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Omega-3 Fatty Acids Protect the Brain against Ischemic Injury
by Activating Nrf2 and Upregulating Heme Oxygenase 1

Meijuan Zhang,1,2,3* Suping Wang,2* Leilei Mao,1,2* Rehana K. Leak,4 Yejie Shi,2 Wenting Zhang,1 Xiaoming Hu,1,2,6

Baoliang Sun,5 Guodong Cao,2,6 Yanqin Gao,1 Yun Xu,3 Jun Chen,1,2,6 and Feng Zhang1,2,5,6

1State Key Laboratory of Medical Neurobiology and Institute of Brain Science, Fudan University, Shanghai 200032, China, 2Department of Neurology and
Center of Cerebrovascular Disease Research, University of Pittsburgh, Pittsburgh, Pennsylvania 15213, 3Department of Neurology, Affiliated Drum Tower
Hospital of Nanjing University Medical School, Nanjing, Jiangsu 210008, China, 4Division of Pharmaceutical Sciences, Mylan School of Pharmacy,
Duquesne University, Pittsburgh, Pennsylvania 15282, 5Department of Neurology and Key Laboratory of Cerebral Microcirculation, University of
Shandong, Affiliated Hospital of Taishan Medical College, Taian, Shandong 271000, China, and 6Geriatric Research, Educational and Clinical Center,
Veterans Affairs Pittsburgh Health Care System, Pittsburgh, Pennsylvania 15240

Ischemic stroke is a debilitating clinical disorder that affects millions of people, yet lacks effective neuroprotective treatments. Fish oil is
known to exert beneficial effects against cerebral ischemia. However, the underlying protective mechanisms are not fully understood. The
present study tests the hypothesis that omega-3 polyunsaturated fatty acids (n-3 PUFAs) attenuate ischemic neuronal injury by activating
nuclear factor E2-related factor 2 (Nrf2) and upregulating heme oxygenase-1 (HO-1) in both in vitro and in vivo models. We observed that
pretreatment of rat primary neurons with docosahexaenoic acid (DHA) significantly reduced neuronal death following oxygen-glucose
deprivation. This protection was associated with increased Nrf2 activation and HO-1 upregulation. Inhibition of HO-1 activity with tin
protoporphyrin IX attenuated the protective effects of DHA. Further studies showed that 4-hydroxy-2E-hexenal (4-HHE), an end-product
of peroxidation of n-3 PUFAs, was a more potent Nrf2 inducer than 4-hydroxy-2E-nonenal derived from n-6 PUFAs. In an in vivo setting,
transgenic mice overexpressing fatty acid metabolism-1, an enzyme that converts n-6 PUFAs to n-3 PUFAs, were remarkably resistant to
focal cerebral ischemia compared with their wild-type littermates. Regular mice fed with a fish oil-enhanced diet also demonstrated
significant resistance to ischemia compared with mice fed with a regular diet. As expected, the protection was associated with HO-1
upregulation, Nrf2 activation, and 4-HHE generation. Together, our data demonstrate that n-3 PUFAs are highly effective in protecting
the brain, and that the protective mechanisms involve Nrf2 activation and HO-1 upregulation by 4-HHE. Further investigation of n-3
PUFA neuroprotective mechanisms may accelerate the development of stroke therapies.

Introduction
Ischemic stroke is a debilitating clinical disorder that affects mil-
lions of people, yet lacks effective neuroprotective treatments.
Large-scale studies have shown that consumption of oily fish
reduces the incidence of stroke events and associated mortality

(Skerrett and Hennekens, 2003; He et al., 2004; Turunen et al.,
2008). Recent reports have also demonstrated that omega-3 poly-
unsaturated fatty acids (n-3 PUFAs) are beneficial against brain
ischemia (Black et al., 1979; Marcheselli et al., 2003; Akbar et al.,
2005; Belayev et al., 2005; Zhang et al., 2010). Although the neu-
roprotective mechanisms underlying n-3 PUFAs are not fully
understood, some have suggested that n-3 PUFAs exert protec-
tion primarily via anti-inflammatory effects (Bazan, 2005; Zhang
et al., 2010; Lalancette-Hébert et al., 2011). Inflammatory pro-
cesses typically involve interactions between multiple cell types.
However, in studies using pure cultures of single cell types, such
as neurons (Akbar et al., 2005), astrocytes (Sergeeva et al., 2005),
or endothelial cells (Majkova et al., 2011), the protective proper-
ties of n-3 PUFAs are also evident in vitro. These studies all sug-
gest that n-3 PUFAs may also directly protect individual cell types
in the absence of anti-inflammatory intercellular interactions.
However, the nature of these self-protective mechanisms is not
well understood.

Cytoprotection against oxidative stress, toxicity, and carcino-
gens is primarily mediated by phase 2 enzymes, including heme
oxygenase 1 (HO-1; Dinkova-Kostova and Talalay, 2008; Zhang
et al., 2013). The expression of phase 2 enzymes is regulated by
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nuclear factor E2-related factor 2 (Nrf2), a transcription factor.
Under basal conditions, Nrf2 is silenced by its partner protein,
Kelch-like ECH-associated protein 1 (Keap1; Itoh et al., 1999;
Kobayashi et al., 2004). Keap1 is a cysteine-rich cytosolic protein

that functions as an adaptor, linking Nrf2 and a Cullin3-related
E3 ligase, thereby facilitating proteasomal degradation of Nrf2
(Kobayashi et al., 2004). Cysteine is nucleophilic and highly re-
active with electrophiles via a Michael-type reaction. Under

Figure 1. n-3PUFAprotectsthebrainagainsttransientfocalischemiainmice.A,Fattyacidanalysisofforebrainsfromwild-type(WT)andfat-1transgenicmice.ComparedwithWTmice,fat-1miceshowedanincreased
totaln-3/n-6ratio(left), increasedlevelsofDHA(middle),andincreasedlevelsofALAandEPA.Dataarepresentedasmean�SD(n�6;*p�0.01vsWT).Focalbrainischemiawastheninducedby60minMCAOfollowed
by48hreperfusion.Neurologicalfunctionwasexaminedat48hafterischemia.B,Fat-1miceshowedimprovedneurologicalfunctionrecoveryafterischemia.C,Fat-1micehadsmallerinfarctvolumescomparedwithWTmice.
Data are presented as mean�SD (n�9 per group, *p�0.05 and **p�0.01 vs WT by t test). D, Representative photographs of TTC-stained brain sections showing reduced infarct sizes in fat-1 mice. E, Representative
microphotographsandcountsofTUNEL-positivecellsintheinfarctareas48hafterMCAOinWTandfat-1mice,expressedasthenumberofcellsperfieldofview(200�)inrandomlyselectedregions.Scalebar,100�m.Yellow
dottedlines in C and F indicatetheboundarybetweeninfarct(upperright)andperi-infarct(lower left)zones(n�6pergroup;*p�0.05vsWTlittermates). F,RepresentativeautoradiographsofC 14-IAPatbregma0mm,
showing rCBF changes in mouse brains during MCAO. Dark region represents normal blood flow, while light area represents reduced blood flow. Area 1, contralateral hemisphere; area 2, ischemic inner boundary; area 3,
ischemic core. G, WT and fat-1 mice demonstrated similar ischemic areas during MCAO. Data are presented as mean�SD, analyzed with t test (n�6 per group). H, WT and fat-1 mice demonstrated similar levels of CBF
reductionduringMCAO.Dataarepresentedasmean�SD,andanalyzedwithANOVAandpost hoctests.

