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BACKGROUND AND PURPOSE

Dietary intake of ®-3 polyunsaturated fatty acids (w-3 PUFAs) like eicosapentaenoic acid (EPA) decreases cancer risk,

while arachidonic acid and other o-6 PUFAs increase risk, but the underlying mechanisms are unclear. Cytochrome P450
(CYP)-derived epoxides contribute to enhanced tumourigenesis due to w-6 PUFA intake. Thus, w-6 arachidonic acid epoxides
(EETs) inhibit apoptosis and stimulate proliferation by up-regulating cyclin D1 expression in cells. The present study evaluated
the corresponding ®-3 PUFA epoxides and assessed their role in the regulation of cell proliferation.

EXPERIMENTAL APPROACH

Four chemically stable EPA epoxides (formed at the 8,9-, 11,12-, 14,15- and 17,18-olefinic bonds) were synthesized and
tested against growth-related signalling pathways in brain microvascular endothelial bEND.3 cells. Cell cycle distribution
was determined by flow cytometry and cyclin gene expression by immunoblotting and real-time PCR. The role of the
p38 mitogen-activated protein (MAP) kinase in cyclin D1 dysregulation was assessed using specific inhibitors and
dominant-negative expression plasmids.

KEY RESULTS

The ©-3 17,18-epoxide of EPA decreased cell proliferation, interrupted the cell cycle in S-phase and down-regulated the cyclin
D1/cyclin-dependent kinase (CDK)-4 complex, whereas the 8,9-, 11,12- and 14,15-epoxides were either inactive or enhanced
proliferation. Cyclin D1 down-regulation by 17,18-epoxy-EPA was mediated by activation of the growth-suppressing p38 MAP
kinase, but the alternate EPA-epoxides were inactive.

CONCLUSIONS AND IMPLICATIONS
The present findings suggest that the epoxide formed by CYP enzymes at the ®-3 olefinic bond may contribute to the
beneficial effects of ®-3 PUFA by down-regulating cyclin D1 and suppressing cell proliferation.

Abbreviations

AA, arachidonic acid; CDK, cyclin-dependent kinase; CDKi, cyclin-dependent kinase inhibitor; CYP, cytochrome

P450; DMEM, Dulbecco’s modified eagle medium; DN, dominant-negative expression plasmid; ECL, enhanced
chemiluminescence; EET, epoxyeicosatrienoic acid; EPA, eicosapentaenoic acid; ERK, extracellular signal-regulated
kinase; JNK, c-Jun-N-terminal kinase; MAP kinase, mitogen-activated protein kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-biphenyl tetrazolium bromide; PUFA, polyunsaturated fatty acid
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Introduction

Epidemiological studies suggest that there is an inverse rela-
tionship between cancer rates in humans and intake of -3
polyunsaturated fatty acids (PUFAs), such as eicosapen-
taenoic acid (EPA; 20:5w-3) (Bougnoux, 1999). In contrast,
intake of w-6 PUFAs, such as arachidonic acid (AA, 20:4w-6),
increases the risk of tumourigenesis (Maillard et al., 2002).
Although the mechanisms by which PUFAs influence tumour
progression have not been fully elaborated, findings from
several laboratories, including our own, suggest that biotrans-
formation to eicosanoid products may be important (Tapiero
et al., 2002; Szymczak et al., 2008).

Recent evidence indicates that epoxyeicosatrienoic acids
(EETs) formed by the action of cytochromes P450 (CYPs) on
AA stimulate tumour cell growth. AA-derived EETs promote
the neoplastic phenotype of carcinoma cells and increase the
proliferation of tumour cells (Chen et al., 2001; Jiang et al.,
2005). Furthermore, EETs may also enhance tumour growth
by stimulating angiogenesis (Fleming, 2007), which increases
delivery of nutrients and oxygen to tumours and promotes
metastatic disease.

Cell growth is highly controlled, involving the coordi-
nated activation of numerous regulatory proteins including
cyclins, catalytic cyclin-dependent kinase (CDK) subunits
and CDK inhibitors (CDKi) (Walker and Assoian, 2005).
Cyclin D1 is a pivotal component that is activated in
response to mitogens at the point of entry to the cell cycle.
The cyclin D1/CDK4 complex regulates the transition to
S-phase in cells and acts in concert with cyclin E/CDK2 to
phosphorylate the retinoblastoma protein and activate genes
that enable the progression of the cell cycle towards mitoge-
nesis (Stacey, 2003). In previous studies the treatment of cells
with EETS, or over-expression of CYP epoxygenases, activated
cyclin D1 expression and accelerated cell cycle progression
(Potente et al., 2002). In coculture systems, astrocytes, which
generate and release EETs, stimulated mitogenesis and angio-
genesis in cerebral microvascular endothelial cells (Zhang
and Harder, 2002). These actions of EETs may be elicited via
modulation of the activity of several receptor-mediated sig-
nalling pathways, including those for ligands such as throm-
boxane, peroxisome proliferators and epidermal growth
factor (Chen etal.,, 1999; Michaelis etal., 2003; Ng etal.,
2007; Behm et al., 2009); however, a clear consensus regard-
ing potential mechanisms has not yet emerged. Importantly,
in the context of tumour cell proliferation, it has been dem-
onstrated that 14,15-EET inhibits apoptosis and promotes cell
survival (Potente et al., 2003). An important target for the
promitogenic activity of EETs appears to be the cell cycle
regulatory gene cyclin D1 (Potente et al., 2002; Michaelis
etal., 2003).

