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Leukotoxin (ltx) and isoleukotoxin (iltx) methyl es-
ters, are metabolites of methyl linoleic acid, an essen-
tial fatty acid. They have been associated with acute
respiratory distress syndrome. The observed toxicity
of ltx and iltx is, in fact, due to the metabolism of the
epoxides to their corresponding diols by soluble epox-
ide hydrolase (sEH). Herein, we demonstrate that ltx/
iltx are toxic in a time-dependent manner to human
sEH expressing cells with a LT50 of 10.6 6 0.8 h and that
ltx and iltx have KM of 6.15 6 1.0 and 5.17 6 0.56 mM,
respectively, and Vmax of 2.67 6 0.04 and 1.86 6 0.06
mmol/min/mg, respectively, which can be inhibited by
sEH inhibitors. We show that four major metabolites
of ltx/iltx are formed in our system, including ltx/iltx
free acid, ltxd/iltxd, free acid, and phosphotidylcho-
line and phosphotidylethanolamine containing the
carboxylic acid forms of both ltx/iltx and ltxd/iltxd, but
that the only metabolite associated with toxicity is the
carboxylic acid form of ltxd/iltxd, suggesting the in-
volvement of cellular esterases. We demonstrate that a
serine esterase inhibitor provides some protection
from the toxicity of epoxy fatty esters to sEH express-
ing cells as do intercellular free sulfhydryls, but that
this protection is not due to glutathione conjugation.
With these data, we have proposed an extension of the
metabolic pathway for ltx/iltx in eukaryotic cells.
© 2000 Academic Press
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Methyl linoleate, an essential fatty acid and the pre-
dominant polyunsaturated fatty acid in the Western
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diet (1), is a major component of membrane fatty acids
(2) and endothelial cell trigylceride stores (3). In devel-
oped countries, nearly 40% of the energy in the diet
comes from fat (4). Linoleic acid levels are elevated in
humans and other animals when sustained on a diet
with high vegetable oil levels (5, 6). Leukotoxin methyl
ester, (12Z)9(10)-Z-EpOME, methyl ester, (ltx),2 and
isoleukotoxin methyl ester, (9Z)12(13)-Z-EpOME,
methyl ester (iltx), are metabolites of linoleic acid,
methyl ester (7–9), the carboxylic acid form of which
have been associated with acute respiratory distress
syndrome (ARDS) (10, 11). High levels of circulating
ltx carboxylic acid (11.4–37 nmol/ml serum) have been
associated with toxicity in patients suffering from mul-
tiple organ failure, of which ARDS is one part, follow-
ing recovery from the primary shock of severe burns
(.50% body surface). The patients suffer from pulmo-
nary edema, cardiac failure, and coagulation abnor-
malities (10, 11). Injection of ltx, in rats, results in

2 Abbreviations used: ARDS, acute respiratory distress syndrome;
BNPP, bis-(para-nitrophenyl)phosphate, BSA, bovine serum albu-
min; CDNB, 1-chloro-2,4-dinitrobenzene; Da, daltons; DCU, N,N9-
dicyclohexyl urea; DEM, diethyl maleate; DMDO, dimethyldiox-
irane; DMSO, dimethyl sulfoxide; DTNB, 5,59-dithiobis-2-nitroben-
zoic acid; EEG, ethyl ester glutathione; ESI, electrospray ionization;
FID, flame ionization detector; GBq, gigabecquerel; GC, gas chro-
matograph; GSH, glutathione; GST, glutathione-S-transferase; HP,
Hewlett-Packard; HPLC, high performance liquid chromatography;
hsEH, human soluble epoxide hydrolase; IC50, median inhibitor con-
entration; iltx, isoleukotoxin methyl ester; iltxd, isoleukotoxin diol
ethyl ester; Lac Z, b-galactosidase; LC50, median lethal concentra-

tion; LPATs, lysophospholipid acyl transferases; LT50, median lethal
time; LSC, liquid scintillation counter; ltx, leukotoxin methyl ester;
ltxd, leukotoxin diol methyl ester; m-CPBA, meta-chloroperoxyben-
zoic acid; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; OTFP, 3-n-octylthio-1,1,1-trifluoro-2-propanone; PMSF,
a-phenyl methyl sulfonyl fluoride; PNPA, para-nitrophenyl acetate;
sEH, soluble epoxide hydrolase; Sf-21, Spodoptera frugiperda;

t-DPPO, trans-diphenylpropene oxide; Tn, Trichoplusia ni; UGT,
UDP-glucuronosyl transferase; vic, vicinal.
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421LEUKOTOXIN METABOLISM
severe histological changes, including intravascular
congestion and coagulation and alveolar exudation,
edema, hemorrhage and emphysema (12). These
changes are similar to those seen in human patients
presenting with ARDS (12, 13). Ltx and iltx have also
been shown to decrease cardiac function in dogs (14).

