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Cytochrome P450 epoxidation of linoleic acid produces biologically
active metabolites which have been associated with many patholog-
ical conditions that often lead to acute renal failure. In the present
study, we evaluated the ability of specific cytochrome P450s to pro-
duce linoleic acid monoepoxides. We then tested the cytotoxic prop-
erties of linoleic acid, linoleic acid monoepoxides, and corresponding
diols in a rabbit renal proximal tubule model. CYP1A2, CYP2E1,
CYP2J2, CYP2J3, CYP2J5, and CYP2J9 metabolized linoleic acid at
rates comparable to arachidonic acid and produced linoleic acid
monoepoxides as major products. Cytotoxicity studies showed that
linoleic acid, linoleic acid monoepoxides, and corresponding diols are
toxic at pathologically relevant concentrations (100-500 wM). Con-
centration-dependent studies showed that linoleic acid and linoleic
acid monoepoxides are the most toxic and induce mitochondrial
dysfunction prior to cell death. Cytoprotectants known to block cell
death associated with mitochondrial dysfunction and oxidative stress
did not prevent cell death induced by linoleic acid and linoleic acid
monoepoxides. This study shows that P450s in the CYP1 and CYP2
gene families metabolize linoleic acid to linoleic acid monoepoxides
and that the monoepoxides, as well as linoleic acid, disrupt mitochon-
drial function without causing oxidative stress. © 2000 Academic Press

P450 epoxidation of AA and LA is well established an
associated with the CYP2 gene family (Byluedal., 1998a,b;

Capdevilaet al.,1991; Oliwet al.,1996; Zeldinet al., 1995).
The primary AA and LA epoxidation products formed are
cis-epoxyeicosatrienoic acids (5,6-, 8,9-, 11,12-, and 14,1-
EET) andcis-epoxyoctadecenoic acids (9,10- and 12,13-EOA)
respectively. Byluncbt al. (1998a,b) demonstrated that recom-
binant CYP1A2, CYP2C8, CYP2C9, CYP2C19, and CYP3A4
metabolize LA and form EOA, DHOA, and HODE metabo-
lites, suggesting that several P450s are capable of metabolizi
LA and forming similar products. CYP2J2 is a human isozyme
that is abundant in kidney and active in the metabolism of AA
to EETs (Wuet al., 1996). Rat CYP2J3 and mouse CYP2J5
and CYP2J9 are expressed also in kidney and are active in A
metabolism (Meet al., 1999; Wuet al., 1996, 1997). Each of
the CYP2Js are catalytically distinct enzymes and produc
mixtures of EETs and HETEs (Mat al., 1999; Wuet al.,
1996, 1997). However, it is not known whether these enzyme
metabolize linoleic acid.

While there are many studies demonstrating the biologice
relevance of P450-derived AA products (Hoebelal., 1998;
McGiff and Carroll, 1991; McGiffet al., 1991, 1993; Quilley
et al.,1997), the physiological and pathological significance of
9,10-EOA and 12,13-EOA are not known. These LA metabo
lites are produceth vivo during specific pathological events.
For example, Kosakat al. (1994) showed that 9,10-EOA and
12,13-EOA can reach high concentrations1Q0 uM) in the
serum of patients with significant burns, and Ozaetaal.
(1988) isolated these metabolites from the lungs of rats e

dposed to toxic concentrations of oxygen. 9,10-EOA and 12,13
EOA have been associated with adult respiratory distress sy
drome, increased mortality of severely burned patients

* To whom correspondence should be addressed at: Department of Phar?r}/as-temlc ShOCk',and have be?n shown to mduce_ cardiac failu
cology and Toxicology, University of Arkansas for Medical Sciences, 4301 d0gS (FUkU_Shlmat al.,1988; KOSZ?.kaEt al.., 1994; Ozawat
West Markham, Slot 638, Little Rock, AR 72205. Telephone: (501) 686-887al., 1988; Sugiyamat al., 1987). Patients with severe burns or

Fax: (501) 686-8970. E-mail: grantdavidf@exchange.uams.edu.

