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14,15-Epoxyeicosatrienoic acid (14,15-EET), a metabolite of arachidonic acid, is enriched in the brain cor-
tex and exerts protective effect against neuronal apoptosis induced by ischemia/reperfusion. Although
apoptosis has been well recognized to be closely associated with mitochondrial biogenesis and function,
it is still unclear whether the neuroprotective effect of 14,15-EET is mediated by promotion of mitochon-
drial biogenesis and function in cortical neurons under the condition of oxygen–glucose deprivation
(OGD). In this study, we found that 14,15-EET improved cell viability and inhibited apoptosis of cortical
neurons. 14,15-EET significantly increased the mitochondrial mass and the ratio of mitochondrial DNA to
nuclear DNA. Key makers of mitochondrial biogenesis, peroxisome proliferator activator receptor
gamma-coactivator 1 alpha (PGC-1a), nuclear respiratory factor 1 (NRF-1) and mitochondrial transcrip-
tion factor A (TFAM), were elevated at both mRNA and protein levels in the cortical neurons treated with
14,15-EET. Moreover, 14,15-EET markedly attenuated the decline of mitochondrial membrane potential,
reduced ROS, while increased ATP synthesis. Knockdown of cAMP-response element binding protein
(CREB) by siRNA blunted the up-regulation of PGC-1a and NRF-1 stimulated by 14,15-EET, and conse-
quently abolished the neuroprotective effect of 14,15-EET. Our results indicate that 14,15-EET protects
neurons from OGD-induced apoptosis by promoting mitochondrial biogenesis and function through CREB
mediated activation of PGC-1a and NRF-1.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Epoxyeicosatrienoic acids (EETs) are arachidonic acid metabo-
lites formed endogenously via the cytochrome P450 pathway.
There exist four regioisomers of EETs including 5,6-EET, 8,9-EET,
11,12-EET and 14,15-EET, which can be further metabolized to
supposedly less active diols by the soluble epoxide hydrolase [1].
It has been reported that 14,15-EET is enriched in the brain cortex
and exerts neuroprotective effect on neuronal cells in ischemia and
reperfusion. For instance, administration of 14,15-EET lessens
infarct size in global cerebral ischemia, inhibits astrocyte apoptosis
under oxygen–glucose deprivation (OGD) and reduces neurodeficit
score after middle cerebral artery occlusion (MCAO) [2–6]. How-
ever, the potential neuroprotective effect and underlying mecha-
nism of 14,15-EET against apoptosis in cortical neurons under
the condition of ischemia and reperfusion remain to be elucidated.

Lines of evidence have shown that the pathophysiological pro-
cess of cerebral ischemia is closely associated with the reduction
of mitochondrial biogenesis and function. For example, cerebral
ischemia results in declines of mitochondrial DNA (mtDNA) copy
numbers, ATP production and the mitochondrial membrane poten-
tial, whereas the level of reactive oxidative species (ROS) was
surged in rodent models [7,8]. The molecular markers of mitochon-
drial biogenesis include peroxisome proliferator activator receptor
gamma coactivator 1a (PGC-1a), nuclear respiratory factor 1 (NRF-
1) and mitochondrial transcription factor A (TFAM). PGC-1a, NRF-1
and TFAM are critical for the replication of mtDNA and the tran-
scription of nuclear-encoded genes relevant to mitochondrial func-
tion [9]. Mitochondrial biogenesis relies on the up-regulation of
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PGC-1a, NRF-1 and TFAM in normal or ischemic conditions [10–
12]. On the other hand, ischemia inhibits the expressions of PGC-
1a, NRF-1 and TFAM, and then reduces mitochondrial biogenesis
[10,13]. Recent studies report that the physiological role of EETs
is linked to the function of mitochondria, for instance, EETs protect
mitochondrial functions by limiting ROS generation and reducing
the loss of mitochondrial membrane potential, as well as preserv-
ing ATP synthesis in astrocyte, H9c2 cell and carcinoma cell line
[14–16]. Based on the above data, we hypothesized that 14,15-
EET may exert neuroprotective effect on cortical neurons against
OGD-induced apoptosis by enhancing the biogenesis and function
of mitochondria.