Soluble epoxide hydrolase (sEH) is an enzyme com-
monly found, among other places, in the liver, lungs,
and kidneys of animals (15–18). It hydrates both ltx
and iltx with a high rate (19). It has a high Vmax and a
ow KM for epoxystearic acid, 9,10-Z-EpO (20), a com-
ound similar in structure to ltx and iltx. We have
reviously demonstrated that the observed toxicity of
tx and iltx is, in fact, due to the metabolism of the
poxides to their corresponding diols, leukotoxin diol
ethyl ester, (12Z)9,10-threo-DiHOME methyl ester

(ltxd), and isoleukotoxin diol methyl ester, (9Z)12,13-
threo-DiHOME, methyl ester (iltxd) by sEH (21). How-
ever, very little other metabolic work has been done. It
is not known if the diol is the final toxic metabolite, nor
is the nature of any detoxification pathway well estab-
lished. Herein, we describe our findings with respect to
metabolism of ltx and iltx by sEH as well as involve-
ment with free sulfhydryls and metabolism by cellular
esterases.

MATERIALS AND METHODS

Chemicals and instruments. [1-14C] Linoleic acid (2.14 GBq/
mol) was purchased from NEN Life Sciences (Boston, MA); [1-14C]

oleic acid (1.96 GBq/nmol) was purchased from Amersham Life Sci-
ences (Arlington Heights, IL). Nonradioactive fatty acids were pur-
chased from Sigma (St. Louis, MO), as were all other chemicals
except as noted. Solvents used were HPLC grade.

Gas chromatographic analyses were performed on a Hewlett-Pack-
ard (HP) 5890A gas-chromatograph (GC) equipped with a flame
ionization detector (FID) and 30 m 3 0.25 mm i.d., 250 mm DB-5
column (J & W Scientific, Folsom, CA). High performance liquid
chromatography (HPLC) analysis and purification employed a Per-
kin–Elmer system consisting of a series 410 BIO pump, a
Reodyne 7125 injection port equipped with a 50-ml injection loop for
analysis and a Whatman injection port with a 250-ml injection loop
or purification. Absorbance was monitored at 215 nm using an
nalytical UV detector. Separation of radiolabeled epoxides was ef-
ected on a 4.6 mm 3 22 cm silica column, 5-mm particle size.
hin-layer chromatography (TLC) was performed either on silica P254

plates or 19 channel plates coated with silica 250 with preabsorbant
spotting area (Baker, Philipsburg, NJ). The radioactive TLC scanner
was a Bioscan System 200 imaging scanner equipped with a Model
1000 bioscan Auto Changer and Bioscan System 200 Data Collection
Software version 2.247. The liquid scintillation counter (LSC) used
was a Wallac Model 1409. Spectrophotometry was performed on a
Vmax microplate reader (Molecular Devices, Menlo Park, CA). Curve
fitting was performed using SigmaPlot (SPSS Inc., Chicago, IL) and
Excel (Microsoft, Redmond, WA).

Cytotoxicity studies. Toxicity assays were performed in Spodop-
tera frugiperda (Sf-21) cells as previously described (22). Briefly, the
cells were infected with baculovirus containing recombinant cDNA
coding for either human soluble epoxide hydrolase (hsEH) or b-ga-
lactosidase (Lac Z), as a control enzyme at a multiplicity of infection

of 0.1. Compounds were administered to cells (0.06–1.0 mM final
concentration) 48 h postinfection, in dimethyl sulfoxide (DMSO)

t
t

(final volume: 1%). Cells were incubated for an additional 24 h at
27°C and then assayed for viability by incubation for 2 h with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).

lternately, a fixed concentration of compound was added to cells
nd aliquots were taken at 0, 1, 2, 4, 8, 12, 16, and 24 h and then
ssayed for viability. The cells were lysed with 500 ml of 250 mg
odium dodecyl sulfate in 1:1 dimethyl formamide: water, pH 4.5
ver 12 h in the dark to dissolve the insoluble formazan product.
liquots were then transferred to 96-well plates and the MTT hy-
rolysis was quantified at 560 nm. Viability is normalized to cells
reated with vehicle control. Background absorbance for MTT in
edia corresponds to approximately 12% viability. Toxicity data are

epresentative of at least three independent experiments.
Synthesis of radioactive compounds. [3H]-trans-1,3-diphenylpro-