Table 1. Comparison between n-6 and n-3 PUFA lipid peroxidation productsa

aFour-HNE and 4-HHE are lipid electrophiles derived from n-6 and n-3 PUFAs, respectively. Both are �,�-unsaturated carbonyl aldehydes and their reactive carbons are marked with stars. However, the electrophilicity index (�́) of 4-HHE
(n-3) is higher than that of 4-HNE (n-6). Consequently, 4-HHE (n-3) has a higher rate constant (k1) than 4-HNE (n-6) during the reaction with the cysteine in glutathione.
bElectrophilicity index was calculated using Spartan 104 software (Wavefunction).
cRate constants were measured and reported by Esterbauer et al. (1975).
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stressful conditions, Nrf2 inducers react with Keap1 cysteines,
leading to disruption of its association with Nrf2. Once freed
from proteasomal degradation, Nrf2 rapidly undergoes nuclear
translocation, initiating expression of phase 2 enzymes (Waka-
bayashi et al., 2004). However, it is still not known whether Nrf2
and HO-1 contribute to the neuroprotection afforded by n-3
PUFAs.

The present study tested the hypotheses that n-3 PUFAs pro-
tect against ischemic brain injury via oxidation to 4-hydroxy-2E-
hexenal (4-HHE), which in turn upregulates HO-1 expression by
acting as a potent activator of the Nrf2 pathway. These hypothe-
ses were based on the following observations: (1) the concentra-
tion of n-3 PUFAs is high in the nervous system and n-3 PUFAs
are more susceptible to oxidation than either n-6 or n-9 PUFAs
(Guichardant et al., 2004; Valentine and Valentine, 2004), (2) the
rate constant of 4-HHE during its reaction with the cysteine in
glutathione is �1.5-fold higher than that of 4-hydroxy-2E-
nonenal (4-HNE; Esterbauer et al., 1975, 1991), and (3) 4-HHE
has a higher electrophilicity index than 4-HNE (Table 1).

Materials and Methods
Creation of fatty acid metabolism-1 gene trans-
genic mice and lipid profile analysis. All animal
experiments were approved by the University
of Pittsburgh Institutional Animal Care and
Use Committee and performed in accordance
with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and
Stroke Treatment and Academic Roundtable
(STAIR) guidelines. Transgenic fatty acid
metabolism-1 ( fat-1) gene mice were gener-
ated as described previously (Kang et al., 2004).
Heterozygous fat-1 male mice were bred with
C57BL/6 female mice to produce offspring.
Mouse tail DNA was extracted for genotyping.
The specific primers used were as follows: (F)
5�-CGGTTTCTGCGATGGATCCCAC-3� and
(R) 5�-CCGGTGAAAACGCAGAAGTTGTT
G-3�. Amplification of a 631 bp band con-
firmed the fat-1 genotype. Fat-1 transgenic
mice and wild-type littermates were fed with a
standard laboratory rodent diet (Prolab 5P76
Isopro 3000, PMI Nutrition). Lipid extraction
and fatty acid analysis of forebrains were per-
formed as described previously (Zhang et al.,
2010). Forebrain samples were harvested and
fast-frozen and then dried into powder in a
vacuum freeze dryer until analysis. The fatty
acids were extracted as described previously
(Zhang et al., 2010). Brain fatty acid methyl
ester peak identification was performed by
comparison to the peak retention times of a
30-component methyl ester standard (Sigma-
Aldrich). The concentration of each fatty acid
was determined by calculating areas of the peaks.
All values are expressed as mole percentage.

Fish oil treatment and murine model of
transient focal ischemia. Male C57BL/6 mice
(The Jackson Laboratory) were randomly di-
vided into three groups: sham, control (regular
diet), and experimental [fish oil (FO) diet].
Control mice were fed with a regular labora-
tory rodent diet (Prolab 5P76 Isopro 3000,
PMI Nutrition) containing low concentrations
of n-3 PUFAs (0.34%). For the experimental
group, 5% FO (w/w) was added to the regular
diet, which increased the n-3 PUFA [docosa-
hexaenoic acid (DHA) plus eicosapentaenoic
acid (EPA)] content from 0.34 to 1.5%, and

decreased the n-6:n-3 PUFA ratio from 5:1 to 1:1 (Zhang et al., 2010).
Mice were fed for 6 weeks before fatty acid analysis and ischemia were
performed. Fat-1 transgenic mice and C57BL/6 mice in all groups were
anesthetized with 1.5% isoflurane in a 30% O2/70% N2O mixture under
spontaneous breathing. Transient focal cerebral ischemia was induced
with standard, previously published procedures (Zhang et al., 2012).
Rectal temperature was maintained at 37.0 � 0.5°C with a temperature-
regulated heating pad throughout the surgery, and mean arterial blood
pressure was monitored with a tail cuff. The respective diets for the mice
were continued after ischemia until the animals were killed.

As dictated by STAIR guidelines, regional cerebral blood flow (rCBF)
was evaluated before, during, and after the surgery. Animals underwent
middle cerebral artery occlusion (MCAO) for 60 min and then reperfu-
sion for the indicated durations. Quantitative rCBF measurement of
wild-type and fat-1 mice was also performed at 15 min after the onset of
MCAO by [ 14C]-iodoantipyrine (IAP) autoradiography (Sawada et al.,
2000; Stetler et al., 2008), or by laser Doppler flowmetry. Mice were
excluded from the study if their rCBF did not fall below 20% of baseline
or if they failed to exhibit neurological deficits after anesthesia recovery.

Figure 2. FO treatment confers long-term neuroprotection against stroke in mice. Mice were fed with either a regular diet or an
FO-enriched diet for 6 weeks. Their brains were collected and the lipid profiles of forebrains were analyzed. A–C, The overall
n-3/n-6 ratio (A), DHA content (B), and ALA and EPA contents (C) were calculated, showing increased n-3 PUFA contents in the
brains (n � 3, *p � 0.05 vs regular diet mice). D, A diagram showing the timeline of FO feeding and the time points for MCAO and
various assessments. E, F, The corner test (E) and rotarod test (F ) show that FO-fed mice recovered sensorimotor function better
than control mice (n � 6 – 8, *p � 0.05 vs regular diet mice). G, Cognitive function in the Morris water maze during the third week
after MCAO is presented as latency to escape the water bath. FO-fed mice recovered better than control mice (n � 5– 6, *p � 0.05
vs regular diet-fed mice). H, Representative photographs of MAP2-stained coronal sections and quantitative analyses of tissue loss
at day 21 after MCAO (n � 6; data are presented as mean � SD, *p � 0.05 vs control).
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For the HO-1 inhibition study, 30 �g of tin protoporphyrin IX (Sn-PPIX;
Frontier Scientific), a potent competitive inhibitor of heme oxidation,
was injected intracerebroventricularly 3 h after MCAO in 5 �l of vehicle
(PBS; Zhang et al., 2012).