adult respiratory distress syndrome often die from multiple

% Abbreviations used: P450, cytochrome P450; AA, arachidonic acid; L%rgan failure. Since. in many of these cases. there is ren

linoleic acid; EET, cis-epoxyeicosatrienoic acid; EOAsis-epoxyoctadecenoic
acid; DHOA, dihydroxyoctadecenoic acid; HODE, hydroxyoctadecdienoic aci

failure due to acute tubular necrosis, it is important to under

HETE, hydroxyeicosatetraenoic acid; sEH, soluble epoxide hydrolase; RPT, renal

proximal tubules; CYPOR, cytochrome P450 oxidoreductase; NP-HPLC, normal-

phase high-pressure liquid chromatography; RP-HPLC, reverse-phase high-pteferoxamine; DPPIDN,N -diphenyl-1,4-phenyl-enediamine; LDH, lactate dehy-
sure liquid chromatography; DMSO, dimethyl sulfoxide; GLY, glycine; DEFdrogenase; SE, standard error; ANOVA, analysis of variance.
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stand the biological activities of 9,10-EOA and 12,13-EOA iterminated by the addition of a catalytic amount of manganese (IV) oxide (1-
kidney. mg) and extracted using methylene chloride. The synthesized monoepoxid
ere silica purified using a mobile phase consisting of methylene chlorid

Recenin vitro studies have used the methyl ester derlvatlv%\&.g%)/ethyl acetate (5%)/acetic acid (0.1%). The silica-purified monoep

of linoleic acid, EOAs, and DHOAs. These studies have Sugsiges were either hydrolyzed to corresponding vicinal diols at room temper
gested an sEH-dependent pathway for the toxicity induced &wyre for 1.5 h using HCIQ(1.25%) or purified by NP-HPLC. The NP-HPLC

9,10- and 12,13-EOA (Moghaddaem al.,1997; Moranet al., mobile phase for the purification of the monoepoxides consisted of hexar
1997; Stimeret al., 1999). This mechanism of activation lead$98.9%)/2-propanol (1%)/acetic acid (0.1%). The vicinal diols were purified

. . . . . _~Also by NP-HPLC using a mobile phase consisting of hexane (95.9%)/2
to the formation of the vicinal diols via SEH hydrolysis. Sf 2f;ropanol (4%)/acetic acid (0.1%). Purified 9,10-EOA and 12,13-EOA had th

cells ex_pressing human or mouse sSEH were shown to Hge retention time (approximately 8.9 and 7.6 min, respectively) as authen
susceptible to methyl-EOA and methyl-DHOA; however, corstandards (Cayman Chemical Co.) when separated on a silica Rainin M

trol Sf-21 cells (expressing-galactosida_se) were only suscepcrosorb column (25 cnx 4.6 mm) using a flow rate of 1 mL/min. Using the
tible to methyI-DHOA mediated toxicity (Moghaddam al.. NP-HPLC system described above, the elution times for 9,10-DHOA an(

. 12,13-DHOA were approximately 13.1 and 10.0 min, respectively. Detectiot
0
1997). Moranet al. (1997) showed that approximately 50 A)o_f the epoxides and diols was achieved by UV detection at 202 nm. All purifiec

Ce_”U|ar lysis occurred when RPT were exposed to a racenlgmers were dried under nitrogen and storeet26°C until assayed. Purified
mixture of methyl-DHOA, but not methyl-EOA and methyl-compounds routinely hagt1% contamination of the other isomer (as assayed

LA. RPT exhibited mitochondrial dysfunction and inhibition ofoy HPLC) and had the predicted molecular weights when analyzed by positiv

active Na transport prior to cell death. The toxicologicala”d negative electrospray ionization mass spectroscopy (Mass Consortiu
. . . Di , CA).
effects seen in these studies, however, may be nonspecific Jgik>9° €A

to the high concentrations utilized (1.0 mM) and may not be aIncubations of recombinant cytochrome P450s with LAReaction mix-
tures containing Tris—ClI buffer (50 mM, pH 7.5), KCI (150 mM), MgQ10