ene oxide (t-DPPO) was synthesized as previously described (20).
[14C]Linoleic acid in ethanol (250 ml) was treated with excess dia-
zomethane which was generated as previously described (23). The
product of this, when visualized by the Bioscan radioactive TLC
scanner was found to have a single detectable radioactive component
which comigrated with an authentic sample of linoleic acid, methyl
ester. The [14C]linoleic acid, methyl ester in acetone, was then
treated with a 0.5 molar ratio of dimethyl dioxirane (DMDO), gen-
erated as previously described (24). This reaction was shown to yield
three radioactive components when analyzed with a plate scanner.
These components comigrated with authentic methyl linoleate, a
mixture of the monoepoxides of methyl linoleate, and the diepoxide of
methyl linoleate, respectively. This mixture was separated by nor-
mal phase HPLC with 8% ether in hexane. The three peaks were
collected by fractionation and quantified using LSC. The [14C]linoleic
acid, methyl ester collected from the HPLC was then oxidized with
DMDO and the separation repeated. This was repeated until all
[14C]linoleic acid, methyl ester was oxidized. This was also sufficient
o separate the ltx and iltx regioiosmers. There was no need for
urther purification as determined by TLC and HPLC analysis. Sim-
lar fractions were pooled and the solvent was evaporated. The sam-
les were stored at 220°C under nitrogen until use. [14C]-9(10)-Z-

EpO, methyl ester was prepared similarly except that separation by
HPLC was unnecessary because oxidation of [14C]oleic acid, methyl
ester by DMDO yielded a single product, which comigrated with
authentic 9(10)-Z-EpO, methyl ester.

Synthesis of nonradioactive fatty acid epoxides and diols. The
nonradioactive samples were synthesized as previously described
(21, 25, 26) using methods similar to those described for the radio-
active samples described above, except that fatty esters were oxi-
dized with equimolar meta-chloroperoxybenzoic acid (m-CPBA) in
methylene chloride (19, 27). Purified epoxides were hydrolyzed to the
corresponding vic-diols in 1:1 v/v acetonitrile:5% aqueous perchloric
acid. Synthesized compounds were purified by nitrogen pressurized
flash chromatography on silica gel using equal volume step gradients
of hexane/ethyl acetate mixtures (typically 5, 10, and 20% ethyl
acetate). Fractionation was monitored by phosphomolybdic acid (4 g
in 100 ml 4:1 H20:ethanol) visualization of aliquots applied to silica
el TLC plates. Similar fractions were pooled and the solvent was
vaporated. For regioisomers, separation was effected on a rotary
LC plate (Chromatron model 7924; Harrison Research) with 3%
thyl acetate in hexane. The compounds were analyzed for purity by
C-FID. The oven was initially held at 205°C for 10 min, ramped at
0°C/min to 228°C, then 2°C/min to 235°C, and finally at 20°C/min to
25°C. All compounds were greater than 96% pure and cochromato-
raphed with authentic standards. The samples were stored at
20°C under nitrogen until use.
Soluble epoxide hydrolase preparation. Recombinant hsEH was

roduced in a baculovirus expression system (28) and purified by
ffinity chromatography (29). The preparations were at least 97%
ure as judged by SDS–PAGE and scanning densitometry. No de-

ectable esterase or glutathione transferase activity, which can in-
erfere with this sEH assay, was observed (29). Protein concentration
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422 GREENE ET AL.
was quantified using the Pierce BCA assay (Rockford, IL) using
bovine serum albumin (BSA) as the calibrating standard.

Soluble epoxide hydrolase assays. Various concentrations of re-
combinant hsEH were incubated in a sodium phosphate buffer (100
ml, 100 mM, pH 7.4) containing 0.1 mg/ml BSA, placed in glass
culture tubes, and kept on ice until the assay was initiated. Stock
solutions of [14C]-(12Z)9(10)-Z-EpOME, methyl ester, [14C]-
9(Z)12(13)-Z-EpOME, methyl ester and [14C]-9(10)-Z-EpO, methyl
ster (various concentrations, 5 nCi/ml) were prepared in ethanol and
he assay was initiated by addition of the stock solution (1 ml) with a

Hamilton repeating syringe into the buffer containing hsEH. Con-
trols for nonenzymatic hydrolysis were performed by addition of
substrate to buffer. Tubes were incubated in a shaking 37°C water
bath for 5 min or as specified for each particular experiment. The
reaction was stopped by addition of ether (100 ml) and sodium chlo-
ride. The sample was centrifuged and quick-frozen in a dry ice-
acetone bath. This froze the aqueous layer, allowing the entire or-
ganic layer to be spotted on a preabsorbant TLC plate. Nonradioac-
tive standards of ltx, iltx, ltxd, and iltxd were prespotted in the same
lane as the sample. The plate was developed in 4:1 hexane:ethyl
acetate. After the plate was thoroughly dried, the amount of epoxide
and diol present were quantified by the Bioscan radioactive TLC
scanner, as previously described (20), and visualized with phospho-
molybdic acid and heat. In all assays the only detectable radioactive
species comigrated with authentic nonradioactive standards and no
other radioactive species were detected. Enzyme assays with t-DPPO
were performed as previously described (20).

