was followed by 4% paraformaldehyde in Millonig
buffer for 40 minutes. The entire brain, brainstem, and
rostral spinal cord were removed and immediately placed
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in 4% paraformaldehyde for 24 hours. Following 24 hours
fixation, the brain was blocked by cutting the brainstem
above the pons, cutting the cerebellar peduncles, and then
making sagittal cuts lateral to the pyramids. The resulting
tissue containing the corticospinal tracts and the medial
lemnisci, areas shown previously to yield traumatically
injured axons, was then sagittally cut on a Vibratome
into 50-um-thick sections. The tissue was subjected to
temperature-controlled microwave antigen retrieval using
previously described techniques® and then preincubated
in a solution containing 10% normal serum and 0.2% Tri-
ton X in PBS for 40 minutes.

For APP labeling, the tissue was incubated in rabbit
anti—B-APP polyclonal antibody (No. 51-2700, Zymed)
at a dilution of 1:200 in 1% NGS in PBS overnight. Fol-
lowing incubation in primary antibody, the tissue was
washed 3 times in 1% NGS in PBS, then incubated in a
secondary anti—rabbit IgG antibody conjugated with Al-
exa 488 fluorophore (A11008, Molecular Probes), diluted
at 1:200 for 2 hours. Immunohistochemical markers of
axonal injury and neurofilament compaction injury were
analyzed using the same technique using neurofilament-
M (RMOI14.9) mouse monoclonal antibody (No. 2838,
Cell Signaling Technology, Inc.) diluted at 1:100 and
secondary anti-mouse antibody conjugated with Alexa
488 (A11001, Molecular Probes). Immunohistochemical
markers of active caspase-3 were analyzed using rabbit
polyclonal antibody against active caspase-3 (No. 13847,
Abcam) diluted at 1:200, and secondary fluorescent anti-
body (A11008, Molecular Probes). Immunohistochemical
markers of mitochondrial dysfunction were analyzed using
sheep anti—cytochrome c polyclonal antibody (No. 49879,
Abcam) diluted 1:100 in normal horse serum and second-
ary fluorescent antibody (A11015, Molecular Probes). The
tissue was washed for the final time in 0.1-M phosphate
buffer and then mounted using an antifade agent and cov-
erslipped. The slides were sealed with acrylic and stored
in the dark in a laboratory refrigerator.'

Fluorescent Microscopy and Image Analysis

The tissue was examined and images were acquired
using a laser scanning confocal microscope system
(Zeiss) with an Argon 488 excitation laser and a 40 x ob-
jective lens. Ten digital images were obtained from the
tissue of each animal, and images were then randomized.
Individual injured axons were independently counted
and data were stored in a spreadsheet (Microsoft Corp.).
Counts were converted to density per mm? by the formula
axon count per image / image area. Differences between
group means were determined using paired t-tests and
considered significant if the probability value was less
than 0.05.

Results
Impact Acceleration Model and Serum Fatty Acid Levels

The mortality rate in this model of traumatic axonal
injury was 0%. Animals tolerated daily oral supplementa-
tion without any observed untoward effects.

Thirty days of postinjury supplementation with con-
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centrated fish oil containing 60% EPA and DHA at a
2:1 ratio at a dosage of either 10 mg/kg/day or 40 mg/
kg/day resulted in increased levels of total serum O3FAs
(C18:3w-3, Cl18:4w-3, C20:3w-3, C20:4w-3, C20:5w-3,
C22:5w-3, and C22:6w-3) of 11.6% = 4% and 30.7% =
3.6% over initial levels, respectively (Fig. 1). Animals re-
ceiving no supplementation had a 5.0% = 7.4% decrease
in total O3FA levels. Supplementation resulted in com-
bined EPA and DHA serum levels of 21.8% =+ 8.8% and
36.3% =+ 4.1% over initial levels, respectively. Animals re-
ceiving no supplementation had an 8.9% = 4.1% increase
in combined EPA and DHA serum levels. The AA/EPA
ratio, a marker of inflammation, increased 18.6% + 9.4%
in animals supplemented with 10 mg/kg O3FA per day
and 17.4% = 20.7% in animals supplemented with 40 mg/
kg O3FA per day. Unsupplemented animals had an in-
crease of 86.1% =+ 19.4% in the AA/EPA ratio.

