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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 mM). Con-
entration-dependent studies showed that linoleic acid and linoleic
cid monoepoxides are the most toxic and induce mitochondrial
ysfunction prior to cell death. Cytoprotectants known to block cell
eath associated with mitochondrial dysfunction and oxidative stress
id not prevent cell death induced by linoleic acid and linoleic acid
onoepoxides. This study shows that P450s in the CYP1 and CYP2

ene families metabolize linoleic acid to linoleic acid monoepoxides
nd that the monoepoxides, as well as linoleic acid, disrupt mitochon-
rial function without causing oxidative stress. © 2000 Academic Press

P4502 epoxidation of AA and LA is well established a
associated with the CYP2 gene family (Bylundet al.,1998a,b
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Capdevilaet al., 1991; Oliw et al., 1996; Zeldinet al., 1995).
he primary AA and LA epoxidation products formed
is-epoxyeicosatrienoic acids (5,6-, 8,9-, 11,12-, and 14
ET) andcis-epoxyoctadecenoic acids (9,10- and 12,13-EO

espectively. Bylundet al. (1998a,b) demonstrated that reco
inant CYP1A2, CYP2C8, CYP2C9, CYP2C19, and CYP
etabolize LA and form EOA, DHOA, and HODE meta

ites, suggesting that several P450s are capable of metabo
A and forming similar products. CYP2J2 is a human isoz

hat is abundant in kidney and active in the metabolism of
o EETs (Wuet al., 1996). Rat CYP2J3 and mouse CYP
nd CYP2J9 are expressed also in kidney and are active
etabolism (Maet al., 1999; Wuet al., 1996, 1997). Each o

he CYP2Js are catalytically distinct enzymes and pro
ixtures of EETs and HETEs (Maet al., 1999; Wu et al.,
996, 1997). However, it is not known whether these enzy
etabolize linoleic acid.
While there are many studies demonstrating the biolo

elevance of P450-derived AA products (Hoebelet al., 1998;
cGiff and Carroll, 1991; McGiffet al., 1991, 1993; Quille
t al.,1997), the physiological and pathological significanc
,10-EOA and 12,13-EOA are not known. These LA meta

ites are producedin vivo during specific pathological even
or example, Kosakaet al. (1994) showed that 9,10-EOA a
2,13-EOA can reach high concentrations (.100 mM) in the

serum of patients with significant burns, and Ozawaet al.
(1988) isolated these metabolites from the lungs of rats
posed to toxic concentrations of oxygen. 9,10-EOA and 12
EOA have been associated with adult respiratory distress
drome, increased mortality of severely burned patie
systemic shock, and have been shown to induce cardiac f
in dogs (Fukushimaet al.,1988; Kosakaet al.,1994; Ozawaet
al., 1988; Sugiyamaet al.,1987). Patients with severe burns
adult respiratory distress syndrome often die from mul
organ failure. Since, in many of these cases, there is
failure due to acute tubular necrosis, it is important to un

ma-
1
8.

,

d;
nal
al-
res-deferoxamine; DPPD,N,N9-diphenyl-1,4-phenyl-enediamine; LDH, lactate de
drogenase; SE, standard error; ANOVA, analysis of variance.
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269CYTOTOXIC PROPERTIES OF LINOLEIC ACID METABOLITES
stand the biological activities of 9,10-EOA and 12,13-EOA
kidney.

Recentin vitro studies have used the methyl ester deriva
of linoleic acid, EOAs, and DHOAs. These studies have
gested an sEH-dependent pathway for the toxicity induce
9,10- and 12,13-EOA (Moghaddamet al.,1997; Moranet al.,

997; Stimerset al.,1999). This mechanism of activation lea
o the formation of the vicinal diols via sEH hydrolysis. Sf
ells expressing human or mouse sEH were shown t
usceptible to methyl-EOA and methyl-DHOA; however, c
rol Sf-21 cells (expressingb-galactosidase) were only susc
tible to methyl-DHOA mediated toxicity (Moghaddamet al.,
1997). Moranet al. (1997) showed that approximately 50
cellular lysis occurred when RPT were exposed to a rac
mixture of methyl-DHOA, but not methyl-EOA and meth
LA. RPT exhibited mitochondrial dysfunction and inhibition
active Na1 transport prior to cell death. The toxicologi
effects seen in these studies, however, may be nonspecifi
to the high concentrations utilized (1.0 mM) and may not
true reflection of what occursin vivo because methyl este
rather than free acids were used.