The antitumour effects of ®w-3 PUFAs have been tested
using a range of experimental approaches, including cultured
cells, animal models and clinical studies (Rose and Connolly,
1993; Grammatikos et al., 1994), but their mode of action has
not yet been established. In view of the wide tissue distribu-
tion of CYP PUFA epoxygenases, the objective of the present
work was to address the possibility that epoxides may con-
tribute to the beneficial actions of ®-3 PUFA in the regulation
of cell proliferation. The present study offers evidence that
17,18-epoxy-EPA, which possesses an epoxide at the w-3
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double bond of EPA, impairs cellular proliferation. The prin-
cipal finding to emerge was that 17,18-epoxy-EPA selectively
decreased the expression of cyclin D1 and its functional
partner CDK4, and paused the cell cycle in S-phase. Further-
more, 17,18-epoxy-EPA selectively activated the growth-
suppressing p38 mitogen-activated protein (MAP) kinase
(Ensembl ID ENSG00000112062) pathway to down-regulate
cyclin D1. This effect was specific for the 17,18-epoxide of
EPA because the alternate epoxy-EPA regioisomers were inac-
tive. The p38 MAP kinase has been found to be a target for
®-3 PUFA in vascular cells (Diep et al., 2000; Abedin et al.,
2006); the present findings suggest that these actions may be
mediated, at least in part, by ®-3 PUFA epoxides.

Methods

Materials

The reagents used in this work were obtained as follows:
8,9-EET, 11,12-EET, 14,15-EET and the extracellular signal-
regulated kinase (ERK) inhibitor PD98059 (Cayman Chemi-
cal, Ann Arbor, MI, USA); the p38 and c-Jun-N-terminal
kinase (JNK) MAP kinase inhibitors SB203580 and SP600125
respectively (Alexis Biochemicals, Farmingdale, NY, USA);
dimethyl sulphoxide (DMSO), RNase A, propidium iodide,
3-(4,5-dimethylthiazol-2-yl)-2, 5-biphenyl tetrazolium
bromide (MTT), horseradish peroxidase-conjugated anti-
rabbit and anti-mouse IgGs, and etoposide (Sigma Chemical,
St. Louis, MO, USA); trypan blue and Lipofectamine™ 2000
(Invitrogen, Mount Waverley, Vic., Australia); Ponceau S red
stain (ICN biomedical, Solon, OH, USA); Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum, L-glutamine,
trypsin/EDTA, penicillin and streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA); phosphate-buffered saline
(PBS) (Amresco, Solon, OH, USA); anti-cyclin A, anti-cyclin
B1, anti-cyclin E, anti-cyclin D1, anti-CDK4, anti-CDK6 and
anti-B-actin antibodies (Santa Cruz biotechnology, Santa
Cruz, CA, USA); rabbit antibodies against p38, ERK and JNK
MAP kinases, and phospho-p38, phospho-ERK and phospho-
JNK MAP kinases (Cell Signalling Technology, Arundel, Qld,
Australia) and anti-p27"?! and anti-p21“* antibodies (BD Bio-
sciences, San Jose, CA, USA); colorimetric caspase-3 activity
assay kit (Promega, Annandale, NSW, Australia); bicincho-
ninic acid protein assay kit (Pierce Biotechnology, Woburn,
MA, USA); enhanced chemiluminescence (ECL) detection
reagents and Hyperfilm ECL autoradiography film (Amer-
sham Biosciences, Little Chalfont, Buckinghamshire, UK).

Synthesis of 17,18-, 14,15-, 11,12- and
8,9-epoxy-EPA isomers

The methyl ester of EPA was synthesized as described previ-
ously (Cui et al., 2009). m-Chloroperoxybenzoic acid (3 mM)
in dichloromethane was added to the EPA methyl ester,
excess acid was neutralized with aqueous sodium hydrogen
carbonate (5%), and the organic phase was dried with anhy-
drous sodium sulphate. The isomeric monoepoxides were
partially resolved by normal-phase short-column vacuum
chromatography (4 cm x 5 cm i.d.) using ethyl acetate : hex-
ane (2:98). An Alltech Econosil Silica column (10 pm;
250 mm x 10 mm i.d.) was used to purify the monoexpoxides



on a Beckman System Gold 126P system (Global Medical-
Instrumentation, Ramsey, MN, USA) with a mobile phase of
ethyl acetate : hexane (3:97). Structures were assigned using
1D- and 2D-NMR and LC-MS/MS.

Individual epoxy-EPA methyl esters were hydrolysed to
the corresponding epoxy-acids with NaOH at 50°C. After
acidification with 1 M HCI, epoxy-acids were extracted with
dichloromethane and analysed by 300 MHz 'H-NMR before
further purification wusing normal-phase short-column
vacuum chromatography. Structures were confirmed by
LC-MS and LC-MS/MS, using negative ion electrospray ion-
ization as described previously (Cui et al., 2009).

