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Omega-3 Fatty Acids Supplementation Restores Mechanisms
that Maintain Brain Homeostasis in Traumatic Brain Injury

AIGUO WU,1 ZHE YING,1 and FERNANDO GOMEZ-PINILLA1,2

ABSTRACT

Traumatic brain injury (TBI) produces a state of vulnerability that reduces the brain capacity to
cope with secondary insults. The silent information regulator 2 (Sir2) has been implicated with main-
taining genomic stability and cellular homeostasis under challenging situation. Here we explore the
possibility that the action of Sir2� (mammalian Sir2) in the brain can extend to serve neuronal plas-
ticity. We provide novel evidence showing that mild TBI reduces the expression of Sir2� in the hip-
pocampus, in proportion to increased levels of protein oxidation. In addition, we show that dietary
supplementation of omega-3 fatty acids that ameliorates protein oxidation was effective to reverse
the reduction of Sir2� level in injured rats. Given that oxidative stress is a subproduct of dysfunc-
tional energy homeostasis, we measured AMP-activated protein kinase (AMPK) and phosphory-
lated-AMPK (p-AMPK) to have an indication of the energy status of cells. Hippocampal levels of
total and phosphorylated AMPK were reduced after TBI and levels were normalized by omega-3
fatty acts supplements. Further, we found that TBI reduced ubiquitous mitochondrial creatine ki-
nase (uMtCK), an enzyme implicated in the energetic regulation of Ca2�-pumps and in the main-
tenance of Ca2�-homeostasis. Omega-3 fatty acids supplements normalized the levels of uMtCK af-
ter lesion. Furthermore, we found that the correlation between Sir2� and AMPK or p-AMPK was
disrupted by TBI, but restored by omega-3 fatty acids supplements. Our results suggest that TBI
may compromise neuronal protective mechanisms by involving the action of Sir2�. In addition, re-
sults show the capacity of omega-3 fatty acids to counteract some of the effects of TBI by normal-
izing levels of molecular systems associated with energy homeostasis.
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INTRODUCTION

TRAUMATIC BRAIN INJURY (TBI) is associated with a
long-lasting decrement in the capacity of the brain

to cope with subsequent insults and often with impair-
ment in cognitive abilities. It still remains to be under-
stood what are the molecular events responsible for de-

teriorated plasticity after TBI. It is becoming well ac-
cepted that TBI reduces metabolic energy, and that this
energy deficiency can compromise neuronal function and
plasticity. This implies that molecular systems closely as-
sociated with energy metabolism such as the silent in-
formation regulator 2 (Sir2) can be primary targets for
the effects of TBI. Sir2 is a nicotinamide adenine dinu-



cleotide (NAD)–dependent protein deacetylase that has
been implicated in cellular homeostasis and energy me-
tabolism (i.e., fatty acid and glucose metabolism) (Starai
et al., 2002; Hallows et al., 2006). Sir2 was originally
identified by its role in mediating longevity in yeast in a
process largely dependent on energy homeostasis (Lin et
al. 2000, 2004; Anderson et al., 2003; Rogina and
Helfand, 2004). We have recently found that oxidative
stress, a byproduct of dysfunctional energy metabolism,
reduces levels of Sir2 in the brain. These results suggest
the possibility that select molecular systems such as Sir2,
acting at the interface between energy metabolism and
neuronal plasticity, can convey the effects of brain chal-
lenges into long-term brain plasticity.

According to recent studies, Sir2 may play an impor-
tant role in mechanisms that provide neuroprotection in
mammals. Deletion of Sir2 gene has been reported to
cause developmental deficits in the brain, heart, and
retina in mice (Cheng et al., 2003; Sakamoto et al., 2004).
It has been suggested that Sir2� can provide brain pro-
tection under challenging conditions by enhancing cellu-
lar resistance to stress and DNA repair (Araki et al., 2004;
Bordone and Guarente et al., 2005; Parker et al., 2005;
Sinclair, 2005). Insults to the brain associated with
lifestyle such as consumption of a diet with harmful con-
sequences for synaptic plasticity reduces the expression
of Sir2� in the hippocampus and cerebral cortex (Wu et
al., 2006). These findings raise the possibility that Sir2
may provide a link between the effects of lifestyle and
molecular mechanisms that provide long-term genomic
stability and that can provide resistant to insults. There-
fore, in the present study we have investigated the effects
of induced TBI on hippocampal levels of Sir2 and the
possibility that a good diet rich in omega-3 fatty acids
can modulate Sir2 levels. A fish oil diet rich in omega-
3 fatty acids has been shown to protect the brain against
the effects of TBI (Wu et al., 2004). The mechanisms by
which the omega-3 fatty acids can counteract the effects
of TBI are not well understood. It has been shown that
elevated oxidative stress, a prevalent feature of TBI, can
reduce the production of Sir2 (Wu et al., 2006), while a
diet rich in omega 3 fatty acids has antioxidant capacity
(Wu et al., 2004). Hence, we have embarked in studies
to determine the capacity of the omega-3 fatty acids di-
etary supplementation to counteract a decrease in Sir2�
and maintain neuronal homeostasis after TBI.

METHODS

Experimental Designs and Tissue Preparation

Sprague-Dawley rats (Charles River Laboratories, Inc.,
Wilmington, MA) weighing 200–240 g were housed in

cages and maintained in environmentally controlled
rooms (22–24°C) with a 12 h light/dark cycle. After ac-
climatization for 1 week on standard rat chow, one set of
rats were exposed to mild fluid percussion injury (FPI)
for determining the effects of TBI at different time point
post-lesion. After 1, 7, or 14 days post-injury, the rats
(n � 5–6 within each group including sham group) were
killed by decapitation; the fresh tissues including hip-
pocampus were dissected, frozen in dry ice and stored at
�70°C until use for biochemical analyses. Another set
of rats was maintained on a regular diet (0.9% DHA and
1% eicosapentaenoic acid, EPA) or special diet contain-
ing 8% fish oil (12.4% DHA and 13.5% EPA) for 4 weeks
before a mild FPI or sham surgery was performed. Rats
were killed at day 7 after surgery. In regular diet: total
fat content, 4.5%; total saturated fat, 1.5%; total mo-
nounsaturated, 1.58%). In the 8% fish oil diet: total fat
content: 10.4%; total saturated fat, 2.8%; total monoun-
saturated, 2.29%). The diets, fed ad libitum, were pro-
vided in powder (TestDiet Inc., Richmond, IN) in large
bowl and contained a standard vitamin and mineral mix
with all essential nutrients. This set of rats were divided
into four groups: Sham-RD (regular diet), TBI-RD,
Sham-FO (fish oil), and TBI-FO.