Understanding how these biologically active compound
produced and what role they have in normal physiologica
pathological processes could lead to new therapeutic stra
for patients with severe burns or suffering from multiple or
failure. The current study was designed to further charact
P450 isozymes which metabolize LA and to address som
the controversies in the literature concerning which LA
tabolites produce toxicity. We demonstrate that linoleic
epoxides are major products of CYP1A2, CYP2E1, CYP
CYP2J3, CYP2J5, and CYP2J9 metabolism, and our tox
studies show that LA, LA-EOAs, and LA-DHOAs are all to
in the rabbit RPT model. We describe mitochondrial eff
and determine relative toxicity of these metabolites. We s
for the first time that free-acid LA metabolites have a diffe
toxicity profile than the methyl ester LA metabolites in rab
RPT.

MATERIALS AND METHODS

Materials. [1-14C]linoleic acid was purchased from Amersham (Pis-
way, NJ). 9,10-EOA, 12,13-EOA, 9-HODE, and 13-HODE standards
urchased from Cayman Chemical Co. (Ann Arbor, MI) or synthesized i

aboratory. Recombinant CYP1A2, CYP2E1, and CYP4A11 were purch
rom Gentest (Woburn, MA) and CYP2J2, CYP2J3, CYP2J5, and CY
ere expressed in Sf9 cells using a baculovirus heterologous expr
ystem, as described (Maet al.,1999; Wuet al.,1996, 1997). All recombina
ytochromes P450 were coexpressed with CYPOR. Unless otherwise
ed, all other chemicals and reagents were purchased from either
hemical Co. (St. Louis, MO) or Aldrich Chemical Co. (Milwaukee, WI)
ere reagent grade.

Synthesis and purification of LA metabolites.The monoepoxides of L
ere synthesized using previously reported methods (Rudolphet al., 1997).
riefly, LA was dissolved in methylene chloride and incubated at r

emperature for 30 min in the presence of methyltrioxorhenium (0.5 m
yridine (12 mol%), and hydrogen peroxide (1.5 mol equivs). The reactio
s
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erminated by the addition of a catalytic amount of manganese (IV) oxide
g) and extracted using methylene chloride. The synthesized monoep
ere silica purified using a mobile phase consisting of methylene ch

94.9%)/ethyl acetate (5%)/acetic acid (0.1%). The silica-purified mon
xides were either hydrolyzed to corresponding vicinal diols at room tem
ture for 1.5 h using HClO4 (1.25%) or purified by NP-HPLC. The NP-HPL

mobile phase for the purification of the monoepoxides consisted of h
(98.9%)/2-propanol (1%)/acetic acid (0.1%). The vicinal diols were pur
also by NP-HPLC using a mobile phase consisting of hexane (95.9
propanol (4%)/acetic acid (0.1%). Purified 9,10-EOA and 12,13-EOA ha
same retention time (approximately 8.9 and 7.6 min, respectively) as aut
standards (Cayman Chemical Co.) when separated on a silica Rain
crosorb column (25 cm3 4.6 mm) using a flow rate of 1 mL/min. Using t
NP-HPLC system described above, the elution times for 9,10-DHOA
12,13-DHOA were approximately 13.1 and 10.0 min, respectively. Dete
of the epoxides and diols was achieved by UV detection at 202 nm. All pu
isomers were dried under nitrogen and stored at220°C until assayed. Purifie
compounds routinely had,1% contamination of the other isomer (as assa
by HPLC) and had the predicted molecular weights when analyzed by po
and negative electrospray ionization mass spectroscopy (Mass Cons
San Diego, CA).