Evaluation of ischemic outcomes. Neurobehavioral and histological
studies were performed to evaluate ischemic outcomes by a blinded ob-
server. For the short-term studies (48 h), neurologic dysfunction was
scored by a blinded observer at 48 h after MCAO using the five-point
method (Zhang et al., 2010), with 0 being the least dysfunction and 4 the
worst dysfunction. Mice were then killed and brains removed and sliced
into 1-mm-thick coronal sections. Sections were then stained with 2%
2,3,5-triphenyltetrazolium chloride (TTC) to determine infarct volume
(Zhang et al., 2007). For the long-term studies (21 d), the corner test and
rotarod test (IITC Life Science) were performed up to 7 d after MCAO.
The Morris water maze test was performed from day 15 to day 21 follow-
ing MCAO by a blinded observer to evaluate cognitive function (Stetler et
al., 2008). Following this test, animals were killed by perfusion and the
brain sections (5 �m) were stained with antimicrotubule-associated pro-
tein 2 (MAP2). The infarct was measured by a blinded observer using
MCID software (MCID Image Analysis) and was expressed by the fol-
lowing equation: (viable area of contralateral hemisphere minus viable
area of ipsilateral hemisphere)/viable area of contralateral hemisphere.
The viable or healthy area in this equation was defined as the MAP2
immunoreactive zone.

Primary neuronal cultures and treatment. Primary cultures of cortical
neurons were dissected from embryonic day 17 fetal rats and maintained
in Neurobasal A medium supplemented with B27 (Invitrogen), as previ-
ously described (Zhang et al., 2007). Experiments were performed 10 d
after seeding. Oxygen glucose deprivation (OGD) was used to mimic in
vitro ischemia with standard, previously published procedures (Zhang et
al., 2007). Cortical neurons pretreated with EPA (10, 20, 40, 100 �M) or
DHA (10, 20, 40, 100 �M) for 24 h were subjected to OGD for 60 min, and
then returned to normal culture media supplied with the same concen-
tration of DHA or EPA. To examine the impact of Nrf2 on n-3 PUFA-
mediated protection against OGD, select neuronal cultures were infected
with lentiviral particles bearing rat-specific Nrf2 or scramble shRNAs
(Santa Cruz Biotechnology) for 3 d before DHA treatment and OGD. To
examine the role of HO-1 in neuroprotection, select cultures were treated

with 10 �M Sn-PPIX or vehicle 3 h after OGD. To detect the effects of
electrophiles on HO-1 expression and cell viability, neurons were incu-
bated with 4-HNE (5, 10, 20 �M) or 4-HHE (5, 10, 20 �M) for the
indicated durations.

Cell death and viability. Twenty-four hours after OGD, cell viability
and death were quantitatively evaluated by Hoechst 33258 nuclear stain-
ing (Invitrogen), the live/dead cell viability assay (Invitrogen) or the
lactate dehydrogenase (LDH) release assay. For Hoechst staining, the
percentage of cells showing nuclear condensation was quantified and
expressed as a function of total neurons (cell death percentage). The
live/dead cell viability assay was performed according to the manufactur-
er’s instructions (Invitrogen). In this assay, red dots (fluorescent
ethidium homodimer-1) represent dying neurons with compromised
membranes and green dots (fluorescent membrane-permeant calcein
AM) represent live cells. The numbers of red dots were expressed as a
function of red plus green dots and are presented as cell death percentage.
For cell counting, three random fields were captured per well by a blinded
observer. Four to six wells per condition per experiment were selected,
and the experiments were repeated on three independent occasions. Ex-
tracellular LDH released from damaged cells was measured by an LDH
detection kit (Pointe Scientific). All data were expressed as percentage of
LDH release compared with the control group.

Western blots and Western slot blots. Primary neurons or brain tissues
were harvested at the indicated time points after ischemia or after 4-HHE
and 4-HNE treatments (n � 4 per experimental condition). Whole-cell
lysates were prepared as described previously (Wang et al., 2008). Nu-
clear and cytoplasmic fractions were extracted using an NE-PER nuclear
and cytoplasmic extraction kit (Thermo Scientific) according to the
manufacturer’s instructions. Protein concentrations were determined by
the bicinchoninic protein assay kit (Bio-Rad). Equal amounts of protein
samples were loaded and probed with antibodies recognizing HO-1 (1:
3000; Enzo Life Science), Nrf2 (1:1000; Enzo Life Science), Keap1 (1:
1000; Abcam), �-actin (1:8000; Millipore), or histone (1:1000; Cell
Signaling Technology). After incubating with secondary antibodies for
1 h, the membranes were incubated with LumiGLO solution (KPL).
MCID imaging software was used for gel analysis by a blinded observer.
For the Western slot blot, proteins were extracted from the brain tissues,
and equivalent amounts of proteins were loaded and transferred to poly-

Figure 3. n-3 PUFA pretreatment reduces neuronal death after in vitro ischemia. A, B, DHA-treated (A) or EPA-treated (B) neuronal cultures were challenged with 60 min OGD; 24 h later, LDH
release was measured. Data are presented as mean � SE from three independent experiments, analyzed with ANOVA and post hoc tests (*p � 0.05 and **p � 0.01 vs OGD group). C, Neuronal
cultures were treated with DHA or EPA, followed by OGD. Cultures were stained with a live/dead viability/toxicity kit 24 h later, and live and dead neurons were counted. Data are presented as the
percentage of dead neurons as a function of total neuron number, and analyzed by � 2 tests (*p � 0.05 vs OGD group). D, Representative micrographs of primary neuronal cultures 24 h after n-3
PUFA treatment and OGD. The cultures were stained with a live/dead kit; healthy neurons appear green and the condensed nuclei of dead neurons appear red.
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vinylidene difluoride membranes using a
Bio-Dot Microfiltration apparatus (Bio-Rad).
Anti-4-HHE (1:500; JaICA) or anti-4-HNE (1:
1000, R&D) was used as the primary antibody.
The remaining procedures were the same as for
the Western blots.

Immunohistochemistry. At the indicated
time points, primary neurons were fixed with
4% paraformaldehyde for 10 min. Alternating
sections from each experimental condition
were exposed to all solutions except primary
antibodies to verify lack of nonspecific stain-
ing. Mice were killed at 2 (for HO-1 immuno-
labeling) or 21 d (for MAP2 immunolabeling)
after MCAO. DAPI was used as the nuclear
counterstain in HO-1 stained sections. Follow-
ing fixation, sections were cut at 5 �m thick-
ness in the coronal plane. HO-1 (1:300; Enzo
Life Science) or MAP2 (1:200; Santa Cruz
Biotechnology) antibodies were applied and
visualized with Cy3-conjugated secondary
antibodies. The MAP2-positive area in the ip-
silateral versus contralateral hemisphere was
determined by a blinded observer using the
MCID system and was used to represent tissue
loss, as outlined above.