In the present study, we investigated the effects of 14,15-EET on
mitochondrial biogenesis, mitochondrial function, and apoptosis in
cultured cortical neurons induced by oxygen–glucose deprivation.
2. Material and methods

2.1. Reagents

14,15-EET was purchased from Cayman Chemical Company
(Cayman, USA). Maxima SYBR green qPCR master mix and bicinch-
oninic acid (BCA) were purchased from Thermo Fisher Scientific
(Rockford, IL). The antibodies against PGC-1a, b-actin, phospho-
CREB and CREB were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The antibodies against TFAM and NRF 1 were pur-
chased from Bioworld Technology (Minneapolis, USA). Lysis buffer
were purchased from Beyotime (Jiangsu, China). ECL Western blot-
ting reagent kits was purchased from Millipore (Billerica, MA).
Other chemicals were obtained from Life Technologies (Gaithers-
burg, MD) unless indicated otherwise.
2.2. Primary cortical neuron culture

All experiments were approved by the Institutional Animal Care
and Use Committee of Peking University. Primary cultures of corti-
cal neuron were prepared from the cortex of less than one day old
neonatal C57BL/6 mice. Brains were removed rapidly and placed in
cold Ca2+ and Mg2+-free dulbecco’s phosphate-buffered saline
(D-PBS). The cortex were dissected and were digested with 0.1%
trypsin–EDTA at 37 �C for 10 min, followed by termination of the
digestion with DMEM media containing 10% FBS. The mixture were
triturated with fire-polished glass pipettes and centrifuged at
1000 rpm for 5 min. The cells were plated in the poly-D-lysine-
coated dishes at a density of 70,000 cells/cm2 and maintained at
37 �C in a humidified 5% CO2 and 95% air atmosphere incubator.
The medium was replaced with neurobasal media supplemented
with 2% B27 and 1% L-glutamine after 4 h, and changed every
3 days. The cells were used at Day 7.
2.3. Oxygen–glucose deprivation and administration of 14,15-EET

The media were removed and cells were washed twice with
warm D-PBS. The cells were incubated with DMEM without glu-
cose in an oxygen-free incubator (95% N2 and 5% CO2) for 2 h. After
that, the cells were incubated with neurobasal/B27 in a humidified
95% air and 5% CO2 at 37 �C for 24 h reoxygenation and glucose res-
toration. The controls were incubated with high glucose DMEM
plus 10% FBS in atmosphere incubator (95% air and 5% CO2) for
24 h. The effective concentration of 14,15-EET, 20 nM, which was
determined by dose-dependent assay, was used 30 min before
OGD exposure.
2.4. Measurement of cell apoptosis

Cell apoptosis was detected by flow cytometry using Annexin V
Alexa Fluor 647 according to manufacturer’s protocol. Cultured
neurons were trypsinized and centrifuged at 1500 rpm for 5 min,
and washed twice by PBS. The cells were suspended, and incubated
with Annexin V-FITC and PI for 15 min in the dark at room temper-
ature, then analyzed with flow cytometry (BD Biosciences).

2.5. Total mRNA extraction and real-time PCR

Total mRNA was extracted using Trizol reagent, and quantified
with ultraviolet spectrophotometry. The cDNA was constructed
with First-Strand cDNA Synthesis Kit according to the manufac-
turer’s instructions. The real-time PCR was performed with Maxima
SYBR Green qPCR Master Mix in Mx3000 multiplex quantitative PCR
system (Stratagene, La Jolla, CA, USA). The following primers were
used: PGC-1a: sense, 50-GACGGATTGCCCTCATTT-30, antisense,
50-TTGTGGCTTTTGCTGTTG-30; NRF-1: sense, 50-ACGATGACTCGG-
ACATACTC-30, antisense, 50-TCGGATAG ATGGGTTAGACT-30; TFAM:
sense, 50-GAAACGCCTAAAGAAGAAAG-30, antisense, 50-TCCAAGCC-
TGA TTTACAAG-30; 18s rRNA: sense, 50-AACTTTCGATGGTAGTCGC-
30, antisense, 50-TTCCTTGGATGTGGT AGCC-30.

2.6. siRNA transfection

The CREB and scrambled siRNA were purchased from Gene-
Pharma (Shanghai, China). The oligonucleotide sequences were as
follows. CREB siRNA: sense: 50-GGUACUACCAUUCUACAAUTT-30,
antisense: 50-AUUGUAGAAUGGUAGUACCTT-30; Scrambled siRNA:
sense: 50-UUCUCCGAACGUGUCACGUTT-30, antisense: 50-ACGUGA-
CACGUUCGGAGAATT-30. Seven days after cultured in vitro, the
cells were transfected with 50 nM CREB siRNA using lipofectamine
RNAiMAX according to the manufacturer’s instructions [17].