Incubations of recombinant cytochrome P450s with LA.Reaction mix
tures containing Tris–Cl buffer (50 mM, pH 7.5), KCl (150 mM), MgCl2 (10
mM), sodium isocitrate (8 mM), 0.5 IU/mL isocitrate dehydrogenase, va
concentrations of P450 (0.10–0.45mM), NADPH (1 mM), and [1-14C]LA (55
mCi/mmol; 50–100mM final concentration) were constantly stirred at 37°C
10–180 min. All reactions were initiated with the addition of NADPH a
temperature equilibration. At different time points, aliquots were withdr
extracted with ethyl ether over a saturated KCl aqueous buffer, and an
using both NP-HPLC and RP-HPLC. Instrumentation utilized for pro
analysis was the same as described by Maet al. (1999). The mobile phas
used for NP-HPLC and RP-HPLC separations consisted of hexane (9
2-propanol (1.3%)/acetic acid (0.1%) and acetonitrile (49–100%)/water
49.9%)/acetic acid (0.1%), respectively. For RP-HPLC analysis, the ac
trile concentration increased linearly from 15–70 min. Both NP-HPLC
RP-HPLC separations were done at a constant flow rate (1 mL/min
ambient temperature. Product profiles were based on the retention tim
authentic standards purchased from Cayman Chemical Co. or synthes
our laboratory.

RPT isolation and incubations. RPT were isolated and purified fro
1.5–2.0 kg female New Zealand White rabbits (Myrtle’s Rabbitry, Thom
Station, TN) by the Percoll method of Rodeheaveret al. (1990). RPT wer
suspended in an incubation buffer containing (in mM) alanine, 1; dextro
heptanoate, 2; lactate, 4; malate, 5; NaCl, 115; NaHCO3, 15; KCl, 5; NaH2PO4,

; MgSO4, 1; CaCl2, 1; HEPES, 10 (pH 7.4, 295 mOsm/kg). All R
suspensions contained approximately 1 mg cellular protein/mL and
incubated under normoxia (95% air/5% CO2) or hypoxia (95% N2/5% CO2) at

7°C in a gyrating water bath (185 rpm).
Following a 15-min preincubation, DMSO (diluent, 0.05%), LA (100–

mM), 9,10- and 12,13-EOA (100–500mM), or 9,10- and 12,13-DHOA (100
500 mM) were added directly to RPT suspensions and incubated for va
times (1–180 min). Addition of LA (500mM) did not significantly alter the p
of the RPT suspension (data not shown). Mechanistic studies include
simultaneous addition of GLY (2 mM), DEF (500mM), or DPPD (2mM), and
incubations continued for 3 h before assessment of cell death, as determin
lactate dehydrogenase release (see below). For all other experiments,
were removed at indicated times for assessment of cell death, mitocho
function, and active ion transport.

RPT LA metabolism studies were performed by adding a trace amo
[1-14C]LA (2 3 106 cpm/10 mg cellular protein) with unlabeled LA (500mM).
An aliquot was removed and counted before extraction with ethyl eth
determine extraction efficiency. Both media and RPT were extracted
times with ethyl ether and the metabolic products were evaporated to d
under N2 and resolved using the RP-HPLC system described above.
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270 MORAN ET AL.
FIG. 1. RP-HPLC chromatographs of the organic soluble metabolites generated during incubation of Sf9 insect cell microsomes containing reco
YP2J2, (B) CYP2J3, (C) CYP2J5, (D) CYP2J9, (E) CYP1A2, (F) CYP2E1, and (G) CYP4A11 and CYPOR with [14C]LA. Chromatograms are representa
f three to nine experiments. Incubation times varied from 10–180 min. The metabolites were separated into four major classes, LA, EOAs, HODEs, aOAs.
etention 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-H
3-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). In

n the absence of NADPH and isocitrate dehydrogenase or with control Sf9 microsomes with [14C]LA produced negligible metabolism and no specific prod
(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 recom
CYP2J2, (B) CYP2J3, (C) CYP2J5, (D) CYP2J9, (E) CYP1A2, (F) CYP2E1, and (G) CYP4A11 and CYPOR with [14C]LA. Incubation times varied from 1
to 180 min. The metabolites were separated into four major classes, LA, EOAs, HODEs, and DHOAs. Retention times are based on authentic stane
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 for
elute in the HODE region (B–G).
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272 MORAN ET AL.
Oxygen consumption. Oxygen consumption of RPT suspensions
measured using a Clark-type oxygen probe (Schnellmann, 1994). After
oxygen consumption was determined, ouabain (100mM), a specific inhibito
of Na1/K1-ATPase, was added to the RPT suspension to measure the ou
insensitive oxygen consumption. Ouabain-sensitive oxygen consumptio
ygen consumption associated with active Na1 transport, was determined
taking the difference between basal and ouabain-insensitive oxygen con
tion.