Nrf2 nuclear translocation assay. EGFP-
tagged human Nrf2 (pcDNA3-EGFP-C4-Nrf2,
Addgene) was inserted into the lentiviral trans-
fer vector FSW under the control of neuron-
specific synapsin I promoter (Furukawa and
Xiong, 2005; Stetler et al., 2008; Zhang et al.,
2012). To detect whether lipid electrophiles in-
duce nuclear translocation, neuronal cultures
were infected for 3 d with lenti-Nrf2, and then
treated with 4-HNE or 4-HHE (5 �M) for 1 h.
The cultures were then counterstained with
DAPI and photographed.

Statistical analysis. Results are presented as
mean � SD, unless indicated otherwise. The
difference between means was assessed by the
Student’s t test (single comparisons) or by
ANOVA and post hoc Scheffe’s tests (for multi-
ple comparisons). A p value �0.05 was consid-
ered statistically significant.

Results
n-3 PUFAs alleviate acute brain
injury induced by focal ischemia in
fat-1 mice
To test our primary hypothesis that n-3
PUFAs protect the brain against ischemic
injury, we generated transgenic mice car-
rying a fat-1 gene. Fat-1 was originally
identified in Caenorhabditis elegans and
encodes an n-3 desaturase that adds an
extra double bond to n-6 fatty acids,
thereby converting n-6 PUFAs into their
corresponding n-3 PUFAs (Ge et al., 2002;
Kang et al., 2004). The fat-1 cDNA was
synthesized and constructed into a pST180
vector driven by a chicken �-actin pro-
moter and a cytomegalovirus enhancer.
Fat-1 heterozygotes were interbred with
wild-type C57/B6 mice to generate fat-1
transgenic mice. Both fat-1 mice and their
wild-type littermates were fed a regular diet

Figure 4. HO-1 mediates the neuroprotective effects of n-3 PUFAs in vitro. Primary neuronal cultures were treated with
n-3 PUFAs and harvested for Western blotting or fixed for Hoechst staining. A, Time course of HO-1 expression. Represen-
tative Western blots and semiquantitative analyses of HO-1 levels after n-3 PUFA and OGD treatments (*p � 0.05 and
**p � 0.01 vs control and vehicle-treated OGD groups at the same time points; #p � 0.05 and ##p � 0.01 vs control group.
B, Dose–response data related to HO-1 expression. Representative Western blots and semiquantitative analyses of HO-1
levels after n-3 PUFA treatment, with or without OGD (**p � 0.01 vs control, ##p � 0.01 vs control and OGD groups). C,
Representative micrographs of HO-1 immunofluorescence in neuronal cultures. HO-1 was immunostained red with Cy3 and
nuclei were stained blue with Hoechst. D, E, Quantitative analysis (D) and representative micrographs (E) showed that
knockdown of Nrf2 or inhibition of HO-1 activity with 10 �M Sn-PPIX diminishes the neuroprotective effect of n-3 PUFAs
(*p � 0.05 vs control group, #p � 0.05 vs OGD group). F, Nrf2 knockdown reduces neuronal HO-1 levels. Primary neurons
were infected with Lenti-scramble or Lenti-Nrf2 shRNAs for 3 d, followed by DHA and OGD treatments. HO-1 levels were
detected 6 h after OGD using Western blot ( p � 0.05 vs control group, and #p � 0.05 vs lentiviral groups).
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rich in n-6 PUFA (n-6:n-3 ratio, 5:1; ProLab
IsoPro RMH 3000, PMI).

Fatty acid analysis of forebrains was
performed using gas chromatography. As
shown in Figure 1A, fat-1 mice exhibited
an increase in overall n-3/n-6 PUFA ratio.
Individually, the contents of all major n-3
PUFAs were increased (Fig. 1A), includ-
ing �-linoleic acid (ALA; 18:3 n-3), EPA
(20:5 n-3), and DHA (22:6 n-3). These re-
sults indicate our success in generating
fat-1 transgenic mice with altered brain
fatty acid profiles.

We next determined whether n-3
PUFAs protect the brain against ischemia
induced by 60 min MCAO and followed
by 48 h reperfusion. As shown in Figure
1B, fat-1 mice exhibited less severe neuro-
logical deficits than their wild-type litter-
mates. Furthermore, TTC staining showed
that fat-1 mice also developed a signifi-
cantly smaller infarct than wild-type mice
(Fig. 1C,D). TUNEL-positive cells were
significantly decreased in fat-1 mice com-
pared with their wild-type littermates
(Fig. 1E), suggesting a neuroprotective ef-
fect of n-3 PUFAs against ischemia. This
protection was not dependent on rCBF
changes, as wild-type and fat-1 mice dem-
onstrated equivalent rCBF changes (Fig.
1F–H), which were measured by IAP au-
toradiography 15 min after the onset of MCAO (Sawada et al.,
2000; Stetler et al., 2008). These data strongly indicate that n-3
PUFAs alleviate acute brain injury induced by focal ischemia in
mice.

FO supplementation provides long-term functional and
histological protection against brain ischemia in mice
Experiments using transgenic animals, such as fat-1 mice usually
generate clear-cut and precise results; however, those results may
not readily translate to humans. One practical way to increase n-3
PUFAs in humans is through ingestion of oily fish or FO capsules.
Dietary supplementation can be mimicked in animal models to
determine whether oral n-3 PUFAs also provide neuroprotec-
tion, especially over the long term.

To investigate whether dietary n-3 PUFAs confer similar pro-
tection as fat-1 transgene expression, we fed C57BL/6 mice with
either a regular diet or FO-enriched food for 6 weeks, and ana-
lyzed their brain lipid profiles. As shown in Figure 2A, the overall
n-3/n-6 ratio was significantly increased by FO dietary supple-
mentation. DHA (Fig. 2B), ALA, and EPA levels (Fig. 2C) were
also increased after feeding with FO, indicating that dietary sup-
plementation is effective in increasing n-3 PUFA components in
the brain. In a separate cohort of similarly fed animals, we sub-
jected mice to 60 min MCAO and evaluated their sensorimotor
function in the first or third week, followed by tissue loss analysis
(Fig. 2D). Laser Doppler flowmetry was used to measure rCBF
changes, which showed no significant differences between these
two groups (data not shown). As shown in Figure 2E,F, intact
mice in both the control and FO groups displayed no significant
difference in sensorimotor function. One week following stroke,
however, FO-fed mice demonstrated improved performance in
the corner tests (Fig. 2E) and rotarod tests (Fig. 2F). We further

evaluated cognitive function with the Morris water maze in an-
other set of mice in the third week after ischemia. As shown in
Figure 2G, FO-fed mice showed improved cognitive function, as
indicated by reduced latency to find the submerged platform. At
the end of the 21 d recovery period, MAP2 staining was used to
determine the long-term protective effect of FO treatment. As
expected from the behavioral assays, FO-fed mice also showed
less tissue loss than control mice (Fig. 2H). Collectively, these
data support our hypothesis that n-3 PUFAs provide potent and
long-term neuroprotection against brain ischemia.