true reflection of V\_Ihat occurg vivo because methy| esterSmM), sodium isocitrate (8 mM), 0.5 IU/mL isocitrate dehydrogenase, varying
rather than free acids were used. _ concentrations of P450 (0.10—0.481), NADPH (1 mM), and [13C]LA (55
Understanding how these biologically active compounds agei/wmol; 50-100uM final concentration) were constantly stirred at 37°C for

produced and what role they have in normal physiological aA6-180 min. All reactions were initiated with the addition of NADPH after

pathological processes could lead to new therapeutic Strate%?@@eraturg equilibration. At different time points, aliquots were withdrawn,
for patients with severe burns or sufferina from multiple or xtracted with ethyl ether over a saturated KCI aqueous buffer, and analyzc
p g P gaunsing both NP-HPLC and RP-HPLC. Instrumentation utilized for product

failure_- The Current_StUdy was quignEd to further characterigguysis was the same as described by dal. (1999). The mobile phases
P450 isozymes which metabolize LA and to address someuséd for NP-HPLC and RP-HPLC separations consisted of hexane (98.6%
the controversies in the literature concerning which LA me-propanol (1.3%)/acetic acid (0.1%) and acetonitrile (49-100%)/water (0.0

tabolites produce toxicity. We demonstrate that linoleic acldd).g%)/acetic acid (0.1%), respectively. For RP-HPLC analysis, the aceton

. . lle concentration increased linearly from 15-70 min. Both NP-HPLC anc
epoxides are major products of CYP1A2, CYP2EL CYPZJEP-HPLC separations were done at a constant flow rate (1 mL/min) an

CYP2J33, CYP2J5, and CYP2J9 metabolism, and our toXiClynient temperature. Product profiles were based on the retention times
studies show that LA, LA-EOAs, and LA-DHOAs are all toxicauthentic standards purchased from Cayman Chemical Co. or synthesized
in the rabbit RPT model. We describe mitochondrial effectsir laboratory.

and determine relative toxicity of these metabolites. We ShowRPT isolation and incubations. RPT were isolated and purified from
for the first time that free-acid LA metabolites have a differerit5-2.0 kg female New Zealand White rabbits (Myrtle’s Rabbitry, Thompsor

toxicity profile than the methyl ester LA metabolites in rabbiftation. TN) by the Percoll method of Rodeheaeerl. (1990). RPT were
RPT suspended in an incubation buffer containing (in mM) alanine, 1; dextrose, *

heptanoate, 2; lactate, 4; malate, 5; NaCl, 115; Nakl@6; KCI, 5; NaHPO,,

2; MgSQ, 1; CaCl, 1; HEPES, 10 (pH 7.4, 295 mOsm/kg). All RPT
suspensions contained approximately 1 mg cellular protein/mL and wer
incubated under normoxia (95% air/5% g@r hypoxia (95% N/5% CQ,) at

. . . . ~ 37°C in a gyrating water bath (185 rpm).

Materials. [1-*C]linoleic acid was purchased from Amersham (Piscat Following a 15-min preincubation, DMSO (diluent, 0.05%), LA (100~500
away, NJ). 9,10-EOA, 12,13-EOA, 9-HODE, and 13-HODE standards We[ﬁw)’ 9,10- and 12,13-EOA (100-5Q@M), or 9,10- and 12,13-DHOA (100—
purchased from Cayman Chemical Co. (Ann Arbor, MI) or synthesized in 04 M) were added directly to RPT suspensions and incubated for variou
laboratory. Recombinant CYP1A2, CYP2EL, and CYP4ALl were purchasggleg (1-180 min). Addition of LA (50QM) did not significantly alter the pH
from Gentest (Woburn, MA) and CYP2J2, CYP2J3, CYP2J5, and CYP249 the RPT suspension (data not shown). Mechanistic studies included tt
were expressed_in Sf9 cells using a baculovirus heterologous ?Xpres%'ﬁﬂultaneous addition of GLY (2 mM), DEF (5QtM), or DPPD (2uM), and
system, as described (M# al., 1999; Wuet al., 1996, 1997). All recombinant incypations continued f@ h before assessment of cell death, as determined b
cytochromes P450 were coexpressed with CYPOR. Unless otherwise SpRirate dehydrogenase release (see below). For all other experiments, aliqu

fied, all other chemicals and reagents were purchased from either Sigfige removed at indicated times for assessment of cell death, mitochondri
Chemical Co. (St. Louis, MO) or Aldrich Chemical Co. (Milwaukee, WI) andnction. and active ion transport.

were reagent grade.