Cell culture and cell treatments

Astrocytes have been shown to generate EETs that regulate
proliferation and differentiation in adjacent microvascular
endothelial cells in a paracrine fashion (Zhang and Harder,
2002). Thus, endothelial cells are an important target cell for
CYP-derived PUFA epoxides. In the present study, the
polyoma virus middle T antigen-transformed bEND.3
microvascular endothelial cell line (generously provided by
Prof. N. H. Hunt, Department of Pathology, University of
Sydney, NSW, Australia) was used to study the actions of
individual epoxy-EPA and EET isomers. Cells were main-
tained in monolayers at 37°C in DMEM containing penicillin
and streptomycin, L-glutamine and 10% fetal bovine serum
in an atmosphere of 95% air and 5% CO,. Cells were seeded
in 24-well plates (7 x 10* cellss-mL™ per well) and media was
replaced after 24 h with serum-free DMEM to synchronize
cells in GO-phase. Test compounds were added 24 h later in
fresh serum-free medium. In experiments with MAP kinase
inhibitors, cells were treated with SB203580 (p38 MAP kinase
inhibitor, 25 uM), SP600125 (JNK MAP kinase inhibitor,
25 uM) or PD98059 (ERK MAP kinase inhibitor, 10 uM),
respectively, 2 h before the addition of 17,18-epoxy-EPA
(10 uM in 0.03% DMSO); solvent alone was added to control
cells.

Transient transfection of bEND.3 cells with

a dominant-negative mutant of p38

MAP kinase

Plasmid DNA (2 ug) encoding a dominant-negative mutant of
the p38 MAP kinase (generously provided by Dr R. J. Davis,
Howard Hughes Medical Institute, University of Massachu-
setts Medical School, Worcester, MA, USA) was transfected
into bEND.3 cells using Lipofectamine™ 2000 in serum-free
DMEM according to the manufacturer’s protocol. Twenty-
four hours later, transfection medium was replaced with
serum-free DMEM containing 17,18-epoxy-EPA (10 uM) or
DMSO (0.03%, control) for 6 or 16 h.

Cell morphology, proliferation and apoptosis
17,18-epoxy-EPA-treated and untreated cells were washed
with PBS and morphological changes were observed using an
OlympuS-phase-contrast microscope (Melville, NY, USA).
Cells were then harvested with trypsin/EDTA and viable cells
were counted by trypan blue exclusion.

Effects of EETs and epoxy-EPA derivatives on cell prolif-
eration were quantified by the reduction of MTT at 540 nm in
a PerkinElmer multilabel counter (Waltham, MA, USA); the
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topoisomerase II inhibitor etoposide (10 pM) was used as a
positive control. In further experiments, cells were harvested
with trypsin/EDTA, resuspended in serum-free medium, and
reconstituted Caspase-Glo3/7 reagent (Promega) was added
for the assessment of apoptosis. Luminescence was measured
using a PerkinElmer multilabel counter.

Cell cycle analysis

Treated cells were fixed overnight at —20°C in 80% ethanol,
centrifuged at 660x g for 15 min at 4°C and 0.1 M PBS con-
taining 0.1% NP40, and 0.1 mg-mL™" RNAse A was added. After
being stained with propidium iodide (50 ug-mL™), cells were
incubated on ice for 1 h and subjected to flow cytometry on a
FACS-Calibur instrument (BD Biosciences) using CellQuest
software (BD Biosciences, North Ryde, NSW, Australia). The
cell cycle distribution was determined using Modfit version 1.2
(Verity Software House, Topsham, ME, USA).

Western blot analysis

Treated cells were harvested in trypsin/EDTA and lysed in
buffer containing 1% Igepal, 0.5% sodium deoxycholate,
0.1% sodium dodecylsulphate, 0.1 mM phenylmethylsulpho-
nyl fluoride, 5 pug-mL™ aprotinin and 5 ug-mL™ leupeptin.
Washed pellets were isolated by centrifugation and the
protein contents of lysates were determined by the bicincho-
ninic acid method.

Lysate protein (20 ug) was electrophoresed on 12%
sodium dodecylsulphate-polyacrylamide gels and transferred
to nitrocellulose membranes (Whatman, Dassel, Germany)
essentially as described previously (Murray etal., 200S5).
Membranes were probed overnight at 4°C with the primary
antibodies followed by washing and incubation with horse-
radish peroxidase-labelled anti-mouse IgG or anti-rabbit IgG.
Detection was performed by ECL and autoradiography. X-ray
films were analysed using a Bio-Rad GS-800 Calibrated Den-
sitometer (Hercules, CA, USA). Membranes were re-probed for
B-actin to normalize protein expression.

RNA extraction and real-time RT-PCR

Total RNA was extracted using Tri Reagent (Astral Scientific,
Gymea, NSW, Australia) according to the manufacturer’s pro-
tocol and was quantified spectrophotometrically. RNA
samples were DNAse treated (RQ1 kit, Promega) and the first
cDNA strands for cyclin D1 and RPL-13a were generated
using iScript (Bio-Rad). PCR products were cloned into the
PGEM-T vector (Promega) and plasmid DNA was used to
generate the standard curves for cyclin D1 and RPL-13a. Pre-
viously reported gene-specific primers for cyclin D1 (Floyd
etal., 2006) and the internal control RPL-13a (Ball et al.,
2007) were used in gene amplification. Cycling conditions
(Rotor-Gene™ 6000; Corbett Research, Sydney, NSW, Austra-
lia) were as follows: 95°C (15 min); 40 cycles of denaturation
(95°C, 305s); annealing (59°C, 1min); elongation (72°C,
1 min).

Real-time RT-PCR was performed using the QuantiTect
SYBR Green RT-PCR kit (Qiagen, Doncaster, Vic., Australia),
and the purity of RT-PCR products was assessed by melting
curve analysis. For each gene, three or four independent
experiments were performed with triplicate aliquots of each
RNA sample and the cyclin D1 copy number was normalized
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to RPL-13a. Gene expression of cyclins A and E (Schmetsdorf
etal.,, 2007) was quantified by delta, delta C; analysis by
co-amplification with RPL-13a: relative expression = 274
where AACt = (ACtuget — ACtrpr13a)wreated — (ACtuarger — ACtgpL-
13a)control (Livak and Schmittgen, 2001).