The Michaelis–Menten parameters for the epoxides were deter-
mined under steady-state conditions using eight substrate concen-
trations (1.0–50 mM, 5 nCi/ml). The final concentration of hsEH in
buffer was 0.26 mg/ml. KM and Vmax values were determined by the

ethod described by Wilkinson (30). Assay conditions for kinetic
etermination were as specified above. Appropriate times of incuba-
ion were determined, which allowed the enzymatic hydrolysis to be
inear during the assay period for each particular substrate concen-
ration.

Inhibition assays. Inhibition of hsEH by N,N9-dicyclohexyl urea
DCU) (31) was determined using racemic [14C]leukotoxin as sub-

strate. The enzyme (66 nM hsEH) was incubated with the DCU ([I]
final concentrations from 1 to 104 nM) for 5 min in pH 7.4 sodium

hosphate buffer at 30°C prior to substrate introduction ([S] 5 50
mM). Activity was assessed by measuring the appearance of leuko-
toxin diol as described above. Assays were performed in triplicate. By
definition, IC50 is the concentration of inhibitor that reduces enzyme
ctivity by 50%.
Inhibition of hsEH by ltxd/iltxd was determined using racemic

3H]-t-DPPO as substrate (20). The enzyme (12 nM hsEH) was incu-
bated with the ltxd/iltxd ([I] final concentrations from 10 to 103 mM)
for 10 min in pH 7.4 sodium phosphate buffer at 30°C prior to
substrate introduction ([S] 5 50 mM). The remaining activity was

easured as described (20).
Metabolite studies. Sf-21 cells were grown and infected as de-

cribed above. 48 h postinfection, either 220 mM [14C]-ltx/iltx (0.8178
mCi), 125 mM ltxd/iltxd as a positive control or 50 ml DMSO as a
vehicle control were added to the cells. At 0, 1, 2, 4, 8, 12, 16, and
24 h, 0.5 ml aliquots were removed. Cells and media were separated
by centrifugation at 3000g. The cells were washed twice with fresh

edia and the media was pooled. A buffered solution of acetic acid
200 ml at pH 5 4) was added to each cell or media sample and

subsequently extracted three times with hexane:ethyl acetate (1:1;
500 ml for cell samples, 1000 ml for media samples). Samples were
vortexed, centrifuged at 4000g, and the organic extracts were com-
bined. Each sample was spiked with a standard mixture of methyl
linoleate, and the methyl esters of ltx, iltx, ltxd, and iltxd and
evaporated to dryness using a centrifugal vacuum evaporator. Aque-

ous and organic fractions were counted by LSC. Samples were re-
constituted in 10 ml of hexane:ethyl acetate (1:1) and were loaded on
to 20 3 20-cm silica gel plates. The plates were developed in solvent
A (hexane:ethyl acetate (2:1)) and analyzed for radioactivity by the
Bioscan radioactive TLC scanner and visualized with phosphomo-
lybdic acid and heat. As will be shown in the results section, this
resulted in several identifiable metabolites as well as a highly polar
metabolite, tentatively identified as a phospholipid. All assays were
performed in triplicate.

In order to verify the identity of this polar metabolite and to
rigorously establish the amount of radioactivity in all possible pools,
the above experiment was repeated with a few minor changes. In
order to remove the extra variable of toxicity, only Lac Z expressing
Sf-21 cells were used. Either 0.22 mM [14C]-ltx/iltx (0.055 mCi) or
0.06 mM [14C]-ltxd/iltxd were added to the cells, 48 h postinfection.
CO2 traps, consisting of 0.6 ml syringes, with plungers removed,

ere filled with 0.5 ml saturated KOH, and both ends sealed. Holes
ere made around the top of the syringe to allow free circulation of
ir within the cell flask. The syringes were suspended from the top of
he spinner flasks containing the cells, and the whole apparatus
ealed with three layers of Teflon tape. At 2 and 24 h the KOH
olution was analyzed by LSC, correcting for quench, and aliquots
ere removed from the cell suspensions. Cells and media were sep-
rated by centrifugation at 2000g. The cells were washed twice with
resh media and the media was pooled. A buffered solution of acetic
cid (200 ml at pH 5 4) was added to each cell or media sample and
ubsequently extracted three times with chloroform:methanol (2:1)
s described (32). Samples were mixed, centrifuged at 4000g and the
rganic extracts were combined. Samples were counted by LSC. Each
ample was spiked with a standard mixture of methyl linoleate, and
he methyl esters of ltx, iltx, ltxd, and iltxd and evaporated to
ryness using a centrifugal vacuum evaporator. Samples were re-
onstituted in chloroform:methanol (2:1) and applied to TLC plates.
lates were developed in solvent B (petroleum ether:diethyl ether:
cetic acid (80:20:1)) for fatty acid analysis, analyzed for radioactiv-
ty by plate scanner, and visualized with phosphomolybdic acid and
eat. Alternately, plates were developed in solvent C (chloroform:
ethanol:acetic acid:water (100:67:7:4)) for phospholipid analysis,