2.7. Measurement of mitochondrial DNA (mtDNA)

The total DNA was extracted using GeneRay DNA kit (Shanghai,
China) according to the manufacturer’s instructions. The mtDNA
copy number was measured by real-time PCR with mtDNA primers
(cytochrome C oxidase subunit I) (sense, 50-TCGGAA CCCTC TACCT-
ATT-30, antisense, 50-GGCTGTGACGATGACATTA-30) and 18s rRNA
primers (sense, 50-AACTTTCGATGGTAGTCGC-30, antisense, 50-TTC-
CTTGGATGTGGTAGCC-30). The ratio of mtDNA to 18s rRNA was
calculated, and served as the mtDNA copy number in every group.

2.8. Mitochondrial mass analysis

To analyze mitochondrial mass, the cortical neurons were
plated on coverglass bottom dish. After treatments indicated in
each group, cells were washed twice with PBS, and mitochondria
stained with 30 nM MitoTracker-Red according to the manufac-
turer’s instructions. Cell nuclei were determined by Hoechst
33342. The fluorescent images were captured by confocal laser
scanning microscopy (Leica TCS SP5, Wetzlar, Germany). The
average red fluorescent intensity in every cell was analyzed by
Image J software (NIH), to indicate mitochondrial mass.

2.9. Measurement of ROS

The production of ROS within mitochondria was measured
using reactive oxygen species assay kit according to the manufac-
turer’s instructions. Briefly, the cortical neurons were incubated
with 10 lM DCFH-DA for 20 min at 37 �C, and then washed three
times with warm serum-free DMEM. The fluorescent images were



606 L. Wang et al. / Biochemical and Biophysical Research Communications 450 (2014) 604–609
captured by confocal laser scanning microscopy (Leica TCS SP5,
Wetzlar, Germany) with identical exposure settings. The fluores-
cent intensity in each group was analyzed by Image J software.
Ten fields were taken randomly in each group, and quantified for
average fluorescent intensity.

2.10. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential (DWm) was measured
using JC-1 kits according to the manufacturer’s instructions, which
is specific fluorescent probe for DWm. The cortical neurons were
washed by warm PSB and incubated with JC-1 at a final concentra-
tion 2 lg/ml for 25 min at 37 �C. The images were captured by con-
focal laser scanning microscopy (Leica TCS SP5, Wetzlar, Germany)
with both red and green channels using identical exposure
settings. The ratio of fluorescent intensity of the red to green was
analyzed by Image J software, and represented DWm level.

2.11. Measurement of intracellular ATP

The intracellular ATP levels were measured using a luminescent
cell viability assay (Promega, USA) according to the manufacturer’s
instructions.

2.12. Western blotting analysis

The cortical neurons were washed with ice-cold PBS, and lysed
in RIPA buffer supplemented 1 mM PMSF on ice. The lysates were
centrifuged with 12,000 rpm for 15 min at 4 �C, and determined
protein concentration using the BCA kit. After separated by
Fig. 1. Effects of 14,15-EET on mitochondrial biogenesis and apoptosis in cortical neuro
Mitochondrial mass was measured by Mito-Tracker Red Staining with confocal laser
Apoptosis was detected by flow cytometry with Annexin-V-FITC + PI dual parameters.
⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001 versus Control, #P < 0.05, ##P < 0.01 and ###P < 0.001 versus OG
referred to the web version of this article.)
SDS–PAGE, the extracted protein were transferred to a PVDF
membrane, and blocked with 5% non-fat milk for 1 h at room
temperature. The PVDF membranes were incubated with primary
antibodies overnight at 4 �C, and washed with TBST three time.
Then the blots were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:4000 dilution) for 1 h at room
temperature. Finally, the bands were detected with ECL reagent
kits, and exposed to film.

2.13. Statistics and data analysis

Data are expressed as the mean ± SEM. The significance differ-
ence among multiple groups were evaluated by one-way analyses
of variance (ANOVA), and P < 0.05 were considered significant.