Statistical analysis

All data are expressed as means = SEM. After one-way ANOVA,
the Fisher’s protected least significant difference test was used
to detect differences between multiple treatments. The
number of replicate experiments is indicated in figure
legends.

Results

Synthesis and characterization of

epoxy-EPA isomers

In order to investigate the effects of the individual monoe-
poxides of EPA, the isomers were synthesized as described in
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the Methods section. Because the potential biological activity
of contaminants could confound experimental outcomes,
the purity of the products was assessed by LC-MS and found
to be at least 90%, 95%, 95%, 95% and 87% for 17,18-,
14,15-, 11,12-, 8,9- and $5,6-epoxy-EPA respectively; reten-
tion times on reversed-phase C18 column chromatography
were 11.8, 12.4, 12.6, 12.9 and 13.8 min respectively (I-V;
Figure 1A). Structures (Figure 1B) were further characterized
by MS/MS of the negative molecular ions ([M-H]; m/z, 317),
which were observed in the spectra of each compound
(Figure 1C). The unique fragmentation patterns show major
peaks arising from cleavage of epoxides and o- to the epoxy
ring (Figure 1B) as proposed previously (Cui etal., 2009).
These characteristic fragments, arising principally from
[M-H]- and [M-H-COOH]", respectively, are indicated as
structures a and b in the panels showing the 17,18- and
14,15-epoxy-EPA isomers (I and II respectively; Figure 1B).
However, 5,6-epoxy-EPA was chemically unstable and was
not included in subsequent experiments undertaken in
cells.
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LC-MS and MS/MS analysis of eicosapentaenoic acid (EPA) monoepoxides. (A) Retention times of isomeric EPA monoepoxides on reverse-phase
LC-MS: 17,18-epoxide (1), 14,15-epoxide (Il), 11,12-epoxide (lll), 8,9-epoxide (IV) and 5,6-epoxide (V). (B) Structures and predicted fragments
arising from the epoxide ring systems in isomeric EPA monoepoxides (I-V) on MS/MS analysis. (C) MS/MS spectra showing major diagnostic ions

for EPA monoepoxide isomers (I-V).
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17,18-epoxy-EPA, but not other epoxy-EPA
isomers, inhibits cell proliferation

MTT reduction was used to assess the effects of the four stable
epoxides of EPA (17,18-, 14,15-, 11,12- and 8,9-epoxy-EPA) on
the proliferation of cells that had been synchronized by
removal of serum. Proliferation was decreased by 17,18-
epoxy-EPA (10 uM, P < 0.01) to 61 = 6% of control after 24 h
of treatment, whereas the 8,9- and 11,12-isomers (10 uM)
elicited slight increases in MTT reduction by 22 + 8% and 20
+ 3% over control, respectively (P < 0.05), and 14,15-epoxy-
EPA was without significant effect (Figure 2A). The actions of
17,18-epoxy-EPA were apparently maximal at 10 uM and
were not increased further at 50 uM (Figure 2B). Similarly,
when tested at a concentration of 50 uM, the effects of 8,9-,
11,12- and 14,15-epoxy-EPA on MTT reduction (124 * 6, 114
+ 10 and 104 = 13% of control respectively) were similar to
those observed at 10 uM. By comparison, epoxides formed
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from ©-6 AA (8,9-EET, 11,12-EET and 14,15-EET; 10 uM)
increased bEND.3 cell proliferation by 45 = 14%, 42 = 5%
(both P < 0.05) and 71 = 36% (P < 0.01) over control respec-
tively (Figure 2A).

Short-term treatment with 17,18-epoxy-EPA for 6 and
24 h produced morphological changes in bEND.3 cells that
were consistent with decreased cell growth and proliferation.
Compared to control cells, the viable cell density was
decreased by treatment with 17,18-epoxy-EPA (10 uM for 6
and 24 h) and there were increased numbers of unattached
non-viable cells (Figure 2C); similar morphological effects
were observed up to 72 h of treatment (not shown). A single
application of 17,18-epoxy-EPA to cells decreased cell viabil-
ity (as determined by trypan blue exclusion assay) by 37 =
12% and 31 *= 3% relative to time-matched control, after 6
and 24 h of treatment respectively (Figure 2D). By compari-
son, the 11,12-isomer increased cell viability slightly
after 24 h of treatment to 112% of DMSO-treated control
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Effects of eicosapentaenoic acid (EPA) monoepoxides on cell proliferation. (A) Effects of alternate EPA monoepoxides and epoxyeicosatrienoic acid
(EET) isomers (10 uM) on cell proliferation. (B) Concentration-dependent effects of 17,18-epoxy-EPA on MTT reduction in bEND.3 cells over 24 h.
(C) Appearance of cultured cells 6 and 24 h after treatment with 17,18-epoxy-EPA (10 uM), showing decreased confluence and increased
non-viable unattached cells; magnification: x20. (D) Trypan blue exclusion assay showing decreases in number of viable cells after 6 and 24 h of
treatment with 17,18-epoxy-EPA (10 uM; solid columns) relative to control (open columns). (E) Time-dependent decreases in MTT reduction in
bEND.3 cells treated with 17,18-epoxy-EPA (10 uM) at 24 h intervals. (F) Caspase-3 activity in 17,18-epoxy-EPA-treated (10 uM) bEND.3 cells after
6 and 24 h. Data are means = SEM of three separate experiments. Different from corresponding time-matched control: *P < 0.05, **P < 0.01,

***P < 0.001.
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(P < 0.05), but the other isomers were inactive. To test
whether degradation may limit the effects of a single appli-
cation, 17,18-epoxy-EPA (10 uM) was added at 24 h intervals
(Figure 2E). Cell proliferation (MTT reduction) in synchro-
nized cells decreased progressively by 23 = 4% (24 h), 27 =
2% (48 h) and 34 = 3% (72 h) compared with corresponding
time-matched controls. These data suggest that the effects of
the epoxide on cell proliferation may be relatively short-term.