nalyzed for radioactivity by plate scanner, and stained with iodine
r ninhydrin and heat. All assays were performed in triplicate.
Phospholipase A2 hydrolysis. Cellular fractions from the above

experiment were dried under nitrogen to a lipid residue and resus-
pended in 1 ml of sodium phosphate buffer (pH 8.0) containing 5 mM
calcium chloride. To this solution was added 50 units of porcine
pancreatic phospholipase A2 (Sigma). The solution was mixed and
incubated at 37°C for 1 h. After incubation, the lipids were extracted
with 1 ml of ethyl acetate after acidification with acetic acid to pH
4.0. All assays were performed in triplicate.

Esterase assays. Four known esterase inhibitors (3-n-pentyllthio-
1,1,1-trifluoro-2-propanone (PTFP), 3-n-octylthio-1,1,1-trifluoro-2-
propanone (OTFP), bis-(para-nitrophenyl)phosphate (BNPP) and
phenyl methyl sulfonyl fluoride (PMSF)) were assayed for toxicity
(0.06–1 mM final concentration for all) and for their ability to inhibit
esterases in the Sf-21 cell system. Esterase activity assays were
performed using para-nitrophenyl acetate (PNPA), as previously
described (33). However, only PMSF was found to be nontoxic to
these cells at an effective dose (40% of esterase activity). To assess
the effect of esterase inhibition on epoxy fatty ester toxicity, cells
were preincubated with PMSF (1 mM for 2 h) followed by exposure to
various concentrations of the free acid or methyl, ethyl, n-propyl,
isopropyl, or n-butyl esters of epoxy stearate (9,10-EpO). All assays
were performed in triplicate.

Glutathione assays. Glutathione transferase levels were mea-
sured using 1-chloro-2,4-dinitrobenzene (CDNB) (34). We were un-
able to detect any glutathione transferases in whole Sf-21 cell ho-
mogenate under conditions where we could easily see conjugation of
0.03 mmol/min/mg protein. Glutathione (GSH) levels were measured

as free sulfhydryls using 5,59-dithiobis-2-nitrobenzoic acid (DTNB)
(35).
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To assess the effect of cellular GSH levels on ltx/iltx induced
toxicity cells were preincubated for 2 h with either DMSO (vehicle
control), 0.125 mM diethyl maleate (DEM), or 10 mM ethyl ester
glutathione (EEG), a glutathione analog that can cross the cell mem-
brane (36), before addition of 0.125 mM ltx/iltx. All assays were
performed in triplicate.

Glutathione conjugate formation. Cells (20 3 106) were washed
3 with 13 phosphate buffered saline and resuspended in sodium
hosphate buffer (pH 8.0) containing GSH (1 mM, 5 mM, or 10 mM
nal concentration). The assay was initiated by addition of 25 ml of
00 mM [14C]-ltx/iltx (final concentration: 0.5 mM, 7.5 nCi). Cells

were incubated in a shaking water bath at 28°C for 24 h and aliquots
taken at 0, 2, 4, 8, 16, and 24 h. Aliquots were extracted with
hexane:ethyl acetate (1:1) after acidification with acetic acid to pH
4.0. Organic and aqueous phases were counted. Alternately, 0.5 mM
ltx/iltx was incubated with acetonitrile:sodium phosphate buffer (pH
8.0) (2:1) containing GSH (1, 5, or 10 mM final concentration). Assays
were run under nitrogen, stirring vigorously at room temperature,
and aliquots taken and extracted as described above, 9,10-epoxy
stearate was added as an external standard and the amount of
ltx/iltx present was quantified by GC-FID using a standard curve. All
assays were performed in triplicate.