Immunohistochemical Analysis of APP-Positive Axons

In sham-injured animals, axons throughout the med-
ullary corticospinal tract and medial lemnisci demon-
strated very little labeling for APP. The rare labeled axons
did not demonstrate vacuolization, swelling, or break-
down—typical characteristics of traumatic axonal injury
(Fig. 2). In comparison, evaluation of axons from animals
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Fic. 1. Graphs showing that oral supplementation with either 10 mg/
kg/day or 40 mg/kg/day of concentrated fish oil for 30 days increased
serum total O3FA levels (A) and combined EPA and DHA levels (B).
The AA/EPA ratio, a marker of systemic inflammation, was significantly
lower in animals receiving fish oil supplementation than in unsupple-
mented animals (C). The y axis values represent the percentage in-
crease (or decrease) compared to preinjury values.
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Fie. 2. Fluorescent immunohistochemical images of brainstem sag-
ittal sections labeled with APP antibody showing multiple swollen, dis-
connected axons (arrows) in corticospinal tracts and medial lemnisci
in unsupplemented animals subjected to impact acceleration injury 30
days previously (A). Animals receiving either 10 mg/kg/day (B) or 40
mg/kg/day (C) of pharmaceutical-grade fish oil for 30 days postinjury
demonstrated very few injured axons, similar to sham-injured animals
(D). Bar =20 um.

that received no supplementation 30 days postinjury dem-
onstrated focal labeling of APP within swollen contigu-
ous and terminal axon segments, consistent with previous
findings suggestive of impaired axoplasmic transport in
traumatic axonal injury. Following microscopic digital
image acquisition from multiple areas within the corti-
cospinal tract and medial lemnisci from multiple tissue
slices, counting of APP positive axons was performed,
and results were converted to density per mm?. This dem-
onstrated a significant quantitative difference of 182.2
+ 44.6 axons in unsupplemented animals versus sham-
injured animals, which had 4.1 = 1.3 APP-positive axons
per mm? (Fig. 3).

In animals receiving either 10 mg/kg/day or 40 mg/
kg/day of pharmaceutical-grade fish oil, axons throughout
the corticospinal tract and medial lemnisci demonstrated
only rare APP-positive axons, similar to the findings in
sham-injured animals. However, in comparison with the
APP-positive axons in the sham-injured animals, the rare
APP-positive axons in the supplemented animals were
more likely to demonstrate morphological characteristics
of injury, primarily swelling and disconnection. Quanti-
tative analysis reveals significantly (p < 0.05) decreased
numbers of APP-positive axons in animals receiving di-
etary supplementation with O3FAs, 7.7 = 14.4 and 6.2 =
11.4 axons per mm?, respectively, versus 182.2 + 44.6 ax-
ons in unsupplemented animals.
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Fic. 3. Graph demonstrating the density of APP-positive axons in
corticospinal tracts and medial lemnisci in sham-injured, unsupple-
mented, and O3FA-supplemented rats. * p < 0.05, significantly different
from the 3 other groups.

Immunohistochemical Analysis of Additional Markers of
Traumatic Axonal Injury

In an attempt to further elucidate specific mecha-
nisms that have been associated with traumatic axonal in-
jury, we employed several additional immunohistochemi-
cal markers. Labeling with RMO-14 mouse monoclonal
antibody, a marker of neurofilament compaction, demon-
strated only rare positivity throughout the corticospinal
tract and medial lemnisci in all 4 groups, regardless of
treatment or injury. Quantitative analysis revealed no sig-
nificant between-groups difference (Fig. 4). These find-
ings are consistent with work from other laboratories that
suggests that neurofilament compaction is an early event
in traumatic axonal injury. Similarly, immunohistochemi-
cal labeling with polyclonal antibody against cytochrome
¢, a marker of mitochondrial dysfunction, demonstrated
only rare positivity throughout the corticospinal tract and
medial lemnisci in all 4 groups. Quantitative analysis re-
vealed no significant between-groups difference.

Labeling with a polyclonal antibody against active
caspase-3, which is the final common caspase of the
apoptotic cascade and responsible for spectrin proteolysis,
demonstrated a high density of positive axons throughout
the corticospinal tract and medial lemnisci in unsupple-
mented animals. These axons demonstrated morpho-
logical characteristics of injury, primarily swelling and
disconnection. In comparison, sham-injured animals and
animals receiving either 10 mg/kg/day or 40 mg/kg/day
of fish oil concentrate demonstrated only rare positivity
for active caspase-3. Quantitative analysis demonstrated
a significant (p < 0.05) reduction in active caspase-3—
positive axons in animals receiving fish oil concentrate
supplementation, 18.5 = 28.3 and 13.8 = 18.9 axons per
mm?, respectively, versus 129.3 + 49.1 in unsupplemented
animals.