Biochemical assays. Cell death was measured by the release of L
(Moran and Schnellmann, 1996). Protein content was determined as pre
described (Bradford, 1976) or by using the BCA method as described by
(Rockford, IL). P450 content was determined spectrally as described by O
and Sato (1964) using a Shimadzu UV-3000 dual-wavelength/double
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD).

Statistics. Data are presented as means6 SE and were analyzed
ANOVA. Multiple means were tested for significance using Student–N
man–Keuls test and ap value of,0.05.

RESULTS

Recombinant P450 metabolism of LA.Microsomal frac
tions prepared from Sf9 insect cells coexpressing CYP
CYP2J2, CYP2J3, CYP2J5, CYP2J9, CYP2E1, or CYP4
and CYPOR metabolized LA to EOAs and HODEs as
principle products. We identified these metabolites by com
ing RP-HPLC (Fig. 1) and NP-HPLC (Fig. 2) properties w
those of authentic standards. None of the observed metab
were formed in the absence of NADPH and isocitrate d
drogenase or by using uninfected Sf9 insect cell microso
Based on the chromatographs in Figs. 1–2, we conclude
CYP2J2 and CYP4A11 have predominantly LA epoxyge
and LA hydroxylase activity, respectively. In contra
CYP1A2, CYP2E1, CYP2J3, CYP2J5, and CYP2J9 have
LA epoxygenase and LA hydroxylase activities. CYP2J9
hibited some regiospecificity and metabolized LA to pred
inantly 12,13-EOA (Table 1). None of the other P450s te
showed regiospecific epoxidation. The rates of LA metabo
reported in this study are comparable to previous reports o
metabolism rates by various P450s (Hochet al., 2000; Maet

l., 1999; Oliw et al., 1996; Wuet al., 1996, 1997) and LA

TAB
LA Metabolism by Sf9 Microsomes Coexpressin

% HODEs % EOAs

CYP1A2 54 46
CYP2E1 35 65
CYP2J2 ND 100
CYP2J3 62 38
CYP2J5 35 65
CYP2J9 63 37
CYP4A11 100 ND

Note.Sf9 microsomes coexpressing the indicated recombinant P450 w
ere determined from chromatograms seen in Fig. 2 and rate determin
eans6 SE. Means with different superscripts are statistically differentp ,
sal

ain-
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etabolism rates by CYP2C P450s (Bylundet al., 1998a,b
raper and Hammock, 2000; Oliwet al., 1996). Metabolic

rates, percentage epoxidation vs. hydroxylation, and regi
cific epoxidation data are summarized in Table 1.

Toxicity of LA, LA monoepoxides, and LA diols to RPT.To
examine the toxicity of LA, LA monoepoxides, and LA dio
RPT were exposed to different concentrations (100–500mM)
of LA, 9,10-EOA, 12,13-EOA, 9,10-DHOA, and 12,13-DHO
for 1–180 min. Control RPT cellular LDH release is appro
mately 10% following 3 h ofexposure to DMSO in this mod
(Fig. 3). All tested compounds induced LDH release in a t
and concentration-dependent manner (Fig. 3). 12,13-EOA
mM) produced very rapid LDH release. Approximately 3
LDH release occurred within 30 min and continued to incr
in a time-dependent manner for 3 h. However, at later
points LA appeared to be the most toxic and induced app
imately 75% LDH release at 3 h. 9,10-EOA (500mM), 12,13-
EOA (500 mM), 9,10-DHOA (500 mM), and 12,13-DHOA
(500 mM) were equally potent at 3 h and induced approx
mately 50% LDH release. Concentration-dependent st
suggested that LA, 9,10-EOA, and 12,13-EOA were the
potent of the tested compounds. Approximately 20% L
release occurred with 3 h of exposure to LA (100mM),
9,10-EOA (100mM), and 12,13-EOA (100mM), and approx
imately 60 and 45% LDH release occurred with 3 h of expo-
sure to LA (333mM) and the LA monoepoxides (333mM),
respectively (Fig. 3). Interestingly, RPT exposed to 9,10-
12,13-DHOA (100–333mM) for 3 h showed no statistic
difference from control LDH release values.