MATERIALS AND METHODS

RPT LA metabolism studies were performed by adding a trace amount c
Synthesis and purification of LA metabolites. The monoepoxides of LA [1-*C]LA (2 X 10° cpm/10 mg cellular protein) with unlabeled LA (5@/).
were synthesized using previously reported methods (Rudeti., 1997). An aliquot was removed and counted before extraction with ethyl ether t
Briefly, LA was dissolved in methylene chloride and incubated at roomietermine extraction efficiency. Both media and RPT were extracted thre
temperature for 30 min in the presence of methyltrioxorhenium (0.5 mol%)mes with ethyl ether and the metabolic products were evaporated to dryne
pyridine (12 mol%), and hydrogen peroxide (1.5 mol equivs). The reaction wasder N, and resolved using the RP-HPLC system described above.
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FIG.1. RP-HPLC chromatographs of the organic soluble metabolites generated during incubation of Sf9 insect cell microsomes containing recombir
CYP2J2, (B) CYP2J3, (C) CYP2J5, (D) CYP2J9, (E) CYP1A2, (F) CYP2EL, and (G) CYP4A11 and CYPOR'@]ttN. Chromatograms are representative
of three to nine experiments. Incubation times varied from 10-180 min. The metabolites were separated into four major classes, LA, EOAs, HOOBSsand |
Retention times are based on authentic standards and are approximately 61 min (LA), 49 min (9,10-EOA), 48 min (12,13-EOA), 38 min (9-HOD
13-HODE), 23 min (9,10-DHOA), and 22 min (12,13-DHOA). Some unidentified metabolites were formed that elute in the HODE region (B—G). Incub
in the absence of NADPH and isocitrate dehydrogenase or with control Sf9 microsome¥@jitiA[produced negligible metabolism and no specific products
(data not shown).
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FIG. 2. NP-HPLC chromatograms of the organic soluble metabolites generated during incubation of Sf9 insect cell microsomes containing recombin
CYP2J2, (B) CYP2J3, (C) CYP2J5, (D) CYP2J9, (E) CYP1A2, (F) CYP2EL, and (G) CYP4A11 and CYPOR@]th% Incubation times varied from 10
to 180 min. The metabolites were separated into four major classes, LA, EOAs, HODEs, and DHOAs. Retention times are based on authentic staadard
approximately 5 min (LA), 7 min (12,13-EOA), 8 min (9,10-EOA), 14 min (13-HODE), and 23 min (9-HODE). Some unidentified metabolites were formed
elute in the HODE region (B-G).
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TABLE 1
LA Metabolism by Sf9 Microsomes Coexpressing Recombinant Cytochrome P450s with CYPOR

Rate pmol product/

% HODEs % EOAs % 9,10-EOA % 12,13-EOA (pmol P450- min)
CYP1A2 54 46 61 39 5259 449"
CYP2E1 35 65 44 56 2643 501°
CYP2J2 ND 100 41 59 158 36°
CYP2J3 62 38 37 63 158 22°
CYP2J5 35 65 46 54 252 52°
CYP2J9 63 37 25 75 8@ 34°
CYP4A11 100 ND ND ND 208+ 33°

Note.Sf9 microsomes coexpressing the indicated recombinant P450 with CYPOR were incubated as described under Materials and Methods. Produc
were determined from chromatograms seen in Fig. 2 and rate determinations are representative of three to seven experiments. Rate valudsedi@srept
means= SE. Means with different superscripts are statistically differgnt{ 0.05), andsome metabolites were not detected (ND).