All experiments were performed in accordance with
the U.S. National Institutes of Health Guide for the Care
and Use of Laboratory Animals, and animal suffering was
minimized.

Fluid Percussion Injury

The injury was performed as previously described (Wu
et al., 2003). In brief, with the aid of a microscope (Wild,
Heerburg, Switzerland) a 3.0-mm-diameter craniotomy
was made 3.0 mm posterior to bregma and 6.0 mm lateral
(left) to the midline with a high-speed drill (Dremel,
Racine, WI). A plastic injury cap was placed over the cran-
iotomy with silicone adhesive and dental cement. When
the dental cement hardened, the cap was filled with 0.9%
saline solution. Anesthesia was discontinued and the in-
jury cap was attached to the fluid percussion device. At
the first sign of hind-limb withdrawal to a paw pinch, a
mild fluid percussion pulse (1.5 atm) was administered.
Sham animals underwent an identical preparation with the
exception of the lesion. Immediately upon responding to
a paw pinch, anesthesia was restored and the skull was su-
tured. Neomycin was applied on the suture and the rats
were placed in a heated recovery chamber for approxi-
mately an hour before being returned to their cages.

Western Blot

Hippocampal tissue from surgery side was homoge-
nized in a lysis buffer containing 137 mM NaCl, 20 mM
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Tris–Cl pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF,
10 �g/mL aprotinin, 0.1 mM benzethonium chloride, 0.5
mM sodium vanadate. The homogenates were then cen-
trifuged, the supernatants were collected and total pro-
tein concentration was determined according to Mi-
croBCA procedure (Pierce, Rockford, IL), using bovine
serum albumin as standard. Sir2� levels were analyzed
by western blot. Briefly, protein samples were separated
by electrophoresis on an 8% polyacrylamide gel and elec-
trotransferred to a nitrocellulose membrane. Non-specific
binding sites were blocked in TBS, overnight at 4°C, with
2% BSA and 0.1% Tween-20. Membranes were rinsed
for 10 min in buffer (0.1% Tween-20 in TBS) and then
incubated with anti-actin or anti-uMtCK (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA), followed by anti-
goat IgG horseradish peroxidase–conjugate (Santa Cruz
Biotechnology); anti-Sir2� (1:1000; Upstate, Chicago,
IL), anti-AMPK, anti-p-AMPK (Cell Signaling, Danvers,
MA) followed by anti-rabbit IgG horseradish peroxidase-
conjugate (Santa Cruz Biotechnology). After rinsing with
buffer, the immunocomplexes were visualized by chemi-
luminescence using the ECL kit (Amersham Pharmacia
Biotech Inc., Piscataway, NJ) according to the manufac-
turer’s instructions. The film signals were digitally
scanned and then quantified using NIH Image software.
Actin was used as an internal control for western blot
such that data were standardized according to actin val-
ues.

Immunohistochemistry

Serial coronal sections (25 �m) were cut on a cryo-
stat, mounted to gelatin-coated slides and processed for
immunohistochemistry, as previously described (Gomez-
Pinilla et al., 2001). A 1:1000 dilution was used for the
rabbit polyclonal anti-Sir2 (Chemicon International Inc.,
Temecula, CA). Immunohistochemistry controls were
performed by omission of the primary antibody. The re-
sults of immunohistochemistry controls were negative as
no staining was observed in cell structures.

Measurement of Oxidized Proteins

The amounts of oxidized proteins containing carbonyl
groups were measured by using an Oxyblot kit (Intergen,
Purchase, NY). Briefly, the protein sample (10 �g) was
reacted with 1� dinitrophenylhydrazine (DNPH) for 15
min, followed by neutralization with a solution contain-
ing glycerol and �-mercaptoethanol. These samples were
electrophoresed on an 8% polyacrylamide gel and elec-
trotransferred to a nitrocellulose membrane. After block-
ing, membranes were incubated overnight with a rabbit
anti-DNPH antibody (1:150) at 4°C, followed by incu-
bation in goat anti-rabbit (1:300) for 1 h at room tem-

perature. After rinsing with buffer, the immunocom-
plexes were visualized by chemiluminescence using the
ECL kit (Amersham Pharmacia Biotech Inc., Piscataway,
NJ) according to the manufacturer’s instructions.

Statistical Analysis

Actin was employed as internal standard for western
blot. For Western blot, the values were expressed as a ra-
tio of actin value and then converted to percent of con-
trol as presented in bar figures and represented the
mean � SEM. The data were analyzed by ANOVA fol-
lowed by Fisher’s protected least significance post hoc
test. Statistical differences were considered significant at
p � 0.05.

RESULTS

Sir2� Expression

Previous studies indicated that TBI results in cumula-
tive reactive oxygen species associated with impairment
in cognitive abilities (Wu et al., 2004). Given the poten-
tial role of Sir2� in the anti-oxidant protection (Daitoku
et al., 2004), we determined whether Sir2� expression
might be affected by TBI. Our results demonstrated that
Sir2� level was significantly decreased in TBI rats at day
7 (75% of sham control), and day 14 (82% of sham con-
trol) after lesion (p � 0.05; Fig. 1A) than that in sham
animals. No change of Sir2 was found at day 1 after TBI.
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FIG. 1. Expression of Sir2 in rat hippocampus at three time
points after FPI revealed by Western blot analysis. Sir2 ex-
pression was significantly reduced at day 7 and 14 after FPI.
The values were converted to percent of RD group (mean �
SEM). *p � 0.05.