Discussion

This study demonstrates for the first time that a fish
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oil concentrate rich in EPA and DHA is neuroprotective
after traumatic axonal injury. Oral supplementation with
either 10 mg/kg/day or 40 mg/kg/day of pharmaceutical-
grade fish oil for 30 days following an impact acceleration
injury resulted in significantly decreased numbers of in-
jured axons as demonstrated by APP positivity. Likewise,
a significant decrease in active caspase-3—positive axons
provides additional evidence for the neuroprotective and
injury-ameliorating effects of O3FAs.

Analysis of the serum phospholipid levels at the end
of the postinjury supplementation period showed a dose-
response effect in the increase in the total EPA and DHA
levels in the injured animals compared with the levels in
the sham-injured animals, whereas there was a decrease
in the combined EPA and DHA serum levels in the un-
supplemented (injured) animals. Interestingly, there was a
significant increase in the serum AA levels in the unsup-
plemented group, whereas only a nonsignificant increase
was seen in the supplemented animals. As a result, the in-
crease in AA/EPA ratio (an indicator of systemic inflam-
mation) was significantly greater in the unsupplemented
animals than in the supplemented animals. This would
have the effect of activating leukocytes into neutrophils
and macrophages that could more easily enter into the
brain.

Several possible mechanisms for O3FA neuropro-
tection have been evaluated in a variety of injury model
systems (Table 1). Data from spinal cord injury models
demonstrates reduced apoptosis following O3FA injec-
tion in a prolonged ischemia model.”> More specifically,
O3FA treatment has been shown to reduce oxidative
stress, which in turn leads to mitochondrial dysfunction
and cell death.* Studies in hippocampal cells in culture
demonstrate that DHA increases the activity of antioxi-
dant enzymes, including glutathione peroxidase and glu-
tathione reductase,* as well as enhancing in vivo activ-
ity of antioxidant enzymes in the CNS.?? In a separate
model system of forebrain ischemia, O3FAs attenuate
decreases in the CNS levels of antioxidant enzymes (for
example, catalase, superoxide dismutase, and glutathione
peroxidase).>®

Modulation of the inflammatory cascade by O3FAs
has been proposed as a critical neuroprotective mecha-
nism. Arachidonic acid, a primary omega-6 fatty acid
in the plasmalemma, is metabolized by cyclooxygenase
(COX) and lipoxygenase (LOX) enzymes to proinflam-
matory eicosanoids, such as 2-series prostaglandins,
thromboxanes, and leukotriene B4. These eicosanoids
enhance vascular permeability, increase local blood flow,
increase infiltration of leukocytes, and enhance produc-
tion of proinflammatory cytokines, such as tumor necro-
sis factor—at, interleukin-1, and interleukin-6. In contrast,
O3FAs can decrease COX activity and inhibit the forma-
tion of proinflammatory eicosanoids and cytokines.*!
Although there are low levels of EPA in the brain, its in-
creased levels in the blood and peripheral tissue would
provide the precursor of the weakly antiinflammatory
series-3 prostaglandins and also inhibit conversion of AA
to proinflammatory prostaglandins and leukotrienes ex-
ternal to the brain.? In a spinal cord injury model, 20-fold
increases in tissue levels of AA have been demonstrated,*!

J Neurosurg / July 16, 2010

A ™ m
E @ No Supplement
= o $Sham
3 150 @ 10 mgskg/d
§ D40mg/kg/d
(1]
100
%
o 50
o
c
=
E
™
Bt ,
E & No Supplement
g a$ham
2 @ 10 mg/kgid
g 9490mg/kgid
®
1]
=
£7]
o
o
(=1
=
=1
g
=0
Ce .
£ B No Supplement
@ a Sham
=%
@ o 10 mg/kg/d
) m40mgikg/d
®
2 |
=
‘D
o
o
(=]
=
=
£
£ N

0

Fic. 4. Graphs demonstrating the density of markers of axonal in-
jury in sham-injured, unsupplemented, and O3FA-supplemented rats
30 days after injury (or sham injury). The density of axons positive for
active caspase-3 (A) is significantly reduced in O3FA-supplemented
rats as compared with unsupplemented rats, and approaches the level
seen in sham-injured rats. The levels of expression of RMO-14 (B), a
marker of neurofilament compaction, and cytochrome ¢ (C), a marker
of mitochondrial dysfunction, were low levels of expression. * p < 0.05,
significantly different from the 3 other groups.

resulting in recruitment of neutrophils, macrophages, and
microglial cells to the injury site.’