Oxygen consumption. Oxygen consumption of RPT suspensions wagnetabolism rates by CYP2C P450s (Byluatial., 1998a,b;
measured using a Clark-type oxygen probe (Schnellmann, 1994). After baeq,laper and Hammock. 2000: Olist al. 1996). Metabolic

oxygen consumption was determined, ouabain (280, a specific inhibitor rates. percentage enoxidation vs. hvdroxvlation. and reaios
of Na'/K "-ATPase, was added to the RPT suspension to measure the ouabajn-"~"’ P 9 P - Ny y ! giosp

insensitive oxygen consumption. Ouabain-sensitive oxygen consumption, XI1C epoxidation data are summarized in Table 1.
ygen consumption associated with active ‘Neansport, was determined by Toxicity of LA, LA monoepoxides, and LA diols to RPTo
:ieélﬂng the difference between basal and ouabain-insensitive oxygen consuEP=mine the toxicity of L.A, LA monoepoxiqu, and LA diols,
Biochemical assays. Cell death was measured by the release of LDHRPT were exposed to different concentrations (100—;50[)
(Moran and Schnellmann, 1996). Protein content was determined as previon%fI)J‘A’ 9,10—EOA, 12,13-EOA, 9,10-DHOA, and 12’_13'DHOA
described (Bradford, 1976) or by using the BCA method as described by Pieféé 1-180 min. Control RPT cellular LDH release is approxi-
(Rockford, IL). P450 content was determined spectrally as described by Omarately 10% followirg 3 h ofexposure to DMSO in this model
and Sato (1964) using a Shimadzu UV-3000 dual-wavelength/double-be@iFigy. 3). All tested compounds induced LDH release in a time
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD). and concentration-dependent manner (Fig. 3)_ 12,13-EOA (5(

Statistics. Data are presented as means SE and were analyzed by M) produced very rapid LDH release. Approximately 30%
ANOVA. Multiple means were tested for significance using Student—Ne

man-Keuls test and p value of <0.05. . DH r.elease occurred within 30 min and continued to incre_as
in a time-dependent manner for 3 h. However, at later tim
RESULTS points LA appeared to be the most toxic and induced appro»

imately 75% LDH release at 3 h. 9,10-EOA (5aM), 12,13-

Recombinant P450 metabolism of LAMicrosomal frac- EOA (500 uM), 9,10-DHOA (500 uM), and 12,13-DHOA
tions prepared from Sf9 insect cells coexpressing CYP1A®00 uM) were equally potentta3 h and induced approxi-
CYP2J2, CYP2J3, CYP2J5, CYP2J9, CYP2E1, or cyp4ATately 50% LDH release. Concentration-dependent studie
and CYPOR metabolized LA to EOAs and HODEs as thelggested that LA, 9,10-EOA, and 12,13-EOA were the mos
principle products. We identified these metabolites by compdiotent of the tested compounds. Approximately 20% LDF
ing RP-HPLC (Fig. 1) and NP-HPLC (Fig. 2) properties witlielease occurred wit3 h of exposure to LA (100uM),
those of authentic standards. None of the observed metabolfek)-EOA (100uM), and 12,13-EOA (10M), and approx-
were formed in the absence of NADPH and isocitrate dehijnately 60 and 45% LDH release occurrediw@ h of expo-
drogenase or by using uninfected Sf9 insect cell microsomésre to LA (333uM) and the LA monoepoxides (338M),
Based on the chromatographs in Figs. 1-2, we conclude tf@gpectively (Fig. 3). Interestingly, RPT exposed to 9,10- an
CYP2J2 and CYP4A11 have predominantly LA epoxygenad@,13-DHOA (100-333uM) for 3 h showed no statistical
and LA hydroxylase activity, respectively. In contrastdifference from control LDH release values.
CYP1A2, CYP2EL, CYP2J3, CYP2J5, and CYP2J9 have bothRole of mitochondrial dysfunction in the toxicity of LA, LA
LA epoxygenase and LA hydroxylase activities. CYP2J9 exaonoepoxides, and LA diolsTo determine whether mito-
hibited some regiospecificity and metabolized LA to predonthondria are the target of these fatty acids, RPT basal, ouabal
inantly 12,13-EOA (Table 1). None of the other P450s tests@nsitive, and ouabain-insensitive respiration rates were me
showed regiospecific epoxidation. The rates of LA metabolissured. RPT basal respiration rates decreased approximat
reported in this study are comparable to previous reports of 0% (Fig. 4) after a 15-min exposure to 9,10-EOA (50)
metabolism rates by various P450s (Haethal., 2000; Maet and 12,13-EOA (50@wM). RPT basal respiration rates after a
al., 1999; Oliw et al., 1996; Wuet al., 1996, 1997) and LA 15-min exposure to LA (50Q.M), 9,10-DHOA (500nM), and
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FIG. 3. (A) Time-dependent effects of LA (500M), 9,10-EOA (500.M), 12,13-EOA (500uM), 9,10-DHOA (5001M), and 12,13-DHOA (50Q:M) on
RPT LDH release. (B) Concentration-dependent effects of LA, 9,10-EOA, 12,13-EOA, 9,10-DHOA, and 12,13-DHOA on RPT LDH reledsé afte
exposure. Data are represented as mear8E (n = 3-19). Means with different superscripts are statistically differept< 0.05).