It has been well known that omega-3 fatty acids are crit-
ical factors for membrane fluidity and integrity. To de-
termine whether omega-3 fatty acids supplementation
might restore the level of Sir2� in the hippocampus af-
ter TBI, we performed this experiment by feeding a sub-
group of animals with diet containing 8% fish oil. Our
results indicated that Sir2� was significantly reduced af-
ter TBI, whereas fish oil supplementation significantly
increased the levels of Sir2 in TBI rats (Fig. 2).

Immunohistochemistry showed that Sir2� staining was
predominantly distributed in the mossy fiber system, and
in the granule layer of the DG in the hippocampal for-
mation (Fig. 3). Rats showed a qualitative reduction in
Sir2� immunoreactivity in the hippocampus after FPI,
whereas omega-3 fatty acids supplementation counter-
acted this reduction (Fig. 3).

Oxidized Protein Levels

Oxidative damage was assessed by using Western blot
analysis of DNPH-derivatized carbonyl groups on oxi-
dized proteins as shown in Figure 4. TBI resulted in in-
creased levels of oxidized protein (253% of sham con-
trol) compared to sham animals, whereas fish oil
supplementation dramatically reduced the oxidized pro-
tein levels (30% of sham control; Fig. 4 A,B). In addi-
tion, we found that there was a negative correlation be-

tween oxidized protein levels and Sir2 levels in TBI rats
(RD and FO; p � �0.67, p � 0.05; Fig. 4C); however,
the correlation was greater for the TBI-RD group (p �
�0.81, p � 0.05; Fig. 4C).

AMPK and p-AMPK Levels

We have evaluated the role of AMPK in our paradigm
given the association of Sir2� with energy metabolism
and the newly discovered roles of AMPK in maintaining
energy balance (Gadalla et al., 2004; Rafaeloff-Phail et
al., 2004; Shaw et al., 2004; Lee et al., 2005). We mea-
sured levels of total AMPK and phosphorylated AMPK
using western blot analysis in the same tissue used for
Sir2� measurements. Our results showed that AMPK and
p-AMPK levels were significantly reduced in the hip-
pocampus of rats after FPI compared to sham animals fed
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FIG. 2. Expression of Sir2 in rat hippocampus revealed by
Western blot analysis. Sir2 expression was significantly reduced
after FPI, whereas fish oil supplementation significantly in-
creased the levels of Sir2 in TBI rats. The values were con-
verted to percent of RD group (mean � SEM). *p � 0.05. FO,
fish oil; FPI, fluid percussion injury.

FIG. 3. Sir2 distribution in the hippocampus revealed by im-
munohistochemistry. Sir2 staining was predominantly distrib-
uted in the mossy fiber system between CA3 and the dentate
gyrus (DG), and in the molecular layer of the DG of the hip-
pocampal formation. TBI resulted in reduced Sir2 staining in
CA3 and DG, but fish oil can counteract the effect of TBI, pre-
serving the Sir2 expression in these subregions of hippocam-
pus. Arrows indicate strong immunostaining for Sir2. RD, reg-
ular diet; FO, fish oil.
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regular diet (80% of sham control for AMPK, 83% of
sham control for p-AMPK, p � 0.05; Fig. 5A,C). Omega-
3 fatty acids supplementation normalized levels of
AMPK and p-AMPK in FPI rats (96% of sham control
for AMPK and 95% of sham control for p-AMPK in TBI
rats fed fish oil; p � 0.05; Fig. 5A,B).

We performed a correlation analysis between Sir2 and
AMPK to determine whether the change of Sir2 is asso-
ciated with the alteration of AMPK. We found that Sir2
levels were positively correlated with AMPK levels in
sham rats fed regular diet (r � 0.82, p � 0.05). This cor-
relation was disrupted by FPI (r � �0.46, p � 0.05; Fig.

5B), which was restored by fish oil supplements (r �
0.88, p � 0.05). Similar results were found for the cor-
relation between Sir2 and p-AMPK. The positive corre-
lation (r � 0.96, p � 0.05) in sham animals fed regular
diet was disrupted by FPI (r � �0.42, p � 0.05), which
was reversed by fish oil supplementation (r � 0.88, p �
0.05; Fig. 5D).

uMtCK Levels

We found that FPI reduced ubiquitous mitochondrial
creatine kinase (uMtCK, 80% of sham, p � 0.05; Fig. 6),
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FIG. 4. Measurement of oxidized protein levels in rat hippocampus by Western blot analysis of DNPH-derivatized carbonyl
groups on oxidized proteins. Note that the oxidized protein levels were significantly increased by TBI, but reduced by fish oil
supplement (A,B). **p � 0.01. FO, fish oil; FPI, fluid percussion injury. (C) There was a negative correlation between oxidized
protein levels and Sir2 levels in TBI rats (RD and FO); however, the correlation was greater for the TBI-RD group (C).



an important enzyme implicated in the energetic regula-
tion of Ca2�-pumps and in the maintenance of Ca2�-
homeostasis, whereas omega-3 fatty acids supplements
increased the levels of uMtCK after lesion (126% of sham
control; Fig. 6).

DISCUSSION

Sir 2, originally described for its involvement in
longevity in yeast, is starting to be evaluated for its pu-
tative capacity to provide neuronal protection under chal-
lenging conditions (Parker et al., 2005; Sinclair, 2005;
Wu et al., 2006). Our current findings indicate that TBI
reduces the expression of Sir-2, in conjunction with lev-
els of energy metabolic markers in the hippocampus. Di-
etary supplementation of omega-3 fatty acids counter-
acted the effects of TBI on reducing the levels of Sir2
and energy metabolic markers. Our results indicate a pos-
sible role of oxidative metabolism on mediating the ef-
fects of TBI on neuronal plasticity using Sir2 as a main

mediator. These results showing that omega-3 fatty acids
supplementation normalizes levels of Sir2 may uncover
one of the underlying mechanisms by which this diet pro-
tects the brain against insults (Wu et al., 2004).