Role of mitochondrial dysfunction in the toxicity of LA,
monoepoxides, and LA diols.To determine whether mit
chondria are the target of these fatty acids, RPT basal, oua
sensitive, and ouabain-insensitive respiration rates were
sured. RPT basal respiration rates decreased approxim
50% (Fig. 4) after a 15-min exposure to 9,10-EOA (500mM)
and 12,13-EOA (500mM). RPT basal respiration rates afte
15-min exposure to LA (500mM), 9,10-DHOA (500mM), and

1
ecombinant Cytochrome P450s with CYPOR

9,10-EOA % 12,13-EOA
Rate pmol produc
(pmol P450z min)

61 39 52596 449A

44 56 26436 501B

41 59 1586 36C

37 63 1586 22C

46 54 2526 52C

25 75 806 34C

ND ND 2086 33C

CYPOR were incubated as described under Materials and Methods. Pr
ons are representative of three to seven experiments. Rate values areted as
.05), andsome metabolites were not detected (ND).
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273CYTOTOXIC PROPERTIES OF LINOLEIC ACID METABOLITES
12,13-DHOA were not statistically different from dilue
treated RPT.

Basal oxygen consumption can be divided into ouab
sensitive oxygen consumption and ouabain-insensitive ox
consumption. Ouabain-sensitive oxygen consumption is
rect result of Na1/K1 activity and is a marker of active Na1

transport. Mitochondrial uncoupling results in a rapid incre
in ouabain-insensitive oxygen consumption with a subseq
decrease (Schnellmann, 1994). LA (500mM), 9,10-EOA (500
mM), and 12,13-EOA (500mM) significantly decrease
ouabain-sensitive oxygen consumption (53–67%) after 15

FIG. 3. (A) Time-dependent effects of LA (500mM), 9,10-EOA (500mM
RPT LDH release. (B) Concentration-dependent effects of LA, 9,10-E
exposure. Data are represented as means6 SE (n 5 3–19). Means with di
-
en
i-

e
nt

in

of exposure (Fig. 4), whereas, 9,10-DHOA (500mM) and
12,13-DHOA (500mM) had minimal effects on ouabain-se
sitive oxygen consumption. Ouabain-insensitive oxygen
sumption was not affected after RPT were exposed to
DHOA (500mM) and 12,13-DHOA (500mM) for 15 min, but
a 15-min exposure to LA (500mM) produced a statistical
significant increase in ouabain-insensitive oxygen cons
tion when compared to controls (Fig. 4). With exposure
9,10-EOA (500mM) and 12,13-EOA (500mM), ouabain
insensitive oxygen consumption statistically increased with
min (Fig. 5) and, after 15 min, started decreasing (Fig. 4).

2,13-EOA (500mM), 9,10-DHOA (500mM), and 12,13-DHOA (500mM) on
, 12,13-EOA, 9,10-DHOA, and 12,13-DHOA on RPT LDH release aftr 3 h of
ent superscripts are statistically different (p , 0.05).
), 1
OA
ffer
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FIG. 4. The effect on RPT basal, ouabain-sensitive, and ouabain-insensitive oxygen consumption after a 15-min exposure to LA (500mM), 9,10-EOA (500
mM), 12,13-EOA (500mM), 9,10-DHOA (500mM), and 12,13-DHOA (500mM). Data are represented as means6 SE (n 5 3–7). Means with differen
superscripts are statistically different (p , 0.05).
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275CYTOTOXIC PROPERTIES OF LINOLEIC ACID METABOLITES
decrease in ouabain-insensitive oxygen consumption aft
min was only statistically significant for the 9,10-EOA (5
mM) treatment.

Affects of GLY, DEF, and DPPD on LA and LA mono
oxides-mediated toxicity.Various cytoprotectants were
vestigated to determine whether oxidative stress has a r
LA and LA monoepoxide mediated toxicity. GLY (2 mM
DEF (500 mM), and DPPD (2mM) did not protect RPT
exposed to LA (500mM), 9,10-EOA (500mM), and 12,13
EOA (500 mM) for 3 h from LDH release (Fig. 6). Th
concentrations used for these studies have been shown
ously to protect against LDH release in the presence of m
chondrial toxicants (Milleret al., 1994; Waters and Schne
mann, 1998) and chemical oxidants (Groveset al., 1991;
Schnellmann, 1988, 1991).