12,13-DHOA were not statistically different from diluent-of exposure (Fig. 4), whereas, 9,10-DHOA (5@M) and
treated RPT. 12,13-DHOA (500uM) had minimal effects on ouabain-sen-
Basal oxygen consumption can be divided into ouabaisiive oxygen consumption. Ouabain-insensitive oxygen cor
sensitive oxygen consumption and ouabain-insensitive oxygeumption was not affected after RPT were exposed to 9,1(
consumption. Ouabain-sensitive oxygen consumption is a @HOA (500 uM) and 12,13-DHOA (50QuM) for 15 min, but
rect result of Na/K" activity and is a marker of active Na a 15-min exposure to LA (50@M) produced a statistically
transport. Mitochondrial uncoupling results in a rapid increasggnificant increase in ouabain-insensitive oxygen consumy
in ouabain-insensitive oxygen consumption with a subsequeioin when compared to controls (Fig. 4). With exposure tc
decrease (Schnellmann, 1994). LA (50M1), 9,10-EOA (500 9,10-EOA (500 uM) and 12,13-EOA (500nM), ouabain-
M), and 12,13-EOA (500uM) significantly decreased insensitive oxygen consumption statistically increased within :
ouabain-sensitive oxygen consumption (53—-67%) after 15 mmmn (Fig. 5) and, after 15 min, started decreasing (Fig. 4). Th
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35 4
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FIG. 4. The effect on RPT basal, ouabain-sensitive, and ouabain-insensitive oxygen consumption after a 15-min exposure taN} 600-EOA (500
uM), 12,13-EOA (500nM), 9,10-DHOA (500uM), and 12,13-DHOA (50QuM). Data are represented as meansSE (h = 3-7). Means with different