RESULTS

Time-dependent toxicity of ltx/iltx and ltxd/iltxd.
While previous reports have shown that ltx, ltxd, and
their regioisomers are toxic in a concentration-depen-
dent manner (21), time-dependence of toxicity has not
been established (Fig. 1). Since toxicity appears to be
equivalent between regioisomers, we used mixtures of
these isomers. Sf-21 cells expressing either hsEH or
Lac Z were incubated with 0.125 mM ltx/iltx or ltxd/
iltxd for 24 h. Similar to the results from the dose-
dependence studies, ltx/iltx was not toxic unless hsEH

FIG. 1. Time-dependent toxicity of ltx/iltx and ltxd/iltxd. Sf-21 cells
expressing either hsEH (F ltx/iltx, � ltxd/iltxd) or Lac Z (■ ltx/iltx, }
ltxd/iltxd) were exposed to compounds for 24 h. Viability was mea-
sured by MTT as described under Materials and Methods. Values
represent mean 6 SD from at least four independent experiments.
*Significantly different (P # 0.01) from control cells (treated with
DMSO).
was present. The LT50 for ltx/iltx in hsEH expressing
cells was 10.6 6 0.8 h. The LT50 for ltxd/iltxd in hsEH
or Lac Z expressing cells was 2.6 6 0.7 h.

Apparent kinetic constants for hsEH. To allow a
comparison between time to toxicity and ltx/iltx acti-
vation rate by hsEH, we measured the kinetic con-
stants for recombinant hsEH produced in Sf-21 cells
with ltx and iltx. Synthesis and separation of [14C]
labeled ltx and iltx were performed as described above.
Various concentrations (1.0–50 mM) of the two com-
pounds were incubated with recombinant hsEH at
37°C for 5 min. Results are linearized in a Lineweaver–
Burk plot (Fig. 2). For comparison, we also measured
the kinetic constants of 9,10-epoxy stearate, methyl
ester, a ltx analog lacking the double bond, and trans-
diphenylpropene oxide (t-DPPO), an exogenous sub-
strate for sEH (20). The results are presented in Table
I. The kinetic constants for murine sEH have previ-
ously been measured using 9,10-epoxystearate, methyl
ester and t-DPPO (20). Our results show that KM val-
ues for ltx and iltx are in the same range as the KM for
t-DPPO (5.17–6.15 mM), but the Vmax for t-DPPO is
two- to threefold greater than for ltx or iltx. This can be
seen as well in the kcat/KM ratio, which is threefold
greater for t-DPPO, indicating that it is a better sub-
strate than ltx or iltx. The similarity in the kcat/KM ratio
for ltx and iltx indicates that the enzyme is not highly
regioselective. Surprisingly, the KM and the Vmax for
9,10-epoxy stearate, methyl ester, were much lower
than for the other substrates. However, the Vmax values
for both 9,10-epoxystearate, methyl ester and t-DPPO
were in the same range as values previously seen for
specific activity of these compounds with both crude
and pure hsEH and murine sEH (19, 20). However,
Halarnkar et al. found that while the relative rates of

FIG. 2. Lineweaver–Burk plot of ltx and iltx. Recombinant hsEH
was incubated with various concentrations of ltx (F) or iltx (�) at
37°C for 5 min. The KM and Vmax of ltx and iltx were calculated to be
.15 6 1.0 mM, 2.67 6 0.04 mmol/min/mg protein and 5.17 6 0.56 mM,
.86 6 0.06 mmol/min/mg protein, respectively. These values agree
ell with the KM and Vmax obtained by fitting the data to the
Michaelis–Menten equation by the method described by Wilkinson
(30); results are mean 6 SD.
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424 GREENE ET AL.
hydrolysis of ltx and iltx with purified human liver
were in the same range as our values, the specific
activity for iltx was higher than that of ltx (19), the
reverse of our data. Nonetheless, these results also
suggest that ltx and iltx are good substrates for hsEH
and that hsEH may play a large role in their metabo-
lism in vivo.

Inhibition of hsEH. As a further test of the hypoth-
esis that ltx and iltx are substrates for hsEH, we ex-
amined metabolism of ltx and iltx with hsEH inhibited.
We have previously seen that hsEH expressing cells
pretreated with 60 mM N, N9-dicyclohexyl urea (DCU),
an hsEH inhibitor, are protected from all toxicity in-
duced by 1 mM ltx/iltx in situ (31). We therefore re-
peated these experiments in vitro. Recombinant hsEH
was preincubated with DCU and activity assayed with
ltx. The IC50 for DCU under these conditions was 44 6

TA

Apparent Kinetic

Substrate KM(mM) Vmax (

Methyl leukotoxin 6.15 6 1.0
Methyl isoleukotoxin 5.17 6 0.56
Methyl epoxy stearate 1.2 6 0.9
t-DPPO 5.80 6 0.7

Note. The values are means 6 SD of at least three experiments d
nder Materials and Methods.

a Calculated based on a molecular weight of 62.5 kDa.

TAB

Radioactivity Associated with [14C]-Ltx
Methyl Ester after Incubatio

[14C]-ltx/iltx, methyl ester, % radioactivit

Cells Media B

2 h
Organic 43.8 6 2.1 51.0 6 2.3 94.8
Aqueous ,1.0 1.8 6 0.6 1.8
Protein ,1.0 ,1.0 ,
KOH ,

otal 97.0

4 h
Organic 25.4 6 2.8 69.2 6 3.2 94.6
Aqueous ,1.0 2.9 6 0.4 2.9
Protein ,1.0 1.4 6 0.4 1.4
KOH ,
Flasks ,

otal 98.9

Note. Lac Z expressing cells were incubated with either 0.22 mM
4 h. DMSO solutions (33.5 ml, (ltx/iltx) 0.05 6 0.003 mCi, (ltxd/iltxd
were taken at various time points. Cells and media were separated and e
counted by LSC. Experiments were performed in triplicate, values are
2 nM, comparable to the IC50 previously seen with
DCU, using t-DPPO as a substrate (31).

One recognized mode of enzymatic regulation is a
egative feedback loop resulting from product inhibi-
ion. Ltxd/iltxd inhibition of sEH could be a modulating
actor in toxicity. Therefore, the inhibitory potential of
txd/iltxd was tested and found to have no effect at
oncentrations as high as 1 mM (data not shown).
In situ metabolism of ltx/iltx. In order to determine
hether or not ltxd/iltxd was the final toxic metabolite,
f-21 cell cultures expressing either hsEH or Lac Z
ere incubated with 0.22 mM [14C]-ltx/iltx for 24 h.

Total radioactivity was quantified by LSC (Table II),
and .95% of the radioactivity was found in the organic
extractions of the cellular and media fractions. Radio-
active metabolites were identified and quantified by
means of a plate scanner. 100 6 5% of total radioactiv-

I

nstants for hsEH

ol min21 mg21) kcat
a(s21) kcat/KM (s21 mM21)

7 6 0.04 2.78 0.452
6 6 0.06 1.93 0.37
2 6 0.1 1.16 0.97

6 1.3 8.11 1.40

in triplicate for each substrate concentration at 37°C as described

II

TX, Methyl Ester and [14C]-Ltxd/Iltxd,
ith Sf-21 Cells for 2 or 24 h

[14C]-ltxd/iltxd, methyl ester, % radioactivity

Cells Media Both

4.4 27.5 6 0.7 67.9 6 1.8 95.4 6 2.5
0.6 ,1.0 2.9 6 0.7 2.9 6 0.7

,1.0 1.8 6 0.3 1.8 6 0.3
,1.0

5.0 100.1 6 3.5

6.1 26.3 6 0.9 68.5 6 1.1 94.8 6 2.0
0.4 ,1.0 2.1 6 0.4 2.1 6 0.4
0.4 ,1.0 2.3 6 0.5 2.3 6 0.5

,1.0
,1.0

6.9 99.2 6 2.9

]-ltx/iltx, methyl ester or 0.06 mM [14C]-ltxd/iltxd, methyl ester for
5 6 0.006 mCi) of lipid were added to initiate the reaction. Aliquots
BLE

Co

mm

2.6
1.8
1.1
7.8

one
LE

/iL
n w

y

oth

6
6
1.0
1.0

6

6
6
6
1.0
1.0

6

[14C
) 0.1
xtracted as described under Materials and Methods. Fractions were
mean 6 SD.
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ity was recovered which corresponded to four major
metabolites in combined media and cell extracts. Sub-
sequently the media and cells were analyzed sepa-
rately. Two major metabolites (Rf: 0.04 in solvent B)
were found in the cellular fraction. These metabolites
migrated in a manner consistent with phospholipids
and stained with ninhydrin, indicating the presence of
a free amine. Two major metabolites (Rf: 0.37, 0.08, in
solvent B) were found in the media fraction of hsEH
expressing cells; these cochromatographed with au-
thentic standards of ltx/iltx, free acid, and ltxd/iltxd,

FIG. 3. Major metabolites of [14C]-ltx/iltx in media. Sf-21 cells ex
[14C]-ltx/iltx for 24 h. After removing cells, media were extracted at th
y radioactive TLC scanner, and quantified by LSC (98.3 6 5.6% o
ractions). Two major metabolites were seen in the media. Shown here
A) methyl ltx/iltx (Rf: 0.78), (B) ltxd/iltxd, free acid (Rf: 0.08), and (C
f viability with diol production in hsEH-expressing cells. Assays w
tandard deviation of the replicate is smaller than the point on the
free acid, respectively. No ltxd/iltxd methyl esters were
found as metabolites in any experiment. Only one ma-
jor metabolite (Rf: 0.37 in solvent B) was found in the
media fraction of Lac Z expressing cells; this compound
cochromatographed with authentic ltx/iltx, free acid.
Notably, we did not see a peroxy fatty acid metabolite
which would have been apparent with UV visualiza-
tion. Two of the three metabolites were found in both
hsEH and Lac Z expressing cells treated with ltx/iltx;
but the ltxd/iltxd, free acid metabolite was only found
in cells expressing hsEH (Figs. 3A–3C). Toxicity was
only found in cells expressing hsEH (Fig. 3D) and diol
production correlated well with toxicity (Fig. 3E).