Additional mechanisms through which O3FAs may
play a neuroprotective role include reduction in excito-
toxicity, modulation of calcium and potassium channels,
activation of gene transcription, formation of neuropro-
tectin-1 and resolvins (Fig. 5). In vitro and in vivo studies
have shown that O3FAs reverse glutamate-induced excito-
toxicity,'?** a known trigger of apoptosis after spinal cord
injury.®® Omega-3 fatty acids have significant affinity for
2-pore potassium channels, such as TWIK-related potas-
sium channel (TREK) and TWIK-related A A-stimulated
potassium channel (TRAAK).!'® Both EPA and DHA
have also been demonstrated to inhibit calcium channels.
This could potentially prevent apoptosis of damaged neu-
rons and their projection fibers. The neuroprotective ef-
fect of DHA may involve activation of gene transcription
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TABLE 1: Proposed mechanisms of O3FAs

J. D. Mills et al.

Mechanism Model O3FA Summary Reference
antioxidant
cell culture DHA increased glutathione peroxidase & glutathione reductase Wang et al., 2003
activity
rat hippocampus  fish oil decreased xanthine oxidase & nitric oxide levels Sarsilmaz et al., 2003
rat hypothalamus  fish oil decreased superoxide dismutase activity, decreased nitric Songur et al., 2004
oxide & tissue malondialdehyde levels
gerbil ischemia DHA increased glutathione peroxidase & catalase levels Cao et al., 2004
antiinflammatory
cell culture EPA inhibition of downstream JNK pathway Lonergan et al., 2004
platelet assay EPA EPA inhibition of COX & lipoxoxygenase Needleman et al., 1979

reduction in excitotoxicity

rat nucleus basalis fish oil
nel activation

increased cholinergic neuron survival following NMDA chan-

Haogyes et al., 2003

cell culture DHA inhibition of glutamate-induced cytotoxicity Wang et al., 2003
cell culture linolenic acid  activation of potassium channels TREK & TRAAK Lauritzen et al., 2000
mitochondrial protection
rat hippocampus  fish oil increased ubiquitous mitochondrial creatine kinase Wu et al., 2007
protective mediators
rat ischemia DHA increased neuroprotectin D1 levels Bazan, 2005
rat ischemia linolenic acid increased heat shock protein levels Blondeau et al., 2002
rat hippocampus  fish oil increased Sir2 level Wu et al., 2007
neurogenesis
cell culture DHA increased neuron population, increased neurite length Calderon & Kim, 2004
Neurogenesis Mitochondria
Antioxidant
Protective
Mediators

. Myelin
sheath

Anti-Inflammation

Fic. 5. Artist’s illustration showing the mechanisms by which O3FAs may play a neuroprotective role after TBI.
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through retinoid receptor signaling.* DHA can lead to
the formation of mediators such as 10,17S-docosatriene
(neuroprotectin D1), an endogenous compound with an-
tioxidant' as well as antiinflammatory? effects. EPA in-
creases the levels of resolvins, thus further decreasing the
intensity of the inflammatory process.?® In hippocampal
neurons, O3FAs have neurite growth—promoting effects.’
A recent finding shows reduction in the levels of Sir2 and
energy metabolic markers following O3FA supplementa-
tion. Sir2 is believed to have neuroprotective abilities in
a traumatically stressed environment by reducing oxida-
tive stress in the hippocampus. Sir2 can detoxify reactive
oxygen species and modulate brain energy metabolism to
ensure optimal neuron survival.’

The numerous proposed mechanisms of action of
O3FAs demonstrate that the biochemical pathways may
either be unknown or multiple in their effects of reduc-
ing traumatic axonal damage. However, the most likely
manner in which these positive effects are mediated ap-
pears to involve stabilization of the cellular environment
to reduce reactive oxygen species and modulate contin-
ued energy production. Our findings are consistent with
previous research that has demonstrated that O3FAs are
protective against cellular injury. Furthermore, this study
demonstrates that O3FAs ameliorate axonal injury when
administered following injury, a finding of clinical im-
portance not previously reported.

Omega-3 fatty acid preparations have been previously
shown to be safe and well tolerated by patients in several
diseases.?>?’ Lipid emulsions are already given as nutri-
tional support to a variety of patients in critical care set-
tings.* Ultra-refined fish oil concentrates containing high
quantities of EPA and DHA are commercially available,
increasing the ease with which they could be translated
into clinical use in TBI. Administration of O3FAs after
brain trauma as a neuroprotective and injury-ameliorat-
ing treatment deserves consideration and further clinical
investigation as a promising and innovative approach in
TBI management.

Conclusions

Dietary supplementation with O3FAs increases se-
rum levels of these same fatty acids. Omega-3 fatty acid
supplementation significantly reduces the number of
APP-positive axons at 30 days postinjury to levels similar
to those in uninjured animals. Omega-3 fatty acids are
safe, affordable, and readily available worldwide to po-
tentially reduce the burden of TBI.
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