Omega-3 Fatty Acid Diet Counteracts 
the Decrease in Sir2 after TBI

Our results showed that dietary supplementation of
omega-3 fatty acids reverses the decrease in Sir2� in the
hippocampus after TBI, proportionally to a decrease in lev-
els of oxidative stress. Previous studies have shown that
dietary supplementation of omega-3 fatty acids has a strong
antioxidant capacity following TBI (Wu et al., 2004). The
combined evidence seems to indicate that the ability of
omega 3 fatty acids to normalize Sir2� levels after trauma
is achieved by reducing oxidative stress. Sir2� has been
previously implicated in the cellular homeostatic mecha-
nisms that modulate oxidative stress (Araki et al., 2004;
Brunet et al., 2004; Cohen et al., 2004; Daitoku et al., 2004;
Wu et al., 2006). For example, Sir2 can increase the ex-
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FIG. 5. AMPK and p-AMPK protein levels in rat hippocampus detected by Western blot analysis. TBI resulted in decreased
protein levels of AMPK and p-AMPK, whereas fish oil supplementation increased the levels of AMPK and p-AMPK in TBI rats
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fish oil supplement (B). The similar results were found for the correlation between Sir2 and p-AMPK (D).



pression of manganese superoxide dismutase (MnSOD), a
potent anti-oxidant enzyme, which in turn can increase the
cellular aptitude to detoxify reactive oxygen species (Kops
et al., 2002; Nemoto and Finkel, 2002; Brunet et al., 2004;
Daitoku et al., 2004). Resveratrol, a powerful antioxidant
molecule found in food (i.e., grapes, peanuts, and red wine)
activate Sir2� (Parker et al., 2005; Anekonda and Reddy,
2006). Elevated levels of Sir2� promoted by the antioxi-
dant resveratrol have been shown to suppress the neuronal
death caused by genetic overexpression of huntingtin,
whereas the Sir2� inhibitors sirtinol and nicotinamide
blocked the action of resveratrol (Parker et al., 2005; Sin-
clair, 2005). Oxidative stress is a byproduct of dysfunc-
tional energy metabolism, a prevalent condition after TBI.
The overall results suggest that oxidative metabolism can
be a pivotal mechanism for maintaining normal levels of
Sir2 in the brain, and that levels of Sir2 can be manipu-
lated by dietary factors. Figure 7 illustrates the possible
mechanisms and rationale for Sir2 up-regulation and ac-
tion. In this study, we found that FPI reduced levels of Sir-
2 in the hippocampus, and that this reduction was propor-
tional to an elevation in protein oxidation. Accordingly,
we found a significant negative correlation between oxi-
dized protein levels and Sir2 levels in TBI rats (RD and
FO); however, the correlation was greater for the TBI rats
fed regular diet. Consistently, the oxidized protein levels
were much higher in TBI rats compared to sham animals.
The fact that elevated oxidative stress is a prevalent con-

dition in the traumatically injured brain; our results seem
to indicate that oxidative stress may be a factor for de-
creased Sir2 after TBI. We found that omega-3 fatty acid
diets did not affect Sir2 levels in the hippocampus in sham
animals, but reversed the reduced Sir2 levels after TBI. It
has been shown that elevated oxidative stress may reduce
the Sir2 levels (Wu et al., 2006). Thus, the omega-3 fatty
acids may combat the TBI-induced reduction of Sir2
through reducing the oxidative stress. However, further in-
vestigations are needed to explore underlying mechanisms.

We cannot discard the possibility that the omega-3
fatty acids diet may promote neuronal viability in condi-
tions of elevated neuronal death. The fact that the mild
FPI used in our study involves minimal cell death pre-
cludes measuring the effects of omega-3 fatty acids on
promoting cell viability. The fact that levels of Sir2 were
unchanged in sham rats treated with omega-3 fatty acids,
is in line with evidence supporting a role of Sir2 pre-
dominantly under challenging conditions.

Sir2� Expression and Energy Metabolism 
after TBI

To further explore a possible modulatory role of ox-
idative metabolism on Sir2, we measured AMPK and
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FIG. 6. uMtCK protein levels in rat hippocampus detected by
Western blot analysis. TBI resulted in decreased protein levels
of uMtCK, whereas fish oil supplementation increased the lev-
els of uMtCK in TBI rats. The values were converted to per-
cent of RD group (mean � SEM). *p � 0.05. FO, fish oil; FPI,
fluid percussion injury.

FIG. 7. Possible mechanisms underlying the beneficial ef-
fects of omega-3 fatty acids dietary supplementation on the in-
jured brain. Sir2 may serve general mechanisms that provide
protection to the brain against insults; therefore, a reduction of
Sir2 as a consequence of brain injury may increase neuronal
vulnerability to insults. In turn, dietary supplementation of
omega-3 fatty acids may protect the brain from the burden of
trauma by maintaining levels of Sir2. Sir2 may provide neuro-
protection by using mechanisms that promote stress resistance
such as induction of antioxidant gene expression and main-
taining energy homeostasis.
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uMtCK in animals exposed to TBI and the fish oil diet.
TBI reduced the levels of AMPK and p-AMPK in our
study, and these results are consistent with abundant ev-
idence showing that FPI elicits a metabolic depression in
the injured tissue that may last for longer than a week.
In addition, our results showed that dietary supplemen-
tation of omega-3 fatty acids restored levels of total
AMPK and p-AMPK, in proportion to the levels of Sir2�.
The apparent association between Sir2 and AMPK sug-
gest an involvement of energy metabolism on Sir2 mod-
ulation. Accordingly, we found a strong association be-
tween Sir2 and AMPK and its activated state, which was
disrupted by TBI. The findings that omega-3 fatty acids
supplementation reversed the reduced levels of Sir2,
AMPK, p-AMPK, and restored the association between
Sir2 and AMPK systems after lesion, implicate oxidative
stress in the adverse effects of TBI on the energy home-
ostasis in which Sir2 is involved.