n-3 PUFAs reduce ischemic neuronal injury induced by OGD
in vitro
n-3 PUFAs are well established to reduce inflammatory cascades.
Thus, their protective effects in vivo might involve interactions
between multiple cell types, such as microglial-neuronal commu-
nication. Alternatively, n-3 PUFAs could also act directly on neu-
rons in the absence of anti-inflammatory effects. To test the latter
hypothesis, we determined whether n-3 PUFAs enhanced self-
defense in pure primary cortical neuron cultures. The major
long-chain n-3 PUFAs in cellular membranes are 18-carbon
ALA, 20-carbon EPA, and 22-carbon DHA. Among them, DHA
is the most abundant. We pretreated the neuronal cultures (pu-
rity, �97%) with DHA or EPA for 24 h and then challenged the
cultures for 60 min with OGD, an in vitro model of ischemia.
Twenty-four hours later, neuronal death was assessed with LDH
release and cell counts using a live/dead viability/toxicity kit. Both
DHA (Fig. 3A) and EPA (Fig. 3B) reduced LDH release in a
concentration-dependent manner between 10 and 100 �M, indi-
cating a neuroprotective effect. To extend these findings, we
stained primary neurons with the live/dead assay. As shown in
Figure 3C,D, both DHA and EPA reduced the percentage of dead

Figure 5. DHA enhances the nuclear translocation and DNA binding activity of Nrf2 in neurons. Primary neuronal cultures were
treated with vehicle or DHA followed by OGD. A, B, Representative Western blots (A) and semiquantitative analyses (B) of Nrf2
levels, showing increased nuclear Nrf2 in DHA-treated groups (*p � 0.05 vs control and vehicle-treated OGD groups at the same
time points; #p � 0.05 vs control groups, n � 3 per condition). C, D, Representative electrophoretic mobility shift assay (C) and
semiquantitative analyses (D) of DNA binding of Nrf2 (*p � 0.05 vs control and vehicle-treated OGD groups at the same time
points; #p � 0.05 vs control groups; and &p � 0.01 vs DHA-treated OGD at 24 h; n � 3 per condition). The specificity of DNA
binding activity was determined by a competition assay, whereas threefold (C1) or 50-fold (C2) excess of cold probe was added as
a specific competitor.
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neurons after OGD. It should be noted that higher concentra-
tions of n-3 PUFAs (�250 �M) did not elicit neuroprotection and
might be cytotoxic (data not shown), supporting previous re-
ports (Chan and Fishman, 1978; Belayev et al., 2005). Collec-
tively, these results indicate that n-3 PUFAs increase neuronal
resistance against ischemic injury induced by OGD, and that this
neuroprotection can occur in the absence of anti-inflammatory
interactions between multiple cell types.

HO-1 and Nrf2 are essential in DHA-mediated
neuroprotection against ischemic neuronal injury
We next investigated the cytoprotective mechanisms of n-3
PUFAs against ischemic neuronal injury. Cellular self-defense is
mediated by two types of mechanisms (Dinkova-Kostova and
Talalay, 2008). The first line of defense consists of a group of
small-molecule antioxidants. These are pre-existing, short-lived,
and killed in the process of antioxidative activity. Therefore,
small molecules need to be continuously resupplied or regener-
ated after use. Well-known examples include glutathione and
vitamin E. In contrast, the second line of defense is offered by a

group of enzymes that are minimally expressed under normal
conditions but can be induced by cellular stress. Once produced,
however, they are effective for longer periods, as they operate
catalytically without being consumed. Examples include HO-1,
glutathione-S-transferase, �-glutamylcysteine synthetase, and
NAD(P)H:quinone oxidoreductase 1 (Dinkova-Kostova and Ta-
lalay, 2008; Zhang et al., 2013). Among these enzymes, HO-1 is
particularly noteworthy not only because it degrades toxic heme
but also because it generates multiple neuroprotective molecules,
including the antioxidant biliverdin (Deguchi et al., 2008) and
carbon monoxide (Imuta et al., 2007).

We next tested the hypothesis that n-3 PUFAs facilitate the
HO-1 response to ischemic injury. Neuronal cultures were pre-
treated with vehicle, DHA, or EPA (20 or 40 �M) for 24 h and then
subjected to OGD. The neurons were harvested at 1, 6, or 24 h
after OGD and total proteins were extracted for Western blot
analysis. As shown in Figure 4A, HO-1 was expressed at trace
levels in control cells and at 1 h after OGD. However, HO-1 was
significantly increased by 6 h after OGD and peaked at 24 h.
Notably, DHA or EPA alone did not upregulate HO-1 (Lanes 5

Figure 6. FO protects the brain against focal ischemia via HO-1. Mice were fed with a regular diet (Reg.) or FO-enhanced diet for 6 weeks followed by 60 min MCAO. A, Representative Western
blots and semiquantitative analyses of HO-1 levels in mouse brain after ischemia, showing increased HO-1 levels in the FO group (n � 3, *p � 0.05 vs sham and regular diet at the same time points).
B, Representative microphotographs of HO-1 expression and cellular distribution in the ischemic core and surrounding regions at 1 or 3 d after ischemia. HO-1 was stained red and cellular markers
were stained green. Scale bar, 50 �M. Insets show high-power images of representative cells. C–E, Neurological score (C), infarct volumes (D), and representative TTC staining (E) at 48 h after MCAO,
showing that FO treatment reduced neurological dysfunction and infarct volumes and that protection was partially blocked by Sn-PPIX, a HO-1 activity inhibitor (n � 6, *p � 0.05 vs Reg., #p � 0.05
vs FO mice injected with vehicle).
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and 9), but only facilitated the HO-1 response to ischemia. DHA
or EPA treatment augmented HO-1 expression at 6 and 24 h after
OGD (Fig. 4A). To determine the maximally effective DHA con-
centration, we treated neuronal cultures with a range of concen-
trations of DHA for 24 h. Half of the cultures were then
challenged with OGD. As shown in Figure 4B, n-3 PUFAs them-
selves did not upregulate HO-1 expression, but enhanced HO-1
expression after OGD in a concentration-dependent manner.
Immunofluorescent staining confirmed that DHA enhanced
HO-1 expression after OGD in neuronal cultures (Fig. 4C), sug-
gesting that HO-1 may mediate the neuroprotective effects of n-3
PUFAs. To verify the role of HO-1 and Nrf2 in neuroprotection,
we knocked down Nrf2 or inhibited HO-1 with Sn-PPIX, a spe-
cific inhibitor of HO-1 activity. As shown in Figure 4D,E, both
Sn-PPIX and Nrf2 shRNA significantly blocked the neuroprotec-
tive effect of DHA. Finally, we also showed that Nrf2 knockdown
significantly reduced neuronal HO-1 levels after DHA and OGD
treatments (Fig. 4F), verifying that Nrf2 mediates the rise in
HO-1 in this model. Together, these results strongly support the
hypothesis that HO-1 and Nrf2 are essential in n-3 PUFA-
mediated neuroprotection in vitro.

DHA activates the Nrf2 pathway after OGD
Nrf2 is the major transcription factor responsible for the upregu-
lation of HO-1 and other phase 2 enzymes. To investigate
whether n-3 PUFAs enhance the nuclear translocation of Nrf2,
we treated neuronal cultures with either vehicle or DHA followed
by OGD, and then extracted the nuclear fraction. Western blots
showed that there was only a trace level of Nrf2 in nuclei under
normal conditions. However, nuclear Nrf2 increased at 6 h after
OGD and subsided by 24 h (Fig. 5A,B). In DHA-treated groups,
Nrf2 nuclear translocation was significantly increased, especially
at 6 and 24 h after OGD (Fig. 5A,B). The cytosolic levels of Nrf2
and of Keap1, the binding partner of Nrf2, remained stable. These
data suggest that n-3 PUFAs enhance the nuclear translocation of
Nrf2 after ischemia. We then performed an electrophoretic mo-
bility shift assay to detect whether DHA increases the DNA bind-
ing activity of Nrf2 after OGD in neurons. As shown in Figure
5C,D, DHA treatment significantly increased the antioxidant re-
sponse element binding activity of Nrf2 at 6 and 24 h after OGD
compared with vehicle groups. The binding was specific, as the
competition assay showed that adding cold probes inhibited the
DNA binding of Nrf2.

HO-1 plays a critical role in n-3 PUFA-mediated
neuroprotection against MCAO in mice
To investigate whether HO-1 also plays a similar protective role
in vivo, we fed mice with standard or FO-enriched diets for 6
weeks, subjected them to 60 min MCAO, and harvested the MCA
territory at 4, 24, or 72 h after ischemia for Western blotting. As
shown in Figure 6A, HO-1 was expressed at trace levels in the
sham-operated group but began to rise 4 h after ischemia, peak-
ing at 72 h. As expected, FO treatment significantly augmented
HO-1 expression. Immunohistochemistry revealed that HO-1
was barely detectable in the sham group (data not shown). One
day after ischemia (Fig. 6B, top), however, HO-1 was moderately
expressed in neurons and Iba1-positive cells in the ischemic core,
and was barely expressed in astrocytes. In the peri-infarct regions,
HO-1was also weakly expressed in neurons and Iba1-positive
cells, and barely expressed in astrocytes. At day 3 (Fig. 6B, bot-
tom), HO-1 was strongly and exclusively expressed in Iba1-
postive cells in the core, indicating a probable macrophage origin.
In the peri-infarct regions, HO-1 was barely expressed in neu-

rons, mildly expressed in microglia, and strongly expressed in
some but not all astrocytes. FO increased HO-1 levels but did not
change its pattern or cellular distribution after MCAO. To detect
whether HO-1 contributes to the neuroprotective effects of FO
treatment, we subjected mice to MCAO and injected 30 �g/5 �l
of Sn-PPIX into the cerebral ventricles 3 h after ischemia and
evaluated ischemic outcomes 24 h later. As shown in Figure 6C,
FO-fed mice exhibited improved neurological functions and re-
ductions in infarct volume compared with control mice (Fig.
6D,E). Furthermore, Sn-PPIX partially blocked the beneficial
effects of FO on ischemia. Together, these data show that n-3
PUFAs boost HO-1 expression after ischemia, and that this rise in
HO-1 partially mediates the neuroprotective effects of n-3
PUFAs against ischemic brain injury in vivo.

To determine whether postischemic treatment with n-3
PUFAs can also upregulate HO-1 and offer neuroprotection in
wild-type mice, we injected DHA (50 �mol/kg) subcutaneously
at the onset of reperfusion, and harvested the brain tissues for
Western blots. As showed in Figure 7A,B, HO-1 levels in the
DHA group were higher than in the vehicle group. In another set
of mice, we performed neurological examinations and TTC
staining 48 h after MCAO. As expected, DHA treatment signifi-
cantly reduced neurological dysfunctions (Fig. 7C) and infarct
volume (Fig. 7D,E) compared with the vehicle group. Intracere-
broventricular injection of Sn-PPIX partially blocked the protec-
tive effects of DHA (Fig. 7C–E). Together, these data indicate that
postischemic DHA treatment also alleviates acute brain injury
induced by focal ischemia in mice, and that the protective mech-
anisms also involve HO-1 upregulation.

Figure 7. Postischemic DHA treatment protects the brain against focal ischemia. MCAO was
induced in C57BL/6 mice and DHA was subcutaneously injected at the onset of reperfusion. A, B,
Representative Western blots (A) and semiquantitative analyses (B) of HO-1 levels in mouse
brain after ischemia, showing increased HO-1 levels in the DNA group (n � 3, *p � 0.05 vs
sham and vehicle group at the same time points). S, Sham-operated; V, vehicle; D, DHA. C–E,
Neurological score (C), infarct volumes (D), and representative TTC staining (E) at 48 h after
MCAO, showing that DHA treatment reduced neurological dysfunction and infarct volumes and
that the protection was partially blocked by Sn-PPIX (n � 8, *p � 0.05 vs vehicle, #p � 0.05 vs
DHA group).
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4-HHE is a strong inducer of the Nrf2 pathway
Although the above findings show that n-3 PUFAs enhance Nrf2
activation and HO-1 upregulation after brain ischemia, the spe-
cific compounds responsible for HO-1 induction are unknown.
According to Holtzclaw et al. (2004), Nrf2 inducers can be clas-
sified into 10 categories based on their chemical structures;
among these, the only category that can be generated endoge-
nously are the Michael reaction acceptors, also known as electro-
philes. Endogenous electrophiles belong to a group of chemicals
known as �,�-unsaturated carbonyl compounds, which are pri-
marily lipid peroxidation products (Satoh et al., 2006; LoPachin
et al., 2009b). Known Nrf2 inducers include 4-HNE from n-6
PUFA (Pryor and Porter, 1990; Esterbauer et al., 1991) and
4-HHE from n-3 PUFA (Guichardant et al., 2004; Long and
Picklo, 2010). Both are highly reactive with cysteine thiol groups.
Electrophiles derived from n-3 and n-6 PUFA differ in their anti-
inflammatory and antioxidative effects, with n-3 PUFA deriva-
tives having preferable effects (Bagga et al., 2003; van Beelen et al.,
2006; Schmitz and Ecker, 2008). We hypothesized that endoge-

nous lipid electrophiles are generated via lipid peroxidation in the
brain after ischemia and that n-3 PUFA-derived 4-HHE is a
stronger Nrf2 inducer than n-6 PUFA-derived 4-HNE. To test
this hypothesis, we first calculated the orbital energies and eletro-
philicity index of 4-HNE and 4-HHE using Spartan ‘08 software
(Wavefunction), and found that 4-HHE has a higher eletrophi-
licity index than 4-HNE (Table 1). To test whether 4-HHE in-
duces stronger HO-1 expression than 4-HNE, we treated primary
neurons with 4-HHE and 4-HNE for 0.5 to 2 h, harvested the
cells, and extracted both nuclear and cytosolic proteins. As shown
by Western blot in Figure 8A,B, HO-1 induction by 4-HHE was
more rapid and robust than that induced by 4-HNE. Four-HHE
also increased the nuclear translocation of Nrf2 more than
4-HNE (Fig. 8A,C,D), indicating that 4-HHE is a more potent
inducer of Nrf2 activation. To further test whether 4-HHE offers
neuroprotection against OGD, we incubated cultured neurons
with either 4-HHE or 4-HNE for 2 h, and then challenged the
neurons with OGD on the following day. Hoechst staining (Fig.
8E) and cell counts (Fig. 8F) showed that 4-HHE treatment sig-

Figure 8. Four-HHE is a potent Nrf2 activator. Primary cultures were incubated with 4-HHE (n-3) or 4-HNE (n-6) at a concentration of 10 �M for the indicated duration. A, Representative Western
blots of cytosolic HO-1 and nuclear Nrf2. B, C, Quantitative analyses of HO-1 (B) and Nrf2 (C) levels indicated that lipid electrophiles can directly induce Nrf2 nuclear translocation and HO-1 expression,
and that 4-HHE (n-3) is more potent than 4-HNE (n-6) in inducing Nrf2 activation. Data are presented as mean � SE, and analyzed with ANOVA and post hoc tests (*p � 0.05 vs 4-HNE-treated group
at the same time point). D, Representative microphotographs of Nrf2-EGFP transfected neuronal cultures, showing that 4-HHE was a stronger inducer of Nrf2 than 4-HNE. Primary neurons were
infected with lenti-Nrf2-EGFP for 3 d followed by treatment with 4-HHE and 4-HNE (10 �M) for 1 h. Cells were then fixed and counterstained with DAPI (blue). E, F, Representative Hoechst staining
(E) and dead cell counts (F ), showing that 4-HHE pretreatment reduced neuronal death. Primary neurons were treated with vehicle, 4-HNE, and 4-HHE (10 �M) for 2 h. After overnight recovery,
neurons were challenged with OGD for 60 min and then stained with Hoechst ( p � 0.05 vs control, vehicle-treated, and 4-HNE-treated OGD groups.
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nificantly reduced the number of dead
neurons after OGD compared with the
vehicle and 4-HNE groups, suggesting
that 4-HHE mediates the protective ef-
fects of n-3 PUFAs.

Lipid electrophiles (4-HHE and 4-HNE)
are generated in mouse brains
after MCAO
We then investigated whether lipid elect-
rophiles (4-HNE and 4-HHE) are pro-
duced in the brain and whether FO
treatment leads to increased generation
of 4-HHE. As endogenous electrophiles
readily form adducts with nucleophiles,
they rarely exist as free forms but com-
monly as adducted forms. We therefore
measured the levels of total proteins that
were modified by either 4-HNE or 4-HHE
using Western slot blotting. Six weeks af-
ter ingestion of regular or FO-enhanced
diets, mice were subjected to MCAO.
Brain tissues were harvested 4 or 24 h after
ischemia and protein samples were sub-
jected to slot blot. As shown in Figure 9,
only trace levels of 4-HNE-modified and
4-HHE-modified proteins were detected
in the sham group. Following stroke, the
levels of 4-HNE-modified and 4-HHE-
modified proteins were significantly in-
creased, especially at 24 h after MCAO,
indicating that both 4-HNE and 4-HHE
are both generated after cerebral isch-
emia. Compared with animals on a
regular diet, FO treatment significantly
augmented the rise in 4-HHE-modified
proteins after ischemia (Fig. 9). These re-
sults suggest that FO enhances 4-HHE
generation in mouse brain after brain
ischemia.

Discussion
The present study demonstrates that n-3
PUFAs elicit robust and prolonged neuro-
protection against ischemic brain injury
in fat-1 transgenic mice or in C57/B6 mice
fed with an FO-enhanced diet. DHA treat-
ment increases Nrf2 nuclear translocation
and HO-1 expression, and thus preserves
neuronal viability after OGD. Impor-
tantly, inhibition of HO-1 with Sn-PPIX significantly attenuates
neuroprotection in vitro and in vivo, strongly suggesting a mech-
anistic role for this enzyme. Nrf2 activation and HO-1 upregula-
tion are mediated by 4-HHE, an n-3 PUFA oxidative product.
These findings support our hypothesis that n-3 PUFAs protect
the brain against ischemic injury by oxidizing to 4-HHE, activat-
ing Nrf2, and upregulating HO-1 expression (Fig. 10).

Neuroprotective effects of n-3 PUFAs against ischemic brain
injury have been shown in several stroke models (Black et al.,
1979; Marcheselli et al., 2003; Akbar et al., 2005; Belayev et al.,
2005, 2009; Moreira et al., 2010; Zhang et al., 2010). These studies
focused on the acute phase of ischemia assessed from 24 h to 7 d
postinjury in focal ischemic stroke models. We have expanded

our study to 21 d postinjury. Our data therefore demonstrate that
oral administration of FO for 6 weeks before ischemia improved
outcomes for the long term. Demonstrating the long-term effi-
cacy of FO is critical for the translation of our findings to human
studies (Eady et al., 2012). It is also important to note here that
oral intake of commercially available FO is safe, inexpensive, and
convenient.

The protective mechanisms of n-3 PUFAs are not fully under-
stood, although anti-inflammatory effects and Akt activation
have been reported to be contributing factors. For example, n-3
PUFAs suppress microglial activation, reduce proinflammatory
cytokine release, and inhibit neutrophil infiltration after stroke
(Mayer et al., 2002; Marcheselli et al., 2003; Belayev et al., 2005;

Figure 9. FO treatment increases 4-HHE levels in mouse brains after MCAO. Mice were fed with a regular diet or an FO-enhanced
diet for 6 weeks followed by 60 min MCAO. At the indicated time points, brain tissues were harvested and subjected to Western slot
blots. A, B, Representative slot blots (A) and semiquantitative analyses (B) of the levels of 4-HHE modified proteins, showing
increased 4-HHE levels in FO-treated groups (n � 3; **p � 0.01 and *p � 0.05 vs control and regular diet groups at the same time
points). C, D, Representative slot blots (C) and semiquantitative analyses (D) of the levels of 4-HHE modified proteins, showing
decreased 4-HNE levels in FO-treated groups (n �3; **p � 0.01 and *p � 0.05 vs control and regular diet groups at the same time
points).

Figure 10. Potential mechanism of n-3 PUFA-mediated neuroprotection. 1, Under physiological conditions, Nrf2 is physically
“locked” with Keap1, which leads to proteasomal degradation of Nrf2 via the Cul3 (E3)-dependent pathway. 2, Under oxidative
stress conditions, such as brain ischemia and reperfusion, lipid oxidation produces �,�-unsaturated carbonyl electrophiles. n-3
PUFA-derived 4-HHE is more powerful than n-6 PUFA-derived 4-HNE in electrophilicity. 3, Four-HHE covalently reacts with cysteine
residues of Keap1, which causes conformational changes in Keap1, setting Nrf2 free. 4, Nrf2 then accumulates, translocates into the
nucleus, and binds the antioxidant response element (ARE) of phase 2 genes, leading to upregulation of HO-1 and other enzymes.
5, HO-1 protects the brain against ischemic damage by breaking down heme into biliverdin (antioxidative) and carbon monoxide
(CO; anti-inflammatory), reducing calcium overload and positive feedback on HO-1 expression. C, Cysteines; Cul3, cullin3; PLA2,
phospholipase A2; Ub, ubiquitin.
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Musiek et al., 2008; Zhang et al., 2010). It has also been reported
that n-3 PUFAs increased the phosphorylation of Akt after isch-
emia by regulating phosphatidylserine (Akbar et al., 2005) or
neuroprotectin D1 (Eady et al., 2012). However, these factors
may not comprise the entire extent of protective mechanisms
because DHA is still protective in single cell-type cultures (Akbar
et al., 2005; Begum et al., 2012) and the involvement of Akt in n-3
PUFA-mediated protection after ischemia is controversial
(Moreira et al., 2010). Thus, it was not clear before our studies
whether n-3 PUFAs participate in direct cellular protection. To
fully understand the protective mechanisms, it is first necessary
to recognize basic characteristics of n-3 PUFAs and the key dif-
ferences between n-3 PUFAs and n-6 PUFAs, as discussed below.

The dominant human dietary fatty acids are n-6, not n-3,
PUFAs (Schmitz and Ecker, 2008). The only structural difference
between them is that there is an extra carbon– carbon double
bond between the third and fourth carbons of n-3 PUFAs. How-
ever, this small difference confers two distinct features to n-3
PUFAs. First, it makes n-3 PUFAs shorter and the cell mem-
branes thinner, thereby increasing membrane fluidity and flexi-
bility (Eldho et al., 2003; Schmitz and Ecker, 2008). Fluidity and
flexibility are essential for highly curved or coiled membranes,
such as those in the synapses of neurons and rhodopsin disks of
the retina, which contain �35 and 50% DHA, respectively (Sa-
lem et al., 2001; Das, 2006), making the CNS rich in n-3 PUFAs.
The second feature of n-3 PUFAs is their increased susceptibility
to free radical attack (Roberts et al., 1998; Fam et al., 2002; Gao et
al., 2007; Yin et al., 2007; Brooks et al., 2008), because the unsat-
urated double-carbon bonds in PUFAs are extremely vulnerable
and n-3 PUFAs have one more double-carbon bond than n-6
PUFAs (Valentine and Valentine, 2004). For example, 3.4-fold
more oxidized product was generated from DHA compared with
n-6 arachidonic acid in a cell-free assay (Roberts et al., 1998).

Once oxidized, PUFAs undergo enzymatic or nonenzymatic
chain reactions, eventually generating end products of lipid per-
oxidation over a series of intermediate products. For example, the
specific end product of n-3 PUFAs is 4-HHE, whereas the corre-
sponding n-6 PUFA derivative is 4-HNE (Table 1). Four-HHE
and 4-HNE are both aldehydes, relatively stable, and high in con-
centration compared with intermediates of lipid peroxidation;
therefore, they may exert more biological effects than their inter-
mediates. Their biological effects are determined by their electro-
philicities and concentrations. Reactive oxygen species (ROS)
and their lipid peroxidation products are classically considered to
be detrimental; however, recent studies suggest that both also
play important roles in cellular signaling cascades (Yang et al.,
2003; Levonen et al., 2004; Lopachin et al., 2009a). This is espe-
cially true to the electrophiles (Satoh and Lipton, 2007; Uchida,
2007; Rudolph and Freeman, 2009; Bindoli and Rigobello, 2013).
FO or n-3 PUFAs may enhance this redox signaling because n-3
PUFAs are more susceptible to ROS and 4-HHE is a stronger
electrophile than 4-HNE. In support of this notion, our data also
indicate that 4-HHE is a potent inducer of Nrf2 activation in
neurons, and that more 4-HHE is generated in FO-fed mice.
Thus 4-HHE may mediate the neuroprotective effects of n-3
PUFAs against ischemic brain injury. In addition to neuronal
protection, protective effects of n-3 PUFAs have also been re-
ported in other cell types, such as adipocytes (Kusunoki et al.,
2013), liver cells (van Beelen et al., 2006), and mammary cells
(Gao et al., 2007). These protective effects are also thought to
occur via oxidation products, subsequent Nrf2 activation, and
phase 2 enzyme upregulation, suggesting that these mechanisms
commonly underlie n-3 PUFA-mediated protection.

The neuroprotective effects of Nrf2 (Shih et al., 2005; Shah et
al., 2007) and HO-1 (Panahian et al., 1999; Shah et al., 2011)
against ischemia are well recognized. Nrf2 has a short half-life
and exists at low basal levels under normal conditions because it
is degraded after binding Keap1 (Itoh et al., 1999). Keap1 is rich
in cysteine, and its Cys-151 and Cys-275 play important roles in
degrading Nrf2 (Kobayashi et al., 2004; Zhang et al., 2013). A
recent study shows that 4-HNE interacts with Cys-151 of Keap1
via Michael addition (McMahon et al., 2010), leading to Nrf2
activation. Four-HHE may function in a similar manner, though
direct evidence for this is not yet available. As a target gene of
Nrf2, HO-1 is also protective against brain ischemia, as HO-1
knock-out in mice exacerbates infarcts (Shah et al., 2011),
whereas HO-1 overexpression reduces infarcts (Panahian et al.,
1999; Zhang et al., 2012). In supporting previous reports
(Nimura et al., 1996; Fu et al., 2006), we also observed moderate
HO-1 expression in neurons early after ischemia in the core and
penumbra. In addition to degrading heme, this neuronal HO-1
may also protect by suppressing superoxide production and
maintaining nitric oxide bioavailability (Chao et al., 2013). The
strongest HO-1 signal was observed on day 3 in macrophages in
the ischemic core and in astrocytes in the peri-infarct zone. Their
role in neuroprotection is not clear. However, it is possible that
Nrf2 and HO-1 contribute to glial self-defense, as well as to the
clearance of cellular debris (Manoonkitiwongsa et al., 2001), the
neuroplasticity of macrophages (Michael-Titus and Priestley,
2013), and the generation of glial cell line-derived neurotrophic
factor and glutathione for astrocytes (Shin et al., 2012). All of
these features may contribute to long-term protection observed
in the present study. Further investigation will clarify their pre-
cise roles in neuroprotection.

In summary, our results reveal a novel neuroprotective mech-
anism underlying n-3 PUFA-mediated protection in the brain
(Fig. 10). The present study is the first demonstration of the
mechanistic involvement of 4-HHE and HO-1 in n-3 PUFA-
mediated neuroprotection in the ischemic brain. Thus, further
research into the activation of the Nrf2 pathway by n-3 PUFAs is
justified. Our study raises several novel questions. For example,
the precise amount of 4-HHE generated in the n-3 PUFA-treated
ischemic mouse brain is not known. It should also be noted that
Nrf2/HO-1 may not be the only mechanism through which n-3
PUFAs and lipid electrophiles protect cells, as lipid electrophiles
may also activate (Sethi et al., 2002) or inhibit additional signal-
ing pathways (Zhang et al., 2010; Shearn et al., 2011). This hy-
pothesis is also consistent with our findings that HO-1 inhibition
only partially attenuates n-3 PUFA-mediated protection in vivo.
Therefore, n-3 PUFAs may elicit long-term protection through
additional pathways other than Nrf2/HO-1. Further clarification
of these issues may help develop new dietary strategies for stroke
treatment.
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