RPT metabolism of [14C]-LA. To determine whether RP
metabolize LA, RPT were exposed to LA (500mM) with a
trace amount of [1-14C]LA for 1 h and the metabolic produc
dentified by HPLC. RPT metabolized LA approximately
1% EOA/DHOA and 59% HODE metabolites (Fig. 7) a
ate of 51 pmol metabolites formed/(mg proteinz min). In so
ar as DHOA formation must be preceded by EOA format
he chromatogram in Fig. 7 demonstrates that rabbit RPT
A epoxygenase and epoxide hydrolase activity.

DISCUSSION

P450 metabolism of AA is well documented and know
form many biologically active compounds (Carrollet al.,1993;
Forceet al.,1991; Harriset al.,1990; Henrichet al.,1990; Hirt
et al.,1989; Katohet al.,1991; Maet al.,1999; Madhunet al.,

991; McGiff, 1991; McGiffet al.,1993; Romeroet al.,1991;
akairiet al.,1995; Zouet al.,1996). However, little is know
bout the overall importance of P450 metabolism of LA

FIG. 5. The effect on ouabain-insensitive oxygen consumption af
-min exposure to 9,10-EOA (500mM) and 12,13-EOA (500mM). Data are

represented as means6 SE (n 5 3–4). Means with different superscripts a
statistically different (p , 0.05).
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bout the relevance of LA-derived lipid mediators in kid
hysiology/pathology. CYP2J2, CYP2J3, CYP2J5, CYP
nd CYP4A11 are highly expressed in kidney (Imaokaet al.,
993; Maet al., 1999; Wuet al., 1996, 1997) and metaboli
A at slower rates when compared to liver P450s, CYP1
nd CYP2E1 (Duescher and Elfarra, 1994; Lieber, 1997;
ajimaet al.,1994). Consistent with AA metabolism (Hochet
l., 2000; Imaokaet al., 1993; Maet al., 1999; Powellet al.,
996; Wuet al., 1996, 1997), the human P450s CYP2J2
YP4A11 exhibit primarily LA epoxygenase and LA hydro
lase activity, respectively. Interestingly, this study shows
YP2E1 is a major LA epoxygenase; whereas, with AA
xhibits primarilyv andv-1 hydroxylase activity (Laethemet

al., 1993).
Analogous with EETs, LA monoepoxides have been sh

to have biological activities such as causing vasodilation
izaki et al.,1995). LA monoepoxides also have been correl
with many pathological conditions (Fukushimaet al., 1988;
Hanaki et al., 1991; Hayakawaet al., 1990; Ishizakiet al.,
1995; Sugiyamaet al., 1987). Despite many studies trying
elucidate the mechanism of LA-mediated toxicity, there
mains controversy over the identity of the toxic intermedi
and the enzymes involved in their production. 9,10- and 12
EOA have been correlated with the death of patients suff
from severe burns, adult respiratory distress syndrome
systemic shock (Fukushimaet al., 1988; Kosakaet al., 1994;
Ozawa et al., 1988; Sugiyamaet al., 1987). Ozawaet al.
(1986) first showed 9,10-EOA to be a hepatic toxin in rat
suggested that the toxicity is due to the uncoupling of m
chondria. Sakaiet al. (1995) subsequently showed that 9,
EOA is also a rat lung toxin and inhibits mitochondrial re
ration without uncoupling. Moranet al. (1997) and
Moghaddamet al. (1997) suggested that the different mec
nisms could be attributed to the ability of the organs to
tabolize LA to LA epoxides and LA diols. Both studies s
gested a sEH-dependent pathway and showed that m
DHOAs are toxic to rabbit RPT and Sf21 cells. Moghaddaet
al. (1997) also reported similar results with free-acid der
tives in Sf21 cells. Consistent with rat hepatic studies, M
et al. (1997) showed that methyl-DHOAs uncouple mitoch
dria in rabbit RPT prior to cell death. We, therefore, hyp
esized that, like methyl-DHOAs, only 9,10-DHOA and 12,
DHOA would induce mitochondrial dysfunction w
subsequent cell death in rabbit RPT. This study demons
that LA, 9,10-EOA, 12,13-EOA, 9,10-DHOA, and 12,1
DHOA are all toxic at pathologically relevant concentrati
(Kosakaet al., 1994) and that LA and LA monoepoxides
the most potent. However, 9,10-DHOA and 12,13-DHOA
more potent than the methyl ester derivatives (Moranet al.,
1997). These data suggest that the response to this cl
compounds is dependent on the chemical form (free aci
methyl ester) and the model used.