We tested the additional possibility that the decreased
proliferation of bEND.3 cells elicited by 17,18-epoxy-EPA
might be due to increased apoptosis. Because of the central
role of caspase-3 in apoptotic pathways, the effect of 17,18-
epoxy-EPA on the activity of the enzyme was assessed.
Although caspase-3 activity was not significantly different
from control after 6 h of treatment with 17,18-epoxy-EPA
(10 uM), an increase to 131 = 6% of control was evident by
24 h (P <0.01; Figure 2F). By comparison, the cytotoxic agent
etoposide (100 uM, 24 h) was used as a positive control and
strongly increased caspase-3 activity in bEND.3 cell lysates to
200 = 32% of control (P < 0.05, data not shown). These
findings suggest that decreased proliferation of bEND.3 cells
elicited by 17,18-epoxy-EPA may be due to initial cytostatic
effects followed by an increase in apoptosis.

17,18-epoxy-EPA interrupts cell

cycle progression

The effects of 17,18-epoxy-EPA on cell cycle progression in
unstimulated bEND.3 cells were assessed by flow cytometry.
Cells were treated with 17,18-epoxy-EPA (10 uM) for 16 h,
stained with propidium iodide, and populations in different
phases of the cell cycle were quantified; an increase in S-phase
was apparent (Figure 3A). The time dependence of the pause
in cell cycle progression was assessed. Thus, 6 h of treatment

with 17,18-epoxy-EPA increased the proportion of cells in
S-phase by 45% over control (12.3 = 1.0% vs. 8.5 = 1.1% in
control; P < 0.01; Figure 3B), which was more pronounced
after 16 h of treatment (cells in S-phase were 70% over
control; P < 0.001). However, by 24 h the proportion of cells
in S-phase had essentially normalized; it is feasible that 17,18-
epoxy-EPA may undergo biotransformation in cells to less
active products over 24 h of incubation as PUFA epoxides are
readily hydrated by soluble epoxide hydrolase (Yu efal.,
2000). The relatively small decreases in cell populations in
G0/G1- and G2/M-phases effected by 17,18-epoxy-EPA did
not attain statistical significance. Considered together, the
short-term effect of 17,18-epoxy-EPA is consistent with a
pause in the progression of cells already in the cell cycle,
leading to accumulation of cells in S-phase as well as an
increase in apoptosis.

In comparison with these findings, the positive-control
etoposide (10 uM, 16 h) increased the proportion of cells in S-
and G2/M-phases by 56% (P < 0.001) and 16% (P < 0.05) over
control (data not shown). When tested at 100 uM, etoposide
increased the distribution of bEND.3 cells in S- and G2/M-
phases by 90% (P < 0.001) and 20% (P < 0.01) over control;
the GO/G1 population was decreased proportionately (not
shown).

Selective impairment of cyclin D1

protein and mRNA expression in
17,18-epoxy-EPA-treated cells

Because flow cytometry indicated that 17,18-epoxy-EPA
interrupted the progression of the cell cycle, we evaluated the
expression of cyclin regulatory proteins in bEND.3 cells. After
2, 6 and 16 h of treatment, cyclin D1 protein expression was
significantly decreased in 17,18-epoxy-EPA-treated cells
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Figure 3

Inhibition of cell cycle progression by 17,18-epoxy-EPA (10 uM). Exponentially growing bEND.3 cells were synchronized to G1-phase by removal
of serum and were treated 24 h later with either 17,18-epoxy-EPA or dimethyl sulphoxide (control). (A) Cell cycle histogram of a representative
experiment after 16 h of treatment: control (left), 17,18-epoxy-EPA (right). The shaded areas indicate cells in S-phase; DNA content: 2N diploid,
4N tetraploid. (B) Percentage of bEND.3 cells in S-phase after 6, 16 or 24 h of treatment with 17,18-epoxy-EPA (open columns) relative to
time-matched control (solid columns). Data are means = SEM of three separate experiments. Different from corresponding control: **P < 0.01,

***P < 0.001.
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Effects of 17,18-epoxy-EPA (10 uM) on the expression of cell cycle regulatory gene expression in bEND.3 cells. (A) Down-regulation of cyclin D1
protein with 17,18-epoxy-EPA (solid columns) compared with time-matched control cells (open columns). (B) Time-dependent down-regulation
of cyclin DT mRNA with 17,18-epoxy-EPA (solid columns) compared with control (open columns). (C) Time-dependent expression of cyclin-
dependent kinase (CDK)-4 protein in bEND.3 cells and down-regulation by 17,18-epoxy-EPA. (D) Lack of effect of 17,18-epoxy-EPA on expression
of A, B1 and E cyclins. (E) Lack of effect of 17,18-epoxy-EPA on expression of cyclin A and cyclin E mRNA. (F) Time-dependent expression of CDK6
protein in bEND.3 cells. Open columns are controls whereas solid columns indicate treatment with 17,18-epoxy-EPA. Data are means = SEM
of three to four separate experiments, each conducted in triplicate. Different from corresponding time-matched control: *P < 0.05, **P < 0.01,
***p < 0.001. Different from control (2 h): ¥P < 0.05, P < 0.01, 7ffP < 0.001.