ssing either hsEH (F) or Lac Z (�) were treated with 0.220 mM
imes indicated, radioactive components separated on TLC, analyzed
tal radioactivity was recovered, 50–70% of that was in the media
the percentage of radioactivity for compounds in the media fractions:
/iltx, free acid (Rf: 0.37). (D) Mortality over time. (E) The correlation
performed in triplicate; results are mean 6 SD. If not shown, the

ph.
pre
e t
f to
is

) ltx
These data are consistent with the hypothesis that
the diol is the toxic metabolite. While the cells were
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treated with methyl esters, the majority of the [14C]-
ltx/iltx and all of the [14C]-ltxd/iltxd analyzed was in
the free acid form, indicating the presence and activ-
ity of cellular esterases. The percentage of radioac-
tivity in each fraction was similar for assays where
aliquots were taken at 0, 1, 2, 4, 8, 12, 16, and 24 h
as well as in assays where aliquots were taken at 2
and 24 h.

The majority of the radioactivity in the cell pellets
was associated with metabolite 1 (Rf: 0.04 in solvent B)
(Fig. 4A), the remainder corresponded to the carboxylic
acid forms of ltx/iltx or ltxd/iltxd. To investigate the
identity of this polar metabolite, 2 and 24 h cellular
fractions of Lac Z-expressing cells treated with either
[14C]-ltx/iltx or [14C]-ltxd/iltxd were spotted on TLC
plates, developed in solvent C, and stained with either
ninhydrin and heat or iodine in order to separate and
visualize the phospholipids (Figs. 4B and 4C). Two
major metabolites were found corresponding to au-
thentic standards of phosphotidylcholine (Rf: 0.25 in

FIG. 4. Analysis of putative phospholipids found from [14C]-ltx/iltx
0.22 mM [14C]-ltx/iltx for 24 h. Cells and media were extracted an
canner, and quantified by LSC (98.3 6 5.6% of total radioactivity w
LC with solvent B showed several minor, but (A) one major metabol
, this metabolite was found to have two major components which

amine. Lac Z expressing cells were treated with either (B) 0.22 mM
analyzed at 2 and 24 h for percentage of radioactivity associated with
bars). Upon treatment with a phospholipase, cell extracts released 7
acid, respectively. All experiments were done in triplicate, results a
solvent C) and phosphotidylethanolamine (Rf: 0.76 in
solvent C), respectively. Both metabolites stained with
iodine, but only the metabolite which comigrated with
phosphotidylethanolamine stained with ninhydrin, in-
dicating the presence of a free amine. Upon incubation
of the Lac Z expressing cellular fractions with phospho-
lipase A2, cells which had been incubated with [14C]-
ltx/iltx methyl ester released 73.1 6 3.4% of the radio-
activity associated with the phospholipids as ltx/iltx,
free acid. Cells which had been incubated with [14C]-
ltxd/iltxd methyl ester released 76.2 6 4.9% of the
radioactivity associated with the phospholipids as ltxd/
iltxd, free acid. (data not shown). Lac Z-expressing cells
incubated with ltx/iltx had twice as much ltx/iltx incor-
porated into phosphotidylcholine as phosphotidyleth-
anolamine at 2 h, but at 24 h the ratio was 1:1. Lac
Z-expressing cells incubated with ltxd/iltxd, on the
other hand, incorporated ltxd/iltxd into phosphotidyl-
choline:phosphotidylethanolamine at a 3:1 ratio at 2 h
and a 2:1 ratio at 24 h. Additionally, a greater propor-
tion of the radioactivity associated with the cellular

-21 cells expressing either hsEH (F) or Lac Z (�) were treated with
adioactive components were separated on TLC, analyzed by plate
ecovered, 25–45% of that was in the cellular fractions). Analysis on

at the origin which increased over 24 h. After development in solvent
romatographed with phosphotidylcholine and phosphotidylethano-
]-ltx/iltx or (C) 0.06 mM [14C]-ltxd/iltxd for 24 h. Cell extracts were

osphotidylcholine (black bars) and phosphotidylethanolamine (white
6 6.1% of their radioactivity as ltx/iltx, free acid or ltxd/iltxd, free
ean 6 SD.
. Sf
d r
as r
ite
coch
[14C
ph
fraction of ltx/iltx-treated Lac Z-expressing cells was
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427LEUKOTOXIN METABOLISM
incorporated into phospholipids. Given the higher rate
of incorