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The ubiquitous cytochrome P450 hemoproteins play important functional roles in the metabolism and
detoxification of foreign chemicals. However, other than established roles in cholesterol catabolism and steroid
hormone biosynthesis, their cellular and/or organ physiological functions remain to be fully characterized.
Here we show that the cytochrome P450 epoxygenase arachidonic acid metabolite 14,15-epoxyeicosatrienoic
acid (14,15-EET) inhibits apoptosis induced by serum withdrawal, H,0,, etoposide, or excess free arachidonic
acid (AA), as determined by DNA laddering, Hoechst staining, and fluorescein isothiocyanate-labeled annexin
V binding. In the stable transfectants (BM3 cells) expressing a mutant bacterial P450 AA epoxygenase, F§7V
BMa3, which was genetically engineered to metabolize arachidonic acid only to 14,15-EET, AA did not induce
apoptosis and protected against agonist-induced apoptosis. Ceramide assays demonstrated increased AA-
induced ceramide production within 1 h and elevated ceramide levels for up to 48 h, the longest time tested,
in empty-vector-transfected cells (Vector cells) but not in BM3 cells. Inhibition of cytochrome P450 activity by
17-octadecynoic acid restored AA-induced ceramide production in BM3 cells. Exogenous C2-ceramide mark-
edly increased apoptosis in quiescent Vector cells as well as BM3 cells, and apoptosis was prevented by
pretreatment of Vector cells with exogenous 14,15-EET and by pretreatment of BM3 cells with AA. The
ceramide synthase inhibitor fumonisin B1 did not affect AA-induced ceramide production and apoptosis; in
contrast, these effects of AA were blocked by the neutral sphingomyelinase inhibitor scyphostatin. The pan-
caspase inhibitor Z-VAD-fmk had no effect on AA-induced ceramide generation but abolished AA-induced
apoptosis. The antiapoptotic effects of 14,15-EET were blocked by two mechanistically and structurally distinct
phosphatidylinositol-3 (PI-3) kinase inhibitors, wortmannin and LY294002, but not by the specific mitogen-
activated protein kinase kinase inhibitor PD98059. Immunoprecipitation followed by an in vitro kinase assay
revealed activation of Akt kinase within 10 min after 14,15-EET addition, which was completely abolished by
either wortmannin or LY294002 pretreatment. In summary, the present studies demonstrated that 14,15-EET
inhibits apoptosis by activation of a PI-3 kinase-Akt signaling pathway. Furthermore, cytochrome P450
epoxygenase promotes cell survival both by production of 14,15-EET and by metabolism of unesterified AA,
thereby preventing activation of the neutral sphingomyelinase pathway and proapoptotic ceramide formation.

Arachidonic acid is an important constituent of cellular
membranes that is esterified to the sn-2 position of glycero-
phospholipids. Under normal conditions, the concentration of
free, nonesterified arachidonic acid is nearly undetectable, and
its release is under tight metabolic and physiologic control. As
an important component of the signaling pathways of many
receptor-mediated processes, specific phospholipases are acti-
vated, and arachidonic acid is released from selected lipid
stores and metabolized by cyclooxygenases and/or lipoxygen-
ases to potent bioactive lipid mediators such as prostanoids,
thromboxanes, leukotrienes, lipoxins, or hydroxyeicosatetra-
enoic acids (HETEs) (38, 49). Numerous cellular responses
have been attributed to cyclooxygenase- and lipoxygenase-de-
pendent pathways, including regulation of cell growth and in-
duction or inhibition of apoptosis (4, 26, 45, 54).

In addition to cyclooxygenase and lipoxygenase pathways,
cytochrome P450 also catalyzes the in vivo metabolism of ar-
achidonic acid to biologically active compounds by three types
of NADPH-dependent oxidative reactions (12): (i) olefin ep-
oxidation produces 5,6-, 8,9-, 11,12-, and 14,15-epoxyeicosa-
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trienoic acids (EETS), in a regio- and stereo-selective manner;
(ii) allylic oxidation generates 5,8,9,11,12,15 HETEs; and (iii)
- and w-1-hydroxylation results in the formation of 19- and
20-HETESs. Endogenous EETs are biosynthesized in liver, kid-
ney, and many other organs (12, 38) and are present in human
plasma and urine (13, 56). Previous studies have demonstrated
that EETs have potent biological activities, including modula-
tion of vascular tone (31), glomerular hemodynamics (53), and
regulation of mitogenesis (17, 32). EETs have been suggested
to be an endothelium-derived hyperpolarizing factor (7). In
addition, recent studies have also suggested that EETs serve as
intracellular second messengers in vasculature (29) and in ep-
ithelia (6, 18). Cytochrome P450 is the predominant arachi-
donic acid metabolic pathway in cells such as the renal proxi-
mal tubule, in which cyclooxygenase and lipoxygenase are
expressed at nearly undetectable levels (3, 21).

In certain cells, free arachidonic acid itself serves as a reg-
ulator of specific cellular processes, including the activation of
intracellular kinases and lipases and modulation of Ca*" tran-
sients (19, 33, 40). Intracellular concentrations of free arachi-
donic acid can be increased in response to oxidant stress and
other stimuli that may induce apoptosis, and increasing evi-
dence shows that high intracellular concentrations of free ar-
achidonic acid may be proapoptotic in many cell types (9, 22,
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FIG. 1. Antiapoptotic effects of exogenously administered 14,15-EET in LLCPKcl4 cells. (A) 14,15-EET prevented the renal epithelial cell line
LLCPKcl4 from progressive loss of cell viability caused by serum deprivation. LLCPKcl4 cells grown to confluence were changed to serum-free
medium. After 48 h, vehicle (Me,SO) or 14,15-EET (10 pM) was added every 3 days. After 10 days, the majority of the vehicle-treated cells had
died while the 14,15-EET treated cells still maintained a confluent monolayer with normal morphology. (B) 14,15-EET inhibited DNA laddering
induced by H,O, or etoposide. After pretreatment with vehicle (Me,SO) or 14,15-EET (10 M) for 1 h, quiescent LLCPKcl4 cells were exposed
to H,O, (500 wM) or etoposide (100 wM) for 24 h, and genomic DNA was extracted and electrophoresed on a 1.5% agarose gel containing
ethidium bromide. Leftmost lane, 100-bp DNA ladder; rightmost lane, lambda DNA-HindIII DNA size marker (Promega). (C) 14,15-EET
decreased H,O,- or etoposide-induced apoptotic-cell number; cells were scored for morphological evidence of apoptosis as described in Materials

and Methods.

52, 59, 60). Since cytochrome P450 epoxygenase is a major
pathway for metabolism of arachidonic acid, the present stud-
ies were designed to explore the potential roles and mecha-
nisms of P450-mediated arachidonic acid metabolism in cell
survival.

MATERIALS AND METHODS

Reagents and antibodies. (+)-14,15-Epoxyeicosatrienoic acid sulfonimide an-
alog was synthesized as previously described (11, 17) and was shown to have
biological activities and concentration responses identical to those of native
14,15-EET in renal epithelial cells (17). Arachidonic acid was obtained from
NuCheck-Prep, Inc. (Elysian, Minn.). Epidermal growth factor (receptor grade)
was purchased from Collaborative Research (Bedford, Mass.). Etoposide,
PD98059, wortmannin, 1.Y294002, C2-ceramide, Z-VAD-fmk, and Escherichia
coli diacylglycerol kinase were obtained from Calbiochem (San Diego, Calif.).
Fumonisin B1 was from BIOMOL Research Laboratories, Inc. (Plymouth Meet-
ing, Pa.). [y->P]ATP (specific activity, 3,000 Ci/mmol) was from NEN Life

Science Products (Boston, Mass.). Polyclonal anti-Akt antibodies and protein
A-agarose beads were from Santa Cruz Biotechnology (Santa Cruz, Calif.). The
fluorescein isothiocyanate (FITC)-labeled annexin V binding kit was from On-
cogene Research Products (Cambridge, Mass.). Histone H2B was from Boehr-
inger Mannheim (Laval, Canada). Scyphostatin was a generous gift from Takeshi
Ogita (Sankyo Co. Ltd., Tokyo, Japan) (42, 43). All other chemicals were from
Sigma (St. Louis, Mo.).

Cell culture. LLCPKcl4, an established adherent proximal tubule-like epithe-
lial cell line derived from pig kidney (1), was routinely cultured in Dulbecco’s
modified Eagle medium-F-12 medium supplemented with 100 U of penicillin per
ml, 100 pg of streptomycin per ml, and 10% fetal bovine serum (Hyclone
Laboratories, Logan, Utah) at 37°C in a 5% CO, cell culture incubator. The
medium was changed every 2 to 3 days.

Determination of apoptosis. The following four markers of apoptosis were
utilized.

(i) Cell survival assay. LLCPKcl4 is an adherent epithelial cell line that will
begin to undergo apoptosis if cultured in the absence of fetal bovine serum or
growth factors for >4 days. For these studies, LLCPKcl4 cells grown to conflu-
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FIG. 2. Effects of endogenously produced 14,15-EET in LLCPKcl4
cells. Arachidonic acid blocked H,O,-induced apoptosis in BM3 cells
but not in Vector cells. Quiescent BM3 cells and Vector cells were
pretreated with or without arachidonic acid (10 pM) for 1 h before
exposure to H,O, for 24 h, and DNA laddering (A) and apoptotic cell
number (B) were assessed as described in Materials and Methods. (A)
Leftmost lane, 100-bp DNA ladder; rightmost lane, lambda DNA-
HindIIl DNA size marker.

ence were changed to serum-free media, and after 48 h, vehicle (dimethyl
sulfoxide [Me,SO]) or 14,15-EET (10 uM) was added every 3 days. The cells
were then observed and photographed using phase-contrast microscopy for up to
4 weeks.

(ii) DNA laddering by agarose gel electrophoresis. Quiescent LLCPKcl4 cells
were treated as indicated in each corresponding figure. Both adherent and
floating cells were then collected, and genomic DNA was extracted and electro-
phoresed on a 1.5% agarose gel containing ethidium bromide and visualized
under UV illumination.

(iii) Hoechst 33258 staining. Morphological assessment of apoptosis was made
after Hoechst 33258 dye staining as described elsewhere (20, 41). Briefly, quies-
cent cells were treated with the test agents and scraped into the culture medium.
Both adherent and nonadherent cells were harvested, washed twice with Ca?*-
and Mg?*-free phosphate-buffered saline and fixed with cold 100% methanol.
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Cells were stained with 1 pg of Hoechst 33258 per ml, mounted in 50% glycerol,
and observed under a fluorescence microscope. Cells with fragmented nuclei
were scored as apoptotic, and a minimum of 500 cells was scored for the
incidence of apoptosis for each data point.

(iv) Detection of phosphatidylserine exposure. Quiescent LLCPKcl4 cells
grown on coverslips were pretreated with or without the inhibitors, treated with
or without 14,15-EET for 1 h, and then exposed to H,O, for 6 h. FITC-labeled
annexin V binding was determined according to the manufacturer’s instructions
using a kit from Oncogene Research Products.

Stable transfection of mutant BM3. We have previously reported stable trans-
fection of LLCPKcl4 cells with the coding region of a mutant bacterial P450 from
Bacillus megaterium (BM3) in which phenylalanine 87 was replaced with alanine,
converting it to a stereo- and regioselective epoxygenase (F87V BM3) that
generates only 14S,15R-EET from arachidonic acid (18, 28). We utilized these
stable transfectants (BM3 cells) as well as empty vector-transfected LLCPKcl4
cells (Vector cells) to investigate further the cell survival effects of endogenously
produced 14,15-EET in the present study.

EET production measurement and stereochemical analysis. Quiescent BM3
cells and Vector cells were treated with or without arachidonic acid (30 uM),
scraped with the culture medium containing 1 volume of CH;OH, and then
mixed with 2 volumes of CHCI; containing 1 mM triphenylphosphine and an
equimolar mixture of synthetic '*C-labeled 8,9-, 11,12-, and 14,15-EET (55 to 56
mCi/mmol, 30 ng each). After acidification, the samples were extracted twice and
the organic phases were evaporated under argon. To the resulting residue, 0.5 ml
of 0.4 N KOH in 80% CH;OH was added and the mixture was incubated at 50°C
for 60 min. Acidification was followed by extraction into ethylether and chro-
matography in SiO, as described (10). The EETSs were resolved into 14,15-EET
and a mixture of 8,9- and 11,12-EET by reversed-phase high-pressure liquid
chromatography and then derivatized to the corresponding pentafluorobenzyl
(PFB) esters by reaction with PFB bromine. Aliquots of the purified EET-PFB
regioisomers were individually dissolved in dodecane and analyzed by negative-
ion, chemical ionization—gas chromatography—mass spectrometry, utilizing CH,
as the reagent gas, as described elsewhere (10).

For stereochemical analysis, samples of enzymatically derived ['*C]14,15-EET
(25 pg, 1 pCi/umol) and of synthetic 14R,15S-EET and 14S,15R-EET were
catalytically hydrogenated over PtO, and esterified using excess PFB bromine, as
described elsewhere (10). The resulting PFB esters were purified by reversed-
phase high-pressure liquid chromatography, and after solvent evaporation, the
optical antipodes of the purified PFB-14,15-EET were resolved by high-pressure
liquid chromatography on a Chiralcel OD column (4.6 by 250 mm) (J. T. Baker
Inc.) with an isocratic mixture of 0.11% isopropanol-99.89% n-hexane at 1
ml/min with UV monitoring at 210 nm. The retention times for the PFB esters
of synthetic 14R,15S- and 14S,15R-EET were 70.6 and 78.9 min, respectively (28).

Akt kinase activity assay. Quiescent LLCPKcl4 cells were treated with the
agents indicated in Fig. 3C, cell lysates were prepared and subjected to immu-
noprecipitation with a polyclonal anti-Akt antibody. Immunoprecipitates were
utilized for in vitro protein kinase reactions using histone H2B as a substrate in
the presence of [y-*>P]ATP at 22°C for 25 min. The reactions were stopped by
addition of 8 pl of Laemmli sample buffer, and 22-pl aliquots of the reaction
mixtures were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. After the gels were dried, the relative amounts of incorporated radio-
activity were determined by autoradiography.

Ceramide assays. Quiescent cells were treated with the indicated agents and
lipids were then extracted as described by Van Veldhoven and Bell (57). Cer-
amide levels were measured using the E. coli diacylglycerol kinase assay (46).
Briefly, after the diacylglycerol reaction and extraction of the labeled lipids, the
lower chloroform phase was washed twice with 1% (wt/vol) HCIO, before drying
under nitrogen. The extracts were dissolved in 5% methanol in chloroform and
subjected to thin-layer chromatography. After development in a thin-layer chro-
matography mobile phase of chloroform-acetone-methanol-acetic acid-water
(10:4:3:2:1), the plate was air dried and visualized by radioautography.

Statistics. Data are presented as means *+ standard errors for at least three
separate experiments (each in triplicate or duplicate). An unpaired Student’s ¢
test was used for statistical analysis, and for multiple group comparisons, analysis
of variance and Bonferroni ¢ tests were used. A P value of <0.05 compared with
control values was considered statistically significant.

RESULTS

Antiapoptotic effects of 14,15-EET. Initial experiments were
designed to investigate the effects of long-term administration
of 14,15-EET on the renal epithelial cell line LLCPKcl4. The
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cells were grown to confluence and changed to serum-free
medium; after 48 h, vehicle (Me,SO) or 14,15-EET (10 nM)
was added every 3 days. As shown in Fig. 1A, the number of
viable cells in vehicle-treated cells diminished progressively,
while the 14,15-EET-treated cells maintained a confluent
monolayer with normal morphology. Virtually 100% of the
cells not exposed to 14,15-EET died within 2 weeks; in con-
trast, with 14,15-EET treatment, there was no cell death after
2 weeks, and more than 80% of the cells survived for up to 4
weeks (n = 4).

Previous studies have indicated that in cultured cell systems
the predominate mechanism of cell death following serum
withdrawal is through apoptosis, not necrosis (39). In order to
determine whether this antiapoptotic effect of 14,15-EET
could be generalized to agents that acutely induced cell death,
quiescent LLCPKcl4 cells were pretreated with vehicle or
14,15-EET (10 pM) for 1 h and then exposed to H,O, (500
wM) or etoposide (100 wM). After 24 h, cells were scored for
morphological evidence of apoptosis using Hoechst 33285 dye
staining as described in Materials and Methods, and genomic
DNA was extracted and electrophoresed. Both H,O, and eto-
poside induced DNA laddering (Fig. 1B) and increased apo-
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FIG. 3. 14,15-EET exerts its antiapoptotic effects in LLCPKcl4
cells by activation of a PI-3 kinase-Akt-signaling pathway. (A) 14,15-
EET’s antiapoptotic effects were abolished by inhibition of PI-3 kinase
but not by inhibition of MAP kinase. After pretreatment with or
without the specific PI-3 kinase inhibitor wortmannin (10 nM) or
LY294002 (5 uM) or the MEK inhibitor PD98059 (10 wM) for 30 min,
followed by 14,15-EET or vehicle for 1 h, LLCPKcl4 cells were ex-
posed to H,O, for 24 h, and DNA laddering was assessed. (B) Ara-
chidonic acid’s antiapoptotic effects in BM3 cells were abolished by
inhibition of PI-3 kinase but not by inhibition of MAP kinase. Before
induction of H,O,-mediated apoptosis, BM3 cells were pretreated
with or without wortmannin, 1LY294002, or PD98059 and then treated
with or without arachidonic acid. (A and B) Leftmost lane, 100-bp
DNA ladder; rightmost lane, lambda DNA-HindIII size marker. (C)
14,15-EET increased Akt kinase activity, which was abolished by either
wortmannin or LY294002. After treatment with or without the specific
PI-3 kinase inhibitor wortmannin (10 nM) or LY294002 (5 nM),
LLCPKCcl4 cells were treated with or without 14,15-EET. The cells
were then lysed and subjected to immunoprecipitation and Akt kinase
activity assay with histone H2B as a substrate.

BM3

ptotic-cell number (Fig. 1C), while the presence of 14,15-EET
markedly reduced the number of apoptotic cells and elimi-
nated DNA laddering induced by either maneuver.
Cytoprotective effects of endogenously produced 14,15-EET.
Synthetic eicosanoids have been widely utilized for the exper-
imental analysis of their cellular and organ functions. How-
ever, in many cases, this approach provides only limited infor-
mation with regard to their mechanisms of action and the
enzymatic steps responsible for their biosynthesis from endog-
enous precursors, activation and disposition. This is of special
relevance regarding P450-derived eicosanoids, since in most
cultured cells, there is a rapid and progressive decrease in the
expression of the P450 isoforms found in vivo. Therefore, to
determine the effect of endogenously produced 14,15-EET on
epithelial cell survival, we utilized a LLCPKcl4 cell line trans-
fected with an engineered epoxygenase of bacterial origin,
F87V BM3. This enzyme converts arachidonic acid selectively
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FIG. 4. Arachidonic acid induced apoptosis in Vector cells but not
in BM3 cells. Quiescent BM3 cells and Vector cells were treated with
or without arachidonic acid (10 wM) for 48 h in the absence of other
apoptosis-inducing stimuli and then subjected to assessment of DNA
laddering. Leftmost lane, 100-bp DNA ladder; rightmost lane, lambda
DNA-HindIII size marker.

(>98% of total products) to 14S,15R-EET, the enantiomer
that predominates in vivo in the kidney (18, 28, 36). Previous
studies have shown that addition of exogenous arachidonic
acid to BM3 cells increased endogenous 14,15-EET levels
more than 100-fold, while there was no measurable increase in
Vector cells (18). Accordingly, quiescent BM3 cells and Vector
cells were pretreated with or without arachidonic acid (10 wM)
for 1 h before exposure to H,O, for 24 h. In BM3 cells,
arachidonic acid significantly inhibited H,O,-induced DNA
laddering; in contrast, in Vector cells, arachidonic acid not only
did not prevent H,O,-induced DNA laddering but actually
augmented DNA laddering and increased apoptotic-cell num-
ber, compared to treatment with H,O, alone (Fig. 2).
14,15-EET activates a PI-3 kinase-Akt-signaling pathway.
We have previously reported that in quiescent nontransfected
LLCPKcl4 cells, 14,15-EET administration activated the mito-
gen-activated protein (MAP) kinases p44/p42 extracellular sig-
nal-regulated kinases (ERKSs) and phosphatidylinositol-3 ki-
nase (PI-3 kinase) (17), while arachidonic acid addition
activated ERKs and PI-3 kinase in BM3 cells but not in Vector
cells (18), indicating that 14,15-EET can activate both MAP
kinase and PI-3 kinase pathways. To determine if these path-
ways were involved in mediating the antiapoptotic effects of
14,15-EET, the specific MAP kinase kinase (MEK) inhibitor
PDO98059 and two mechanistically and structurally distinct PI-3
kinase inhibitors, wortmannin and L.Y294002, were employed.
Inhibition of H,0O,-induced DNA laddering (Fig. 3A) and ap-
optotic cell number (data not shown) by 14,15-EET was abol-
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ished by wortmannin and L'Y294002 but not by PD98059. In
addition, H,0,-induced apoptotic body formation, detected
by Hoechst 33258, was also abolished by wortmannin or
LY294002 but not by PD98059 (data not shown). Determina-
tion of FITC-labeled annexin V binding further confirmed the
involvement of PI-3 kinase, but not MAP kinase, in the anti-
apoptotic effects of 14,15-EET, because 14,15-EET inhibition
of H,O,-induced annexin V binding was abolished by wort-
mannin but not by PD98059 (data not shown). In the BM3
cells, wortmannin and L.Y294002, but not PD98059, abolished
arachidonic acid-mediated inhibition of DNA laddering (Fig.
3B) and apoptotic-cell number (data not shown) induced by
hydrogen peroxide, indicating that endogenously produced
14,15-EET exerts antiapoptotic effects as well. As demon-
strated in Fig. 3C, 14,15-EET significantly increased Akt ki-
nase activity, which was completely blocked by wortmannin or
LY294002.

Arachidonic acid-induced apoptosis. Hydrogen peroxide has
been reported to activate phospholipase A, (PLA,) and re-
lease arachidonic acid (8, 14). To investigate further the ob-
servation that arachidonic acid administration augmented
H,O,-induced apoptosis in LLCPKcl4 cells (Fig. 2A), quies-
cent BM3 cells and Vector cells were treated with or without
arachidonic acid (10 pM) for 48 h in the absence of other
apoptosis-inducing stimuli. Arachidonic acid induced apopto-
tic cell death in Vector cells but not in BM3 cells, as indicated
by DNA laddering (Fig. 4) and apoptotic cell counts (data not
shown).

Ceramide mediates arachidonic acid-induced apoptosis.
Administration of arachidonic acid to the nontransfected
LLCPKcl4 cells induced ceramide production within 1 h that
remained elevated for up to 48 h, the longest time tested (Fig.
5A). In contrast, arachidonic acid addition did not increase
ceramide levels in BM3 cells, although it significantly increased
ceramide levels in Vector cells (Fig. 5B), similar to its effect in
the wild-type cells. In BM3 cells pretreated with the P450
inhibitor 17-octadecynoic acid, previously shown to inhibit
BM3 epoxygenase activity (18, 51), administration of arachi-
donic acid increased ceramide levels (Fig. 5C) and induced
apoptosis (Fig. 5D). Direct administration of the cell-perme-
able C2-ceramide (25 wM) induced apoptosis in quiescent
Vector cells and BM3 cells, while pretreatment of Vector cells
with 14,15-EET or BM3 cells with arachidonic acid decreased
the extent of apoptosis (Fig. SE).

Arachidonic acid induces apoptosis by activating the neu-
tral sphingomyelinase pathway. Pretreatment of LLCPKcl4
cells with the ceramide synthase inhibitor fumonisin B1 did not
affect arachidonic acid-induced ceramide elevation (Fig. 6A)
and had no effect on arachidonic acid-induced apoptosis (Fig.
6B); in contrast, the neutral sphingomyelinase inhibitor scy-
phostatin (42, 43) blocked arachidonic acid-induced ceramide
production (Fig. 6C) and abolished arachidonic acid-induced
apoptosis as well (Fig. 6D). Interestingly, the pan-caspase in-
hibitor Z-VAD-fmk had no effect on arachidonic acid-induced
ceramide generation (Fig. 6A) but significantly inhibited ara-
chidonic acid-induced apoptosis (Fig. 6B), indicating that
caspases are downstream effectors of ceramide in the arachi-
donic acid-activated apoptotic signaling pathway.
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FIG. 5. Ceramide mediates arachidonic acid-induced apoptosis.
(A) Time course of arachidonic acid induced-ceramide generation in
LLCPKcl4 cells. Quiescent cells were treated with or without arachi-
donic acid (10 wM) for the indicated times, the cells were then har-
vested, and ceramide levels were quantitated as described in Materials
and Methods. (B) Arachidonic acid increased ceramide generation in
Vector cells but not in BM3 cells. Vector cells and BM3 cells were
rendered quiescent and treated with or without arachidonic acid (10
uM) for 48 h. Ceramide levels were determined as described in Ma-
terials and Methods. (C and D) Arachidonic acid increased ceramide
levels and induced apoptosis in BM3 cells pretreated with a P450
inhibitor. Quiescent BM3 cells were pretreated with or without the
P450 inhibitor 17-ODYA (20 nM) and treated with or without arachi-
donic acid (10 wM). The cells were then harvested and ceramide levels
were measured (C), and apoptosis was determined (D). (E) 14,15-EET
and arachidonic acid inhibited apoptosis induced by administration of
ceramide in Vector cells and BM3 cells, respectively. Vector cells and
BM3 cells were made quiescent and pretreated with or without 14,15-
EET (Vector cells) or arachidonic acid (BM3 cells); they were then
exposed to the cell-permeable C2-ceramide (25 uM), and apoptosis
was assessed. (D and E) Leftmost lane, 100-bp DNA ladder; rightmost
lane, 1-kb DNA ladder.
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FIG. 6. Arachidonic acid induces apoptosis by activating neutral sphingomyelinase pathway. (A and B) Effects of ceramide synthase inhibitor
and caspase inhibitor on arachidonic acid-induced ceramide production and apoptosis in LLCPKcl4 cells. Quiescent cells were pretreated with
vehicle, fumonisin B1 (50 uM), or Z-VAD-fmk (50 M) for 1 h, followed by treatment with or without arachidonic acid (10 uM). Cells were then
harvested, ceramide levels were measured 1 h after administration of arachidonic acid (A), and apoptosis was determined 24 h after administration
of arachidonic acid (B). (C and D) Effects of the neutral sphingomyelinase inhibitor scyphostatin on arachidonic acid-induced ceramide production
and apoptosis in LLCPKcl4 cells. Quiescent cells were pretreated with or without scyphostatin (1 uM) for 1 h followed by treatment with or without
arachidonic acid (10 pM). Cells were then harvested, ceramide levels were measured (C), and apoptosis was determined (D). (B and D) Leftmost

lane, 100-bp DNA ladder; rightmost lane, 1-kb DNA ladder.

DISCUSSION

To date, three enzymatic pathways of arachidonic acid
metabolism, cyclooxygenase, lipoxygenase, and cytochrome
P450 enzymes, have been identified in mammalian systems.
Cyclooxygenase- and lipoxygenase-mediated arachidonic
acid metabolic pathways have been extensively character-
ized, and their contributions to pathophysiology have been
well established, including potential roles in epithelial can-
cers, such as colon, breast, and prostate carcinoma (2, 25,
44; R. A. Gupta and R. N. DuBois, Editorial, Gastroenter-
ology 114:1095-1098, 1998). There is increasing interest in
cyclooxygenase and lipoxygenase inhibitors as cancer-pre-
ventive agents, since these inhibitors are known to induce
apoptosis (2, 35, 50). However, it remains to be determined
which arachidonic acid metabolites produced by these path-

ways are involved in preventing apoptosis and/or how ara-
chidonic acid itself induces apoptosis. In this regard, it has
been suggested that cyclooxygenase and lipoxygenase inhib-
itors may be cancer preventive not only by inhibiting pro-
duction of specific antiapoptotic arachidonic acid metabo-
lites but also by preventing metabolism of free arachidonic
acid, which promotes neutral sphingomyelinase activity and
increases production of the proapoptotic lipid ceramide (15,
54). Utilizing human epithelial cell lines with stable, induc-
ible expression of cyclooxygenase-2 and/or fatty acid-coen-
zyme A ligase 4, a recent study has shown that free arachi-
donic acid is a critical signal for apoptosis and that the
induction of apoptosis by nonsteroidal anti-inflammatory
drugs, the fatty acid-coenzyme A ligase inhibitor triacsin C,
and other cyclooxygenase and lipoxygenase inhibitors of ar-
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FIG. 7. Arachidonic acid-ceramide-apoptosis-signaling pathway is
regulated by cytochrome P450 in LLCPKcl4 cells. Arachidonic acid, an
important constituent of cell membrane, is released by activation of
specific phospholipases (PLA,) and further metabolized by cyclooxy-
genases, lipoxygenases, and cytochrome P450 pathways. If unesterified
arachidonic acid is not metabolized, it activates neutral sphingomyeli-
nase (N-SMase), which converts sphingomyelin to the second messen-
ger, ceramide. Ceramide induces caspase activation, which leads to
apoptosis. In cells such as the renal proximal tubule, in which cyclo-
oxygenase and lipoxygenase are expressed at nearly undetectable lev-
els, arachidonic acid metabolism is shunted to the cytochrome P450
pathway. This metabolism not only metabolizes and detoxifies excess
unesterified arachidonic acid to prevent proapoptotic ceramide forma-
tion but also produces a metabolite, 14,15-EET, which activates a PI-3
kinase—Akt-signaling pathway. Thus, cytochrome P450 mediates cell
survival by two complementary mechanisms.

achidonic acid metabolism is a consequence of an accumu-
lation of intracellular free arachidonic acid (9). In contrast,
much less attention has been paid to the cytochrome P450
monooxygenase pathway, the third major pathway of ara-
chidonic acid metabolism.

The cytochrome P450 hemoproteins represent the most
abundant and widely distributed group of eukaryotic monoox-
ygenases. In mammals, these proteins are expressed in almost
all cell types, but despite delineation of their biochemical and
biophysical properties and extensive insight into roles in toxi-
cology and pharmacology, little is known about their physio-
logic roles in nonsteroidogenic organs. The demonstration that
arachidonic acid is an endogenous substrate for cytochrome
P450 has stimulated investigations of biologic roles for these
metabolites. EETs have been proposed to act as second mes-
sengers for hormones and growth factors. In this regard, we
have demonstrated that EETs serve as second messengers for
epidermal growth factor in renal epithelial cells (6, 18) and are
potent mitogens via activation of a Src kinase-mediated ty-
rosine kinase cascade (16, 17). The present studies document
an additional novel role for 14,15-EET to inhibit apoptosis
induced by such diverse proapoptotic stimuli as H,O,, etopo-
side, and excess arachidonic acid. These antiapoptotic effects
were observed either with exogenous addition of 14,15-EET or
following transfection of the biosynthetic machinery necessary
for its endogenous biosynthesis from arachidonic acid, thus
establishing a clear cause-and-effect relationship between the
cytochrome P450 epoxygenase pathway and its metabolite,
14,15-EET. Furthermore, we also show that a single chemical
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entity, 14,15-EET, can replace the serum requirements for
LLCPKcl4 cells and support cell viability. An additional cyto-
protective role of P450 epoxygenase is to metabolize and there-
by prevent accumulation of toxic levels of free arachidonic
acid.

PI-3 kinase, composed of an 85-kDa regulatory subunit and
a 110-kDa catalytic subunit, is activated by a wide range of
cytokines, hormones, and growth factors (24, 55). PI-3 kinases
and their phospholipid products, PI-3,4,5-trisphosphate [PI
(3,4,5)P3] and PI(3,4)P2, have been demonstrated to promote
growth factor-mediated cell survival and to prevent apoptosis
in many cell types (47, 61). Our present studies show that
although 14,15-EET activates both PI-3 kinase and ERK(s, it is
activation of PI-3 kinase that is essential for the antiapoptotic
signaling pathway of 14,15-EET. It has previously been shown
that the ubiquitously expressed serine/threonine protein kinase
B, also called Akt, is the downstream target of PI-3 kinase in
the growth factor-mediated cytoprotective signaling pathways
(5, 23). In the present studies, 14,15-EET also significantly
increased Akt activity, suggesting that 14,15-EET exerts its
potent antiapoptotic effects through activation of a PI-3 ki-
nase—Akt-signaling pathway.

The second lipid messenger, ceramide, regulates cellular
differentiation, proliferation, and apoptosis in both stimulus-
and cell-type-specific fashions. Very often, however, the out-
come of ceramide-mediated signaling is apoptosis, and increas-
ing evidence suggests that the sphingomyelin-signaling system
is an upstream signaling mechanism that links cell surface
receptors and environmental stresses to the apoptotic pathway
(37). Although the mechanisms of ceramide-induced apoptosis
are still incompletely understood, in the past years the c-Jun
N-terminal kinase and p38 MAP kinase pathways have been
linked to the ceramide-initiated apoptosis (30, 58). Interest-
ingly, ceramide has recently been shown to induce apoptosis by
dephosphorylation of Akt at residues Thr-308 and Ser-473
through a ceramide-activated protein phosphatase, thus inhib-
iting Akt activity (48). Akt has also been shown to prevent
formation of ceramide in response to proapoptotic stimuli and
protect cells against ceramide-induced apoptosis (27). The po-
tent cytotoxic effect of tumor necrosis factor alpha has been
shown to signal through activation of the cytosolic PLA,
(cPLA,) and release of free arachidonic acid, which acts as an
essential precursor for tumor necrosis factor alpha to induce
activation of the sphingomyelin-signaling cycle and, as a result,
formation of the proapoptotic ceramide (34). In the present
study, we showed that ceramide is a potent inducer of apopto-
sis for renal epithelial cells and that ceramide is an effector of
arachidonic acid-mediated apoptosis. We demonstrate that
cells that lack functional cytochrome P450 activity as well as
cyclooxygenase and lipoxygenase are susceptible to apoptosis
when exposed to free arachidonic acid. In contrast, introduc-
tion of enzymatically active P450 epoxygenase into these cells
restored their arachidonic acid metabolic function and pre-
vented arachidonic acid-induced ceramide production, and
thereby provided these cells with resistance to free arachidonic
acid-induced apoptosis.

Since the ceramide synthase inhibitor had no inhibitory ef-
fect on ceramide elevation and apoptosis induced by arachi-
donic acid, these effects are likely not due to activation of
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ceramide synthase and initiation of de novo synthesis of cer-
amide. The blockade of these effects of arachidonic acid by a
neutral sphingomyelinase inhibitor provides direct evidence
that unesterified arachidonic acid induces apoptosis through
activation of the neutral sphingomyelinase pathway, resulting
in conversion of sphingomyelin to ceramide. The pan-caspase
inhibitor had no effect on arachidonic acid-induced ceramide
generation but did inhibit arachidonic acid-induced apoptosis,
suggesting that ceramide is upstream of caspases in the ara-
chidonic acid-activated apoptotic pathway, as schematized in
Fig. 7.

Moreover, the active P450 epoxygenase introduced into
these cells had been engineered to metabolize arachidonic acid
only to 14,15-EET, which renders the cells resistant to apo-
ptosis-inducing agents such as hydrogen peroxide in addition
to arachidonic acid per se. Thus, in addition to the production
of the antiapoptotic lipid 14,15-EET, our present studies also
show that metabolism of free arachidonic acid by P450 pre-
vents free arachidonic acid-mediated ceramide formation.
Therefore, P450 serves as an important regulator of cell sur-
vival by decreasing proapoptotic signals as well as by increasing
antiapoptotic signals, as illustrated in Fig. 7.

In summary, the present results demonstrate that cyto-
chrome P450 epoxygenase prevents apoptosis by two comple-
mentary mechanisms. This enzyme both metabolizes and de-
toxifies excess free arachidonic acid to prevent proapoptotic
ceramide production and also produces a metabolite, 14,15-
EET, that is a potent inhibitor of apoptosis by activation of a
PI-3 kinase—Akt-signaling pathway. These studies elucidate a
new functional role for the P450 epoxygenase pathway of ar-
achidonic acid metabolism and shed new light on the mecha-
nisms by which unesterified arachidonic acid signals apoptosis.
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