relative to time-matched control cells (Figure 4A); in contrast,
cyclin D1 protein expression was unimpaired when cells were
treated for 6 and 16 h with 8,9- and 11,12-epoxy-EPA (not
shown). The effect of 17,18-epoxy-EPA on cyclin D1 mRNA
expression was also investigated. In accord with findings at
the protein level, 6 and 16 h of treatment of bEND.3 cells
with the epoxide decreased cyclin D1 mRNA expression by 27
+ 8% (P < 0.05) and 41 = 13% (P < 0.01) respectively
(Figure 4B). However, cyclin D1 mRNA was unchanged at 2 h,
thus implicating a bimodal regulatory effect of 17,18-epoxy-
EPA on cyclin D1. Expression of the catalytic subunit CDK4
in control cells was also assessed. Thus, 17,18-epoxy-EPA
treatment decreased CDK4 expression (by 34 = 8% after 2 h
and by 40 * 19% after 16 h; Figure 4C).

In contrast with these findings, expression of alternate
cell cycle regulatory proteins was essentially unaltered by
17,18-epoxy-EPA treatment. Thus, cyclin A, cyclin B1 and
cyclin E proteins were unchanged (Figure 4D), which was
corroborated at the mRNA level for cyclins A and E
(Figure 4E). The expression of CDK6, which also forms a
catalytic complex with cyclin D1 (Brotherton efal., 1998),
varied with time in culture. However, the trend towards
decreased CDK6 expression after 17,18-epoxy-EPA treatment
(10 uM) did not attain statistical significance at any time

point (Figure 4F). Expression of the CDKi proteins p21“" and
p27 YP! was also unaffected by 17,18-epoxy-EPA in bEND.3
cells (data not shown). Taken together, these findings dem-
onstrate that 17,18-epoxy-EPA selectively decreased the
expression of cyclin D1 and its important regulatory kinase
CDK4 in bEND.3 cells.

Selective activation of the p38 MAP kinase
pathway mediates cyclin D1 suppression

by 17,18-epoxy-EPA

Previous studies have implicated MAP kinase signalling in the
regulation of cyclin D1 and cell proliferation by ®-6 EETs
(Potente et al., 2002). It has also been shown that the p38
MAP kinase negatively regulates cyclin D1 (Lavoie efal.,
1996). In this study we tested the possibility that 17,18-
epoxy-EPA may down-regulate cyclin D1 expression and
decrease cell viability by activation of specific MAP kinases.
As shown in Figure 5A, the relative accumulation of phos-
phorylated p38 MAP kinase was increased by short-term
treatment of cells with 17,18-epoxy-EPA (10 uM), but at
longer treatment times up to 24 h phospho-p38 MAP kinase
expression was not different from control (not shown). In
contrast, the apparent increase in phospho-JNK at 30 min
normalized rapidly and there was no evidence for ERK
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sulphoxide-treated) cells. Densitometric analyses of representative experiments from three separate experiments are shown: open columns,
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activation (Figure 5A). The selective activation of the p38
MAP kinase by 17,18-epoxy-EPA was not observed after treat-
ment of cells with the 8,9- and 11,12-epoxy-EPA isomers
(10 uM; Figure SB). In follow-up studies the relative activa-
tion of the p38 and ERK MAP kinases by PUFA epoxides was
studied further. Lower concentrations of 17,18-epoxy-EPA (1
and 5 uM) also increased phospho-p38 MAP kinase expres-
sion but o-6 EETs were inactive (Figure 6). In accord with
previous reports, phospho-ERK accumulation was increased
in cells after treatment with the isomeric EETs (Chen et al.,
1999; Yang etal., 2007), but not by 17,18-epoxy-EPA
(Figure 6).

The inhibitory effect of 17,18-epoxy-EPA on cyclin D1
mRNA expression after 6 and 16 h treatment was suppressed
by the p38 MAP kinase inhibitor SB203580 (25 uM,
Figure 7A), but inhibitors of the ERK and JNK pathways
(10 uM PD98059 and 25 uM SP600125 respectively) were
without significant effect (Figure 7B). Moreover, the lack of
effect of SB203580 on cyclin A mRNA expression (Figure 7C)
is consistent with the selective decrease in cyclin D1 expres-
sion following 17,18-epoxy-EPA treatment and the role of the
p38 MAP kinase in the pathway (Figure 7A). To corroborate
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the apparent involvement of the p38 MAP kinase in the
down-regulation of cyclin D1 mRNA expression by 17,18-
epoxy-EPA, bEND.3 cells were transiently transfected with a
dominant-negative p38 MAP kinase (DN-p38) mutant and
then treated with 17,18-epoxy-EPA for 6 and 16h
(Figure 7D). This also prevented the down-regulatory effect of
17,18-epoxy-EPA on cyclin D1 expression. The functional
significance of p38 MAP kinase inhibition was supported by
the findings that treatment with SB203580 (25 uM) pre-
vented the decrease in MTT reduction (Figure 7E) and cyclin
D1 protein expression (Figure 7F) in b.END3 cells elicited by
17,18-epoxy-EPA.

Discussion and conclusions

The present findings indicate that the ®-3 epoxide of EPA
(17,18-epoxy-EPA) inhibits the proliferation of bEND.3
microvascular endothelial cells. The observed antiprolifera-
tive effect was specific for the monoepoxide formed at the
unique -3 olefinic bond in EPA, because isomeric EPA
monoepoxides either stimulated proliferation or were
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inactive. Similarly, EETs formed by the action of CYPs on the
®-6 PUFA AA enhanced cellular proliferation. These alternate
effects of epoxides of w-3 and w-6 PUFAs may differentially
regulate not only the growth of endothelial cells but also
their integrity, including barrier function (Alvarez etal.,
2004).

Cell proliferation is regulated by the coordinated activa-
tion of CDKs that act in concert with regulatory cyclin sub-
units. Thus, CDK/cyclin holoenzymes phosphorylate the
retinoblastoma gene product and related pocket proteins,
which derepresses the E2F transcription factor and facilitates
DNA synthesis during S-phase (Ekholm and Reed, 2000).
Cyclin D1 expression is usually high in cells entering the cell
cycle in G1-phase but is decreased in S-phase, which enables
DNA synthesis. This is followed by re-establishment of high-
level expression of cyclin D1 in G2-phase, which facilitates
cell cycle progression and the commitment to mitogenesis
(Stacey, 2003). The present findings establish that cyclin D1
is a major target for selective down-regulation by 17,18-
epoxy-EPA and is consistent with decreased proliferation.
Thus, impaired expression of cyclin D1 following 17,18-
epoxy-EPA treatment may prevent the progression to
G2-phase of cells that are already in the cell cycle. This effect
was specific for cyclin D1, as expression of other cyclins (A,
B1 and E) was unchanged by 17,18-epoxy-EPA treatment.
17,18-epoxy-EPA also decreased the expression of CDK4,
which is an essential functional component of the cyclin
D1/CDK4 complex, and which is normally activated in pro-
liferating cells during mid-G1-phase. In contrast, expression
of CDK6, which forms a complex with cyclin D1 later in
the cell cycle, was relatively refractory to treatment with
17,18-epoxy-EPA.

Because the control of cell growth is complex, the inde-
pendent regulation of individual cell cycle intermediates by
17,18-epoxy-EPA is perhaps not surprising (Kozar and Sicin-
ski, 2005). Indeed, the naturally occurring vitamin A ana-
logue lycopene has also been reported to selectively decrease

the expression of cyclin D but not cyclin E (Nahum et al.,
2001). Similarly, retinoids (Buckley et al., 1993) and 1,25-
dihydroxyvitamin D3 (Wang et al., 1996) also decrease cyclin
D1 expression and inhibit G1-phase progression. Like 17,18-
epoxy-EPA, the grape polyphenol resveratrol was shown to
down-regulate cyclin D1 and arrest the cell cycle in S-phase in
several cancer cell lines (Joe et al., 2002). The present findings
suggest that 17,18-epoxy-EPA, which is formed intracellularly
by the actions of CYP enzymes on EPA (Barbosa-Sicard et al.,
2005), selectively down-regulates the cyclin D1/CDK4 prolif-
erative complex in cells.

Growth initiation is usually mediated by the intracellular
activation of MAP kinase isoforms. Activation of the ERK
MAP kinases occurs in response to proliferative signals and
promotes cell cycle entry (Mebratu and Tesfaigzi, 2009). An
initial burst of kinase activity after mitogen exposure is fol-
lowed by the accumulation of cyclin D1 (Stacey, 2003). Cell
proliferation is also modulated by growth suppression path-
ways that mediate cellular differentiation. Thus, activation of
the p38 MAP kinase, which is essential for tissue maintenance
and renewal by regulating stem and progenitor cell prolifera-
tion and differentiation, suppresses growth and decreases
cyclin D1 expression (Conrad et al., 1999). Moreover, prolif-
erative signals were magnified in p38a MAP kinase-null
mouse lung and expression was markedly decreased in pul-
monary tumours compared to normal tissue (Ventura et al.,
2007). Consistent with the proposed negative role of p38
MAP Kkinase in growth regulation, its over-expression inhib-
ited cell cycle progression in NIH/3T3 cells (Molnar et al.,
1997) and down-regulated cyclin D1 expression in primary
bovine tracheal myocytes (Page et al., 2001). In the present
study the 17,18-epoxide of EPA selectively activated the p38
MAP kinase in bEND.3 cells and decreased cyclin D1 expres-
sion. Treatment with SB203580 and over-expression of a
dominant-negative mutant of p38 MAP kinase both pre-
vented the loss of cyclin D1 expression in response to 17,18-
epoxy-EPA treatment.
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There has been controversy surrounding the mode of
action of o-3 PUFA, with most studies to date having focused
primarily on the effects of the parent fatty acids. Thus, the
-3 PUFA docosahexaenoic acid decreased the proportion of
cells in S-phase and inhibited the progression to G2/M-phase
(Khan et al., 2006). MAP kinase activation was impaired and
the CDKi p27%*! was up-regulated but cyclin D1 expression
was unaltered (Khan et al., 2006). There is accumulating evi-
dence that PUFA may regulate cell proliferation via biotrans-
formation products, including EETs that are formed by the
actions of CYPs on the -6 PUFA AA, which inhibit apoptosis
and stimulate cell growth (Chen et al., 2001; Potente et al.,
2002; 2003). The present findings suggest that the ©-3 17,18-
epoxy-EPA promotes the accumulation in S-phase of endot-
helial cells that are already in the cell cycle and that the p38
MAP kinase plays an essential role in this process. Activation
of the p38 MAP kinase appears to exert a bimodal action on
cyclin D1 expression, consisting of a rapid decline in cyclin
D1 protein followed by a decline in mRNA expression. That
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cyclin D1 is down-regulated by p38 activation at both pre-
and post-translational levels has been reported previously
(Lee et al., 1994; Lavoie et al., 1996) and is consistent with the
important role of this kinase as a negative regulator of pro-
liferation. However, the signalling pathways by which these
mechanisms operate are not completely clear. The p38 MAP
kinase modulates the activity of a number of transcription
factors, enzymes and alternate signalling cascades, some of
which may regulate cyclin D1 (Zarubin and Han, 2005). The
cyclin D1 gene contains regulatory elements for bZIP factors,
OCT, Spl and other transcription factors in its 5’-flank
(Albanese et al., 1995; Lavoie et al., 1996). Moreover, MAP
kinases regulate several bZIP factors, including activating
transcription factors, and fos and jun family proteins, which
may all participate in transcriptional regulation of the cyclin
D1 gene (Albanese et al., 1995; Lavoie et al., 1996). In addi-
tion, phosphorylation of cyclin D1 protein promotes degra-
dation via the ubiquitin-proteasomal route (Diehl et al.,
1997). Thus, post-translational regulation mediates the wide



variation in cyclin D1 protein expression during the cell cycle
(Guo et al., 2002). Certain agents, such as the polyphenolic
stilbene resveratrol, activate cyclin D1 proteolysis in a range
of cancer cell types (Joe et al., 2002). Such effects resemble
those observed in the present study in which 17,18-epoxy-
EPA, but not the other isomeric epoxides, rapidly down-
regulated cyclin D1 protein in endothelial cells.

Polyunsaturated fatty acid epoxides have been shown to
activate multiple intracellular signalling pathways. Thus, ©-6
EETs activate the epidermal growth factor receptor and stimu-
late downstream kinases that comprise MAP kinase cascades
(Chen etal.,, 1999). Recent studies have also implicated
certain PUFAs, CYP-derived EETs and their hydration prod-
ucts as ligands for thromboxane and peroxisome proliferator-
activated receptors, although relative potencies varied
markedly between the derivatives (Fang et al., 2006; Behm
et al., 2009). Reported proliferative effects of EETs in cells were
observed in the concentration range 1-10 uM. In the present
study, the antiproliferative effects of ®w-3 17,18-epoxy-EPA
were observed at similar concentrations. Why the 17,18-
epoxide of EPA selectively activates the p38 MAP kinase to
decrease cyclin D1 expression and inhibit cell proliferation is
not completely clear but may relate to its structure. In this
molecule, the epoxide ring is closer to the terminal carbon
atom at C20 than is the case in the other EPA monoepoxides
or in EETs formed from the w-6 PUFA AA (Figure 1B). The
interaction of these ‘non-w-3 epoxides’ with signalling inter-
mediates in the p38 MAP kinase pathway might be obstructed
by steric hindrance from the flexible carbon chain, which
would be minimized in 17,18-epoxy-EPA. However, addi-
tional studies are now required to evaluate in greater detail
the interactions of epoxides with MAP kinase signalling
pathways.

The possibility that the w-3 epoxide of EPA may stimulate
apoptosis in order to decrease cell proliferation was also
assessed in the present study. Although addition of PUFA to
cultured cells reportedly increases apoptosis (Artwohl et al.,
2008), the potential significance of these observations is
obscured somewhat by the use of supraphysiological concen-
trations of PUFA in some of these studies. High concentra-
tions of PUFA may exceed the binding capacity of cellular
proteins and undergo non-specific attack by adventitious free
radicals that may activate apoptosis. In the present study we
measured caspase-3 activity, a primary indicator of the induc-
tion of apoptosis in 17,18-epoxy-EPA-treated microvascular
endothelial cells. Activity was elevated by 24 h of treatment
by physiologically relevant concentrations of the epoxide,
although not to the same extent as that elicited by the cyto-
toxic agent etoposide. This suggests that, in addition to inter-
ruption of cell cycle progression, 17,18-epoxy-EPA stimulates
apoptosis.

Considered together, PUFA and their metabolites exert
effects on multiple cell cycle control pathways. The present
study indicates that the unique o-3-epoxide of EPA activates
the p38 MAP kinase and down-regulates cyclin D1 expression
in microvascular endothelial cells; monoepoxides formed at
alternate olefinic bonds within EPA were inactive. This
finding is significant in the context of previous findings that
-6 EETs induce cyclin D1 and suggests that this important
cell cycle regulator may be a cellular switch that is modulated
differentially by epoxide metabolites of different PUFA

-3-epoxy-EPA and cyclin D1 down-regulation

classes. Moreover, these opposing effects of w-3 and w-6 PUFA
epoxides in cells are consistent with epidemiological studies
in which dietary ©-3 PUFA appear to be beneficial in limiting
the spread of certain cancers, whereas diets that are high in
®-6 PUFA may stimulate tumour growth (Bougnoux, 1999;
Maillard et al., 2002). Thus, it is feasible that at least some of
the beneficial effects of ®-3 PUFA in minimizing tumour
growth may be due to the specific w-3 epoxide metabolite
that impairs cellular proliferation.
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