We examined several potential mechanisms for the tox
induced by LA and LA monoepoxides and diols. The neu

a
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FIG. 6. The effect of the neutral amino acid GLY (2 mM), the iron chelator DEF (500mM), and the antioxidant DPPD (2mM) on RPT LDH release whe
exposed to LA (500mM), 9,10-EOA (500mM), and 12,13-EOA (500mM) for 3 h. Data are represented as means6 SE (n 5 3). Means with differen
uperscripts are statistically different (p , 0.05).
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amino acid GLY, the iron chelator DEF, and the antioxid
DPPD have been shown to protect RPT from oxidative in
induced by chemical oxidants (Groveset al., 1991; Schnell
mann, 1988, 1991) and other mitochondrial toxicants (Milleet
al., 1994; Waters and Schnellmann, 1998). These cyto
tectants did not have any effect on RPT cell death w
exposed to LA, 9,10-EOA, and 12,13-EOA, suggesting
toxicity is not due to oxidative stress. Our data suggest tha
toxicity of these compounds is a direct result of disruptio
mitochondrial function. The inability of GLY to protect agai
these mitochondrial toxins suggests that the mechanis
toxicity is different from model mitochondrial toxicants, an
mycin A, rotenone, and hypoxia, which are commonly use
study acute renal failure.

The increase in ouabain-insensitive oxygen consum
seen with exposures to LA and LA monoepoxides sugg
uncoupling of mitochondria (Schnellmann, 1994) and is
sistent with rat liver mitochondria studies (Ozawaet al.,1986)
and rabbit RPT studies using methyl-DHOAs (Moranet al.,
1997). The decrease in ouabain-sensitive oxygen consum
is likely due to the decrease in ATP secondary to mitochon
uncoupling. The rate at which RPT metabolize LA (Fig
suggests that the toxicity is due to the parent compoun
cause at the observed rate, 51 pmol metabolites formed
proteinz min), the concentration of epoxide/diol formed in
would be approximately 1mM. However, intracellular forma
tion of epoxide/diol (1mM) may be adequate to induce mi
chondrial dysfunction/cell death. Analysis of time course
mitochondrial function studies shows that EOAs inhibit m
chondrial function and induce cell death more rapidly than
The more water-soluble DHOAs are the least toxic w
administered extracellularly, which may be a reflection of
ability of these compounds to cross the plasma membran
exert toxic effects on mitochondria. Although these data

FIG. 7. RP-HPLC chromatogram showing the RPT metabolic produc
and RPT were extracted and total metabolism represented,1%. The three ma
authentic standards.
t
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gest specific mitochondrial effects, we cannot rule out o
nonspecific effects. Our toxicity data are very consistent
previous studies showing the uncoupling properties of L
isolated mitochondria (Jarmuszkiewiczet al.,2000; Pastoreet
al., 2000). Future studies using isolated mitochondria f
rabbit RPT will determine if the effects of these metabolites
exerted directly on mitochondria.

In summary, we have shown that P450s in the CYP1
CYP2 gene families metabolize LA to 9,10-EOA and 12
EOA. Also, we found that LA, 9,10-EOA, 12,13-EOA, 9,1
DHOA, and 12,13-DHOA are cytotoxic compounds at high
pathologically relevant concentrations (Kosakaet al., 1994)
and that the free-acid forms are more toxic than the m
esters (Moranet al., 1997). The toxic effects of these co
pounds appear to be mediated through mitochondrial dys
tion with subsequent loss of ion transport and cell death
based on previous reports, is similar to the mechanis
methyl-DHOAs in rabbit RPT (Moranet al.,1997). However
we show important differences between our studies using
acids and those done previously with the methyl esters
have found no evidence that oxidative stress plays a signi
role in the toxicity of these compounds. The relative to
potencies of these compounds are as follows: LA$ LA mo-
noepoxides. LA diols. Therefore, metabolism of LA mon
epoxides via sEH to the vicinal LA diols may represen
detoxification rather than an activation pathway in rabbit R
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