The reversal of metabolic changes by omega-3 fatty
acids supplemented diets may help improve the outcome
of neurological disorders. For example, stimulation of
cerebral AMPK, a major intracellular energy sensor, can
ameliorate cerebral dysfunction following liver failure
(Dagon et al., 2007). Another example is that a balanced
interaction between angiogenic IGF-I and AMPK sig-
naling may be necessary for proper vascular homeosta-
sis that, in turn, improves cognitive performance in
Alzheimer’s disease (Lopez-Lopez C et al., 2007). We
have previously shown that the uncoupling protein 2
(UCP2) may play a crucial role interfacing energy home-
ostasis and synaptic plasticity. Further investigations are
needed to explore the possibility that the omega-3 fatty
acid diet may increase neuroprotection by acting on
UCP2.

We further found that TBI reduced the levels of an-
other important marker of cellular energy such as ubiq-
uitous mitochondrial creatine kinase (uMtCK). Our re-
sults suggest that increased oxidative stress may be
associated with the decreased uMtCK by TBI. We found
that omega-3 fatty acids supplementation normalized lev-
els of uMtCK, a condition that may be related to the an-
tioxidant actions of this dietary supplementation. uMtCK
is an important enzyme implicated in the energetic reg-
ulation of Ca2�-homeostasis. uMtCK is important for mi-
tochondrial energy channeling (Wallimann et al., 1992
and Wallimann et al., 1998) and permeability transition
(O’Gorman et al., 1997 and Dolder et al., 2003), and has
been shown to protect against oxidative or toxic insults
(O’Gorman et al., 1997, Kanazawa et al., 1998, Dolder
et al., 2003 and Hatano et al., 2004). It has been reported
that genetic deletion of uMtCK leads to impaired learn-
ing and memory in mice (Streijger et al., 2004), sug-
gesting that uMtCK reduction may play an important role

in cognitive deficits seen in TBI. Therefore, the deceased
level of uMtCK after FPI may provide important insights
to better understand how TBI can affect neural function
by compromising energy metabolism and associated mol-
ecular systems such as Sir2.

How Sir2� May Benefit the Injured Brain?

Abundant evidence indicates that the acute phase of
TBI is characterized by a reduction in metabolic energy
that can affect neuronal survival and function (Tanaka et
al., 2005). Accordingly systems that can restore energy
are likely beneficial for neuronal function after TBI. Re-
cent studies have provided evidence that Sir2 facilitate
molecular mechanisms that facilitate the transference of
energy to cells. Sir2� has been implicated in the regula-
tion of transcription factors including FOXO and PGC-
1� that control energy homeostasis. It has been show that
in liver cells, Sir2� can coordinate with PGC-1� to ac-
tivate gluconeogenic gene expression in response to fast-
ing. Further, a new study suggests that Sir2 controls mam-
malian Acetyl-CoA synthetase 1 (AceCS1). Importantly,
the AceCS is the only mammalian path to convert free
acetate back to a useable metabolite such as acetyl-CoA.
It is known that AceCS catalyzes the formation of acetyl-
CoA from acetate, CoA and ATP. Accordingly, the over-
all evidence seems to indicate that normal levels of Sir2
may be important to maintain cellular homeostasis re-
quired for neural plasticity following TBI.

It is noteworthy that Sir2 has a recognized role as a hi-
stone deacetylator with the capacity to modulate the func-
tional expression of genes important for brain plasticity
and function. Accordingly, our results showing that TBI
and dietary factors affect the hippocampal expression of
Sir2 suggest that Sir2 may be an important mediator for
the action of challenges and lifestyle factors on brain plas-
ticity.

Implications of Sir2� Up-Regulation by Fish Oil

Our results provide novel evidence that TBI impacts
Sir2� expression in the mammalian hippocampus, a brain
region implicated in synaptic plasticity and learning and
memory. It is known that Sir2� can increase the cellular
ability to detoxify reactive oxygen species (Kops et al.,
2002; Nemoto and Finkel, 2002; Brunet et al., 2004;
Daitoku et al., 2004). In addition, Sir2�, on its capacity
of NAD-dependent histone deacetylase can increase the
cellular resistance to cellular stress (i.e., inducing ex-
pression MnSOD, subsequently increasing the cellular
abilkity to reduce ROS) (Brunet et al., 2004; Daitoku et
al., 2004). Our findings suggest that oxidative stress, as
an integral consequence of dysfunctional energy home-
ostasis, is crucial for modulating Sir2 levels. It is signif-
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icant that the TBI-induced reduction in levels of Sir2 can
be counteracted by dietary supplementation of omega-3
fatty acids, with important implications for regulation of
short- and long-term neuronal plasticity. In the context
of our results, it is possible to argue that a reduction of
Sir2� may confer vulnerability to neurons to secondary
damage ultimately affecting the capacity of the brain to
cope with insults. For example, TBI is considered as a
risk factor for acquiring Alzheimer’s disease and other
degenerative diseases, and it would be highly relevant to
have a dietary strategy for people at a high risk of brain
injury such as boxers or brain surgery patients. There-
fore, it is critical to increase the understanding of spe-
cific mechanisms responsible for long-term plasticity.
The results of the present study showing the impact of
omega-3 fatty acids dietary supplementation on molecu-
lar substrates of plasticity and homeostasis in the injured
brain suggest a potential value of this diet to protect the
brain against insults.

ACKNOWLEDGMENTS

This study was supported by NIH awards (NS 48804
and 50465) and UCLA Brain Injury Research Center.

REFERENCES

ANDERSON, R.M., BITTERMAN, K.J., WOOD, J.G.,
MEDVEDIK, O., and SINCLAIR, D.A. (2003). Nicoti-
namide and PNC1 govern lifespan extension by calorie re-
striction in Saccharomyces cerevisiae. Nature 423, 181–185.

ARAKI, T., SASAKI, Y., and MILBRANDT, J. (2004). In-
creased nuclear NAD biosynthesis and SIRT1 activation pre-
vent axonal degeneration. Science 305, 1010–1013.

BRUNET, A., SWEENEY, L.B., STURGILL, J.F., et al.
(2004). Stress-dependent regulation of FOXO transcription
factors by the SIRT1 deacetylase. Science 303, 2011–2015.