3. Results

3.1. 14,15-EET promoted mitochondrial biogenesis and inhibited
apoptosis in cortical neurons under OGD

The copy number of mtDNA was significantly raised by 14,
15-EET pretreatment and remarkably reduced by OGD. The OGD-
induced reduction of mtDNA levels was effectively prevented by
14,15-EET (Fig. 1A). Mito-Tracker Red Staining showed that the
fluorescence intensity (mitochondrial mass) was diminished in
OGD-treated neurons and restored by treatment with 14,15-EET
(Fig. 1B). The expression level of mitochondrial protein, voltage-
dependent anion channels (VDAC), was significantly decreased in
cortical neurons after OGD injury and recovered by 14,15-EET
pretreatment (Fig. 1C). OGD remarkably increased apoptosis in
ns. (A) The mtDNA copy number was evaluated by quantitative real-time PCR. (B)
scanning microscopy. (C) Levels of VDAC were analyzed by Western blotting. (D)

Data are expressed as means ± SEM of three independent experiments. ⁄P < 0.05,
D. (For interpretation of the references to color in this figure legend, the reader is



Fig. 2. Effects of 14,15-EET on the expressions of PGC-1a, NRF-1 and TFAM. (A) mRNA levels of PGC-1a, NRF-1 and TFAM were measured by Real-time PCR. (B) Protein levels
of PGC-1a, NRF-1 and TFAM were quantified by Western analysis. Data are expressed as means ± SEM of three independent experiments. ⁄P < 0.05 and ⁄⁄P < 0.01 versus
Control, #P < 0.05 and ##P < 0.01 versus OGD.
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cultured cortex neurons. The proapoptotic effect of OGD was
abolished by preincubation with 14,15-EET (Fig. 1D).

3.2. 14,15-EET enhanced the expressions of PGC-1a, NRF-1 and TFAM

Activations of PGC-1a, NRF-1 and TFAM are responsible for the
mitochondrial biogenesis, we thus measured expressions of these
transcription factors at mRNA and protein levels. Real-time PCR
showed that mRNA levels of PGC-1a, NRF-1 and TFAM were signif-
icantly increased by the treatment of 14,15-EET. Oxygen–glucose
deprivation markedly suppressed the mRNA levels of PGC-1a,
NRF-1 and TFAM, which was effectively prevented by pre-incuba-
tion with 14,15-EET (Fig. 2A). Western analysis demonstrated a
similar effect of 14,15-EET (Fig. 2B).

3.3. 14,15-EET preserved mitochondrial functions in neurons under
OGD

To evaluate the protective effect of 14,15-EET on mitochondrial
functions, we measured the capacity of ATP production, alteration
of mitochondrial membrane potential and generation of reactive
oxygen species (ROS) of cultured cortical neurons following OGD.
The elevation of ATP content and mitochondrial membrane poten-
tials were observed in the 14,15-EET treated neurons as measured
by Luminescent Cell Viability Assay and JC-1 Staining. A significant
decrease in ATP content and mitochondrial membrane potential
was detected in the condition of OGD, which was effectively
restored by 14,15-EET pre-treatment (Fig. 3A and B). The fluores-
cent intensity of ROS was elevated in cortical neurons under
OGD condition, which was significantly inhibited by 14,15-EET
pre-treatment (Fig. 3C).

3.4. CREB Knockdown by siRNA abolished the protective effects of
14,15-EET via reducing mitochondrial biogenesis

CREB signal pathway plays important role in mitochondrial bio-
genesis [18], therefore we investigated the role of CREB signal
pathway in the neuroprotective effects of 14,15-EET. Up-regulation
of phosphorylated CREB was observed in the cortical neurons trea-
ted with 14,15-EET. In the condition of OGD, the phosphorylation
of CREB was decreased, which was remarkably restored by
pretreatment of 14,15-EET (Fig. 4A). Treatment with 14,15-EET
increased the protein expression levels of PGC-1 and NRF-1, which
was blocked by CREB siRNA (Fig. 4B and C). Silencing of CREB gene
expression by RNA interference entirely eliminated the neuropro-
tective effect of 14,15-EET on OGD-induced apoptosis in cultured
cortical neurons (Fig. 4D).