LA
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354 Ouabain-Insensitive about the relevance of LA-derived lipid mediators in kidney
physiology/pathology. CYP2J2, CYP2J3, CYP2J5, CYP2JC
and CYP4A11 are highly expressed in kidney (Imaekal.,
1993; Maet al., 1999; Wuet al., 1996, 1997) and metabolize
LA at slower rates when compared to liver P450s, CYP1A2
and CYP2E1 (Duescher and Elfarra, 1994; Lieber, 1997; Neé
kajimaet al.,1994). Consistent with AA metabolism (Hoet
al., 2000; Imaokeet al.,1993; Maet al., 1999; Powellet al.,
1996; Wuet al., 1996, 1997), the human P450s CYP2J2 anc
CYP4A11 exhibit primarily LA epoxygenase and LA hydrox-
ylase activity, respectively. Interestingly, this study shows tha
CYP2EL is a major LA epoxygenase; whereas, with AA, it
exhibits primarilyw andw-1 hydroxylase activity (Laethermst
Control  12,13-EOA  9,10-EOA al., 1993).
o . _ Analogous with EETs, LA monoepoxides have been show
FIG. 5. The effect on ouabain-insensitive oxygen consumption aﬂert% have biological activities such as causing vasodilation (Ish
1-min exposure to 9,10-EOA (500M) and 12,13-EOA (50Q:M). Data are | ; .
represented as meansSE (0 = 3—4). Means with different superscripts are iZaki et al., 1995). LA monoepoxides also have been correlate
statistically different p < 0.05). with many pathological conditions (Fukushined al., 1988;
Hanaki et al., 1991; Hayakaweet al., 1990; Ishizakiet al.,
1995; Sugiyamaet al., 1987). Despite many studies trying to
decrease in ouabain-insensitive oxygen consumption after dibcidate the mechanism of LA-mediated toxicity, there re.
min was only statistically significant for the 9,10-EOA (50Qnains controversy over the identity of the toxic intermediate:
uM) treatment. and the enzymes involved in their production. 9,10- and 12,13
Affects of GLY, DEF, and DPPD on LA and LA monoefEOA have been correlated with the death of patients sufferin
oxides-mediated toxicity.Various cytoprotectants were in-from severe burns, adult respiratory distress syndrome, ar
vestigated to determine whether oxidative stress has a rolesystemic shock (Fukushimet al., 1988; Kosakeet al., 1994;
LA and LA monoepoxide mediated toxicity. GLY (2 mM),Ozawaet al., 1988; Sugiyameet al., 1987). Ozawaet al.
DEF (500 uM), and DPPD (2uM) did not protect RPT (1986) first showed 9,10-EOA to be a hepatic toxin in rat anc
exposed to LA (500uM), 9,10-EOA (500uM), and 12,13- suggested that the toxicity is due to the uncoupling of mito
EOA (500 uM) for 3 h from LDH release (Fig. 6). The chondria. Sakaet al. (1995) subsequently showed that 9,10-
concentrations used for these studies have been shown prEB@A is also a rat lung toxin and inhibits mitochondrial respi-
ously to protect against LDH release in the presence of mit@ation without uncoupling. Moranet al. (1997) and
chondrial toxicants (Milleret al., 1994; Waters and Schnell-Moghaddamet al. (1997) suggested that the different mecha-
mann, 1998) and chemical oxidants (Growesal., 1991; nisms could be attributed to the ability of the organs to me
Schnellmann, 1988, 1991). tabolize LA to LA epoxides and LA diols. Both studies sug-
RPT metabolism of'{C]-LA. To determine whether RPT gested a sEH-dependent pathway and showed that meth
metabolize LA, RPT were exposed to LA (5W) with a DHOAs are toxic to rabbit RPT and Sf21 cells. Moghaddﬁm
trace amount of [ffC]LA for 1 h and the metabolic productSaL (1997) also reported similar results with free-acid deriva
identified by HPLC. RPT metabolized LA approximately tdives in Sf21 cells. Consistent with rat hepatic studies, Mora
41% EOA/DHOA and 59% HODE metabolites (Fig. 7) at &t al. (1997) showed that methyl-DHOAs uncouple mitochon-
rate of 51 pmol metabolites formed/(mg proteimin). In so dria in rabbit RPT prior to cell death. We, therefore, hypoth-
far as DHOA formation must be preceded by EOA formatior@sized that, like methyl-DHOAs, only 9,10-DHOA and 12,13-
the chromatogram in Fig. 7 demonstrates that rabbit RPT ha¥6lOA would induce mitochondrial ~dysfunction with

30 9
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20 1

15 1

10 1

Oxygen Consumption
nmol/(min - mg cellular protein)

LA epoxygenase and epoxide hydr0|ase activity_ Subsequent cell death in rabbit RPT. This StUdy demonstrat
that LA, 9,10-EOA, 12,13-EOA, 9,10-DHOA, and 12,13-
DISCUSSION DHOA are all toxic at pathologically relevant concentrations