CHENG, H.L., MOSTOSLAVSKY, R., SAITO, S., MANIS,
J.P., et al. (2003). Developmental defects and p53 hyper-
acetylation in Sir2 homolog (SIRT1)–deficient mice. Proc.
Natl. Acad. Sci. U.S.A. 100, 10794–10799.

COHEN, H.Y., MILLER, C., BITTERMAN, K.J., et al. (2004).
Calorie restriction promotes mammalian cell survival by in-
ducing the SIRT1 deacetylase. Science 305:390–392.

DAITOKU, H., HATTA, M., MATSUZAKI, H., et al. (2004).
Silent information regulator 2 potentiates Foxo1-mediated

transcription through its deacetylase activity. Proc. Natl.
Acad. Sci. U.S.A. 101, 10042–10047.

GUARENTE L. (2000). Sir2 links chromatin silencing, metab-
olism, and aging. Genes Dev. 14, 1021–1026.

KOPS, G.J., DANSEN, T.B., POLDERMAN, P.E., et al.
(2002). Forkhead transcription factor FOXO3a protects qui-
escent cells from oxidative stress. Nature 419, 316–321.

LIN, S.J., DEFOSSEZ, P.A., and GUARENTE, L. (2000). Re-
quirement of NAD and SIR2 for life-span extension by calo-
rie restriction in Saccharomyces cerevisiae. Science 289,
2126–2128.

NEMOTO, S., and FINKEL, T. (2002). Redox regulation of
forkhead proteins through a p66shc-dependent signaling
pathway. Science 295, 2450–2452.

PARKER, J.A., ARANGO, M., ABDERRAHMANE, S., et al.
(2005). Resveratrol rescues mutant polyglutamine cytotoxi-
city in nematode and mammalian neurons. Nat. Genet. 37,
349–350.

SAKAMOTO, J., MIURA, T., SHIMAMOTO, K., and HO-
RIO, Y. (2004). Predominant expression of Sir2alpha, an
NAD-dependent histone deacetylase, in the embryonic
mouse heart and brain. FEBS. Lett. 556, 281–286.

SINCLAIR, D. (2005). Sirtuins for healthy neurons. Nat. Genet.
37, 339–340.

TRAN, H., BRUNET, A., GRENIER, J.M., et al. (2002). DNA
repair pathway stimulated by the forkhead transcription factor
FOXO3a through the Gadd45 protein. Science 296, 530–534.

WU, A., MOLTENI, R., YING, Z., and GOMEZ-PINILLA, F.
(2003). A saturated-fat diet aggravates the outcome of trau-
matic brain injury on hippocampal plasticity and cognitive
function by reducing brain-derived neurotrophic factor. Neu-
roscience 119, 365–375.

WU, A., YING, Z., and GOMEZ-PINILLA, F. (2004). Dietary
omega-3 fatty acids normalize BDNF levels, reduce oxida-
tive damage, and counteract learning disability after trau-
matic brain injury in rats. J. Neurotrauma 21, 1457–1467.

WU, A., YING, Z., and GOMEZ-PINILLA, F. (2006). Oxida-
tive stress modulates Sir2alpha in rat hippocampus and cere-
bral cortex. Eur. J. Neurosci. 23, 2573–2580.

Address reprint requests to:
Fernando Gomez-Pinilla, Ph.D.