4. Discussion

The 14,15-EET is enriched in the brain cortex and exerts neuro-
protective effect on neuronal cells in ischemia and reperfusion



Fig. 3. Effect of 14,15-EET on the mitochondrial function in cortical neurons under OGD condition. (A) ATP levels were detected with Luminescent Cell Viability Assay. (B) The
mitochondrial membrane potential was measured by the ratio of red to green fluorescence of JC-1 staining. (C) Generation of ROS was measured with DCFH-DA by confocal
laser scanning microscopy. Data are expressed as means ± SEM of three independent experiments. ⁄P < 0.05 and ⁄⁄P < 0.01 versus Control, #P < 0.05 and ##P < 0.01 versus OGD.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. 14,15-EET enhanced expressions of PGC-1a and NRF-1 through CREB signal pathway. (A) The phosphorylation level of CREB was detected by Western analysis. (B and
C) Expressions of PGC-1a and NRF-1 were detected and quantified by Western analysis. (D) Apoptosis was measured by flow cytometry. Data are expressed as means ± SEM
of three independent experiments. ⁄P < 0.05, ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001 versus control; §P < 0.05 versus OGD; #P < 0.05 and ##P < 0.01 versus OGD + scrambled siRNA; &P < 0.05
versus14,15-EET + OGD + scrambled siRNA.
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[2–6]. Numerous studies demonstrate that the decline in mito-
chondrial biogenesis and suppression of mitochondrial function
are involved in the essential pathological processes of the neuronal
injury induced by ischemia and reperfusion [19–23]. Our study
further shows that 14,15-EET protects cortical neurons from
oxygen/glucose deprivation induced-apoptosis by enhancing
mitochondrial biogenesis and function.

Several studies have shown that the mitochondrial mass, the
copy number of mtDNA, ATP production, and ROS generation are
aberrant in the processes of hypoxia/reoxygenation or ischemia/
reperfusion [20–23]. We found that 14,15-EET protected the corti-
cal neurons from oxygen/glucose deprivation-induced apoptosis
by increasing mitochondrial mass, mtDNA copy number, ATP syn-
thesis as well as reducing generation of ROS. These observations
suggest that 14,15-EET protects cortical neurons from apoptosis
by enhancing mitochondrial biogenesis and function. Contradict-
ing to our finding, recent studies have shown that the mitochon-
drial density, the expression levels of PGC-1a, NRF-1, TFAM,
HSP60 and COXIV were elevated in a rat model in the hypoxic/
ischemic brain injury [24]. Expressions of mitochondrial voltage-
dependent anion channel and Complex V, as well as mitochondrial
DNA levels have also been reported to be increased following the
oxygen–glucose deprivation in cultured rat cortical neurons [25].
Reasons accounting for these conflicting results are currently
unknown, but may be related to the difference in the ischemic
models, animal strains and the procedure of the experiment.

A recent study reports that elevated expressions of NRF-1, TFAM,
and increased mtDNA copy number are induced by pretreatment
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with sublethal lipopolysaccharide, which attenuates apoptosis of
cortical neurons in ischemic model in vitro [26]. Overexpression
of TFAM stimulates mitochondrial biogenesis to reduce neuronal
apoptosis after transient forebrain ischemia in mice [13]. Consistent
with these reports, our study suggests that increased expressions of
PGC-1a, NRF-1 and TFAM are critical for the neuroprotective role of
14,15-EET. The 14,15-EET may enhance the expressions of nuclear
gene-encoded mitochondrial proteins through PGC-1a and NRF-1
signaling pathways, and the expressions of mitochondrial gene-
encoded proteins by activating TFAM pathway, respectively. Hence,
14,15-EET may antagonize apoptosis by promoting the expressions
of mitochondrial proteins through PGC-1a, NRF-1 and TFAM path-
ways under the condition of shortage of oxygen and nutrients.

It is well documented that PGC-1a, the master regulator of mito-
chondrial biogenesis, is regulated by cAMP response element-
binding protein (CREB) [18]. Activation of PGC-1a stimulates the
expression of NRF-1 which consequently upregulates the function
of TFAM to promote the mitochondrial biogenesis [9]. Our results
show that phosphorylation of CREB was robustly up-regulated by
treatment of 14,15-EET. Silencing CREB gene expression by RNA
interference markedly inhibits the expressions of PGC-1a and
NRF-1 stimulated by 14,15-EET, and subsequently abolished the
neuroprotective effect of 14,15-EET on cortical neurons against
apoptosis. These results demonstrate that 14,15-EET promotes
mitochondrial biogenesis and function by activating PGC-1a and
NRF-1 through CREB pathway, which contributes to the neuropro-
tective actions of 14,15-EET.

In conclusion, our study suggests that 14,15-EET protects corti-
cal neurons from oxygen–glucose deprivation-induced apoptosis
through enhancing mitochondrial function and biogenesis via
CREB signaling pathway.
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