(Kosakaet al., 1994) and that LA and LA monoepoxides are
P450 metabolism of AA is well documented and known tthe most potent. However, 9,10-DHOA and 12,13-DHOA are
form many biologically active compounds (Carretlal.,1993; more potent than the methyl ester derivatives (Moearal.,
Forceet al.,1991; Harriset al.,1990; Henriclet al.,1990; Hirt  1997). These data suggest that the response to this class
et al.,1989; Katohet al.,1991; Maet al.,1999; Madhuret al., compounds is dependent on the chemical form (free acid v
1991; McGiff, 1991; McGiffet al.,1993; Romeret al.,1991; methyl ester) and the model used.
Sakairiet al.,1995; Zouet al.,1996). However, little is known  We examined several potential mechanisms for the toxicit
about the overall importance of P450 metabolism of LA andduced by LA and LA monoepoxides and diols. The neutra
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FIG. 6. The effect of the neutral amino acid GLY (2 mM), the iron chelator DEF (&M, and the antioxidant DPPD (2M) on RPT LDH release when
exposed to LA (50QuM), 9,10-EOA (500uM), and 12,13-EOA (50QuM) for 3 h. Data are represented as meansSE (n = 3). Means with different
superscripts are statistically differerp (< 0.05).
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FIG.7. RP-HPLC chromatogram showing the RPT metabolic products hfiefincubation with LA (500uM) with a trace amount of {C]LA. Both media
and RPT were extracted and total metabolism representéd. The three major products at 15, 25, and 32 min had retention times similar to DHOA and HOL
authentic standards.

amino acid GLY, the iron chelator DEF, and the antioxidargest specific mitochondrial effects, we cannot rule out othe
DPPD have been shown to protect RPT from oxidative injuryonspecific effects. Our toxicity data are very consistent witt
induced by chemical oxidants (Groves al., 1991; Schnell- previous studies showing the uncoupling properties of LA ir
mann, 1988, 1991) and other mitochondrial toxicants (Méler isolated mitochondria (Jarmuszkiewietz al., 2000; Pastoret
al., 1994; Waters and Schnellmann, 1998). These cytopral, 2000). Future studies using isolated mitochondria fron
tectants did not have any effect on RPT cell death wheabbit RPT will determine if the effects of these metabolites ar
exposed to LA, 9,10-EOA, and 12,13-EOA, suggesting tlexerted directly on mitochondria.
toxicity is not due to oxidative stress. Our data suggest that then summary, we have shown that P450s in the CYP1 an
toxicity of these compounds is a direct result of disruption @YP2 gene families metabolize LA to 9,10-EOA and 12,13
mitochondrial function. The inability of GLY to protect againsEOA. Also, we found that LA, 9,10-EOA, 12,13-EOA, 9,10-
these mitochondrial toxins suggests that the mechanism fOA, and 12,13-DHOA are cytotoxic compounds at high bus
toxicity is different from model mitochondrial toxicants, anti{pathologically relevant concentrations (Kosadal., 1994)
mycin A, rotenone, and hypoxia, which are commonly used 8nd that the free-acid forms are more toxic than the methy
study acute renal failure. esters (Moraret al., 1997). The toxic effects of these com-
The increase in ouabain-insensitive oxygen consumptipounds appear to be mediated through mitochondrial dysfuni
seen with exposures to LA and LA monoepoxides suggesitsn with subsequent loss of ion transport and cell death, ar
uncoupling of mitochondria (Schnellmann, 1994) and is cobased on previous reports, is similar to the mechanism ¢
sistent with rat liver mitochondria studies (Ozaetzal.,1986) methyl-DHOAs in rabbit RPT (Moraet al.,1997). However,
and rabbit RPT studies using methyl-DHOAs (Morahal., we show important differences between our studies using fre
1997). The decrease in ouabain-sensitive oxygen consumptimis and those done previously with the methyl esters. W
is likely due to the decrease in ATP secondary to mitochondriadve found no evidence that oxidative stress plays a significa
uncoupling. The rate at which RPT metabolize LA (Fig. 7)ole in the toxicity of these compounds. The relative toxic
suggests that the toxicity is due to the parent compound hmstencies of these compounds are as follows: A.A mo-
cause at the observed rate, 51 pmol metabolites formed/(mmepoxides> LA diols. Therefore, metabolism of LA mono-
protein- min), the concentration of epoxide/diol formed in 1 kepoxides via sEH to the vicinal LA diols may represent a
would be approximately .M. However, intracellular forma- detoxification rather than an activation pathway in rabbit RPT
tion of epoxide/diol (1uM) may be adequate to induce mito-
chondrial dysfunction/cell death. Analysis of time course and ACKNOWLEDGMENTS
mitochondrial function studies shows that EOAs inhibit mito-
chondrial function and induce cell death more rapidly than LA. The authors thank Anthony Jude, Jay Harriman, and Xiuli Liu for technical
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