Department of Physiological Science
621 Charles E. Young Drive

Los Angeles, CA 90095

E-mail: fgomezpi@ucla.edu

FISH OIL DIET NORMALIZES ENERGY METABOLISM IN TBI

1595



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Web Coated \050Ad\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /ACaslon-AltBold
    /ACaslon-AltBoldItalic
    /ACaslon-AltItalic
    /ACaslon-AltRegular
    /ACaslon-AltSemibold
    /ACaslon-AltSemiboldItalic
    /ACaslon-Bold
    /ACaslon-BoldItalic
    /ACaslon-Italic
    /ACaslon-Ornaments
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /ACaslon-SwashBoldItalic
    /ACaslon-SwashItalic
    /ACaslon-SwashSemiboldItalic
    /ACaslonExp-Bold
    /ACaslonExp-BoldItalic
    /ACaslonExp-Italic
    /ACaslonExp-Regular
    /ACaslonExp-Semibold
    /ACaslonExp-SemiboldItalic
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /ATTorino-Bold
    /ATTorino-Condensed
    /Americana
    /Americana-Bold
    /Americana-ExtraBold
    /Americana-Italic
    /AmericanaBT-Bold
    /AmericanaBT-ExtraBold
    /AmericanaBT-ExtraBoldCondensed
    /AmericanaBT-Italic
    /AmericanaBT-Roman
    /AvantGarde-Bold
    /AvantGarde-BoldObl
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-CondBold
    /AvantGarde-CondBook
    /AvantGarde-CondDemi
    /AvantGarde-CondMedium
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGarde-ExtraLight
    /AvantGarde-ExtraLightObl
    /AvantGarde-Mdm
    /AvantGarde-Medium
    /AvantGarde-MediumObl
    /BauerBodoni-Black
    /BauerBodoni-BlackCond
    /BauerBodoni-BlackItalic
    /BauerBodoni-Bold
    /BauerBodoni-BoldCond
    /BauerBodoni-BoldItalic
    /BauerBodoni-Italic
    /BauerBodoni-Roman
    /Belwe-Bold
    /Belwe-Condensed
    /Belwe-Light
    /Belwe-Medium
    /BelweT-LighItal
    /Berkeley-Black
    /Berkeley-BlackItalic
    /Berkeley-Bold
    /Berkeley-BoldItalic
    /Berkeley-Book
    /Berkeley-BookItalic
    /Berkeley-Italic
    /Berkeley-Medium
    /BiffoMT
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldCondensed
    /Bodoni-BoldItalic
    /Bodoni-Book
    /Bodoni-BookItalic
    /Bodoni-Italic
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /Bodoni-PosterItalic
    /Bookman-Bold
    /Bookman-BoldItalic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /Bookman-Medium
    /Bookman-MediumItalic
    /BorderPi-OneFiveOneFiveNine
    /BrushScript
    /Carta
    /CaslonTwoTwentyFour-Black
    /CaslonTwoTwentyFour-BlackIt
    /CaslonTwoTwentyFour-Bold
    /CaslonTwoTwentyFour-BoldIt
    /CaslonTwoTwentyFour-Book
    /CaslonTwoTwentyFour-BookIt
    /CaslonTwoTwentyFour-Medium
    /CaslonTwoTwentyFour-MediumIt
    /Century-Bold
    /Century-BoldCond-DTC
    /Century-BoldCondItalic-DTC
    /Century-BoldCondensed
    /Century-BoldCondensedItalic
    /Century-BoldItalic
    /Century-Book
    /Century-BookCond-DTC
    /Century-BookCondItalic-DTC
    /Century-BookCondensed
    /Century-BookCondensedItalic
    /Century-BookItalic
    /Century-Light
    /Century-LightCond-DTC
    /Century-LightCondIta-DTC
    /Century-LightCondensed
    /Century-LightCondensedItalic
    /Century-LightItalic
    /Century-Ultra
    /Century-UltraCond-DTC
    /Century-UltraCondIta-DTC
    /Century-UltraCondensed
    /Century-UltraCondensedItalic
    /Century-UltraItalic
    /Century751BT-ItalicB
    /Century751BT-RomanB
    /CenturyExpanded
    /CenturyExpanded-Italic
    /CenturyExpandedBT-Bold
    /CenturyExpandedBT-BoldItalic
    /CenturyExpandedBT-Italic
    /CenturyExpandedBT-Roman
    /CenturyOldStyle-Bold
    /CenturyOldStyle-Italic
    /CenturyOldStyle-Regular
    /CgTorinoOutline
    /Cheltenham-Bold
    /Cheltenham-BoldCond
    /Cheltenham-BoldItalic
    /Cheltenham-Book
    /Cheltenham-BookCond
    /Cheltenham-BookCondItalic
    /Cheltenham-BookItalic
    /Cheltenham-Light
    /Cheltenham-LightCond
    /Cheltenham-LightCondItalic
    /Cheltenham-LightItalic
    /Cheltenham-Ultra
    /Cheltenham-UltraItalic
    /Clarendon
    /Clarendon-Bold
    /Clarendon-Light
    /ClarendonBT-BoldCondensed
    /ClarendonBT-RomanCondensed
    /CompactaBoldPlain
    /CompactaItalicPlain
    /CompactaOnlShaD-ReguItal
    /CooperBlack
    /CooperBlack-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /DINEngschrift-Alternate
    /EdwardianScriptITC
    /ElectraLH-Bold
    /ElectraLH-Cursive
    /ElectraLH-Regular
    /Fenice-Bold
    /Fenice-BoldOblique
    /Fenice-Light
    /Fenice-LightOblique
    /Fenice-Regular
    /Fenice-RegularOblique
    /Fenice-Ultra
    /Fenice-UltraOblique
    /FranklinGothic-Book
    /FranklinGothic-BookOblique
    /FranklinGothic-Condensed
    /FranklinGothic-CondensedOblique
    /FranklinGothic-Demi
    /FranklinGothic-DemiOblique
    /FranklinGothic-ExampleNumber
    /FranklinGothic-ExtraCond
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyOblique
    /FranklinGothic-Roman
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /Futura-CondExtraBoldObl
    /Futura-Condensed
    /Futura-CondensedBold
    /Futura-CondensedBoldOblique
    /Futura-CondensedExtraBold
    /Futura-CondensedLight
    /Futura-CondensedLightOblique
    /Futura-CondensedOblique
    /Futura-Heavy
    /Futura-HeavyOblique
    /Futura-Light
    /Futura-LightOblique
    /Futura-Mdm
    /Futura-MdmCnd
    /Futura-MdmCndItl
    /Futura-MdmItl
    /Futura-Oblique
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldCondensedItalic
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Heavy
    /FuturaBT-HeavyItalic
    /FuturaBT-Light
    /FuturaBT-LightCondensed
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /FuturaBoldModified
    /FuturaBoldObliqueModified
    /FuturaEF-DemiBold
    /FuturaEF-DemiBoldObl
    /FuturaModified
    /FuturaObliqueModified
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-Book
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-BookItalic
    /Garamond-Light
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Garamond-LightItalic
    /Garamond-Ultra
    /Garamond-UltraCondensed
    /Garamond-UltraCondensedItalic
    /Garamond-UltraItalic
    /GillSans
    /GillSans-Bold
    /GillSans-BoldCondensed
    /GillSans-BoldExtraCondensed
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-ExtraBold
    /GillSans-ExtraBold-ScholasticLg
    /GillSans-ExtraBold-ScholasticSm
    /GillSans-ExtraBoldDisplay
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSans-LightShadowed
    /GillSans-Shadowed
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GillSansExtraBoldItalic
    /GillSansUltraBoldItalic
    /Giovanni-Black
    /Giovanni-BlackItalic
    /Giovanni-Bold
    /Giovanni-BoldItalic
    /Giovanni-Book
    /Giovanni-BookItalic
    /Glypha
    /Glypha-Bold
    /Glypha-BoldOblique
    /Glypha-Oblique
    /Goldwater
    /Goudy
    /Goudy-Bold
    /Goudy-BoldItalic
    /Goudy-BoldItalicOsF
    /Goudy-BoldOsF
    /Goudy-ExtraBold
    /Goudy-Heavyface
    /Goudy-HeavyfaceItalic
    /Goudy-Italic
    /Goudy-ItalicOsF
    /Goudy-SC
    /GoudyCatalog-Itl
    /GoudyCatalog-Rgl
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Compressed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-ExtraCompressed
    /Helvetica-LightOblique
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Oblique
    /Helvetica-UltraCompressed
    /Humanist521BT-Roman
    /Industria-Inline
    /Industria-InlineA
    /Industria-Solid
    /Industria-SolidA
    /ItcEras-Bold
    /ItcEras-Book
    /ItcEras-Demi
    /ItcEras-Light
    /ItcEras-Medium
    /ItcEras-Ultra
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /Kaufmann
    /Kaufmann-Bold
    /Linoscript
    /LubalinGraph-Book
    /LubalinGraph-BookOblique
    /LubalinGraph-Demi
    /LubalinGraph-DemiOblique
    /LucidaSans
    /LucidaSans-Bold
    /LucidaSans-Italic
    /Machine
    /MediciScript
    /Minion-Black
    /Minion-Bold
    /Minion-BoldItalic
    /Minion-DisplayItalic
    /Minion-DisplayRegular
    /Minion-Italic
    /Minion-Ornaments
    /Minion-Regular
    /Minion-Semibold
    /Minion-SemiboldItalic
    /Minion-SwashDisplayItalic
    /Minion-SwashItalic
    /Minion-SwashSemiboldItalic
    /MinionExp-Black
    /MinionExp-Bold
    /MinionExp-BoldItalic
    /MinionExp-DisplayItalic
    /MinionExp-DisplayRegular
    /MinionExp-Italic
    /MinionExp-Regular
    /MinionExp-Semibold
    /MinionExp-SemiboldItalic
    /Modern735BT-RomanA
    /Modern880BT-Bold
    /Modern880BT-Italic
    /Modern880BT-Roman
    /NewBaskerville-Black
    /NewBaskerville-BlackItalic
    /NewBaskerville-Bold
    /NewBaskerville-BoldItalic
    /NewBaskerville-BoldItalicOsF
    /NewBaskerville-BoldSC
    /NewBaskerville-Italic
    /NewBaskerville-ItalicOsF
    /NewBaskerville-Roman
    /NewBaskerville-SC
    /NewBaskerville-SemiBold
    /NewBaskerville-SemiBoldIta
    /NewCaledonia-Black
    /NewCaledonia-BlackItalic
    /NewCaledonia-Bold
    /NewCaledonia-BoldItalic
    /NewCaledonia-BoldItalicOsF
    /NewCaledonia-BoldSC
    /NewCaledonia-Italic
    /NewCaledonia-ItalicOsF
    /NewCaledonia-SC
    /NewCaledonia-SemiBold
    /NewCaledonia-SemiBoldItalic
    /Nofret-Bold
    /Nofret-BoldItalic
    /Nofret-Italic
    /Nofret-Light
    /Nofret-LightItalic
    /Nofret-Medium
    /Nofret-MediumItalic
    /Nofret-Regular
    /Novarese-Bold
    /Novarese-BoldItalic
    /Novarese-Book
    /Novarese-BookItalic
    /Novarese-Medium
    /Novarese-MediumItalic
    /Novarese-Ultra
    /OCRA
    /OCRB
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OnyxMT
    /Optima
    /Optima-Bold
    /Optima-BoldOblique
    /Optima-Oblique
    /PalaceScriptMT
    /PalaceScriptMT-SemiBold
    /Palatino-Black
    /Palatino-BlackItalic
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-BoldItalicOsF
    /Palatino-BoldOsF
    /Palatino-Italic
    /Palatino-ItalicOsF
    /Palatino-Light
    /Palatino-LightItalic
    /Palatino-Medium
    /Palatino-MediumItalic
    /Palatino-Roman
    /Revival565BT-Bold
    /Revival565BT-BoldItalic
    /Revival565BT-Italic
    /Revival565BT-Roman
    /RomanaBT-Bold
    /RomanaBT-Roman
    /Sabon-Bold
    /Sabon-BoldItalic
    /Sabon-BoldItalicOsF
    /Sabon-BoldOsF
    /Sabon-Italic
    /Sabon-ItalicOsF
    /Sabon-Roman
    /Sabon-RomanSC
    /SmileyFace
    /Sonata
    /StoneInformal
    /StoneInformal-Bold
    /StoneInformal-BoldItalic
    /StoneInformal-Italic
    /StoneInformal-Semibold
    /StoneInformal-SemiboldItalic
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /StoneSerif
    /StoneSerif-Bold
    /StoneSerif-BoldItalic
    /StoneSerif-Italic
    /StoneSerif-Semibold
    /StoneSerif-SemiboldItalic
    /StoneSerifTn4
    /Syntax-Black
    /Syntax-Bold
    /Syntax-Italic
    /Syntax-Roman
    /Syntax-UltraBlack
    /Techno
    /TimelessCyrillic-Bold
    /TimelessCyrillic-Light
    /TimelessCyrillic-LightIta
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /Times-PhoneticAlternate
    /Times-PhoneticIPA
    /Times-Roman
    /Times-RomanSC
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesEuropa-Bold
    /TimesEuropa-BoldItalic
    /TimesEuropa-Italic
    /TimesEuropa-Roman
    /TimesNewRomanMT-BoldCond
    /TimesNewRomanMT-Cond
    /TimesNewRomanMT-CondItalic
    /TimesNewRomanPS
    /TimesNewRomanPS-Bold
    /TimesNewRomanPS-BoldItalic
    /TimesNewRomanPS-Italic
    /ToonRoman
    /TorinoModern-Bold
    /TorinoModern-BoldItalic
    /TorinoModern-Italic
    /TorinoModern-Roman
    /Trajan-Bold
    /Trajan-Regular
    /Univers
    /Univers-Black
    /Univers-BlackExt
    /Univers-BlackExtObl
    /Univers-BlackOblique
    /Univers-BoldExt
    /Univers-BoldExtObl
    /Univers-BoldOblique
    /Univers-Condensed
    /Univers-CondensedBold
    /Univers-CondensedBoldOblique
    /Univers-CondensedLight
    /Univers-CondensedLightOblique
    /Univers-CondensedOblique
    /Univers-Extended
    /Univers-ExtendedObl
    /Univers-ExtraBlack
    /Univers-ExtraBlackExt
    /Univers-ExtraBlackExtObl
    /Univers-ExtraBlackObl
    /Univers-LightOblique
    /Univers-LightUltraCondensed
    /Univers-Oblique
    /UniversityRoman
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents for RR Donnelley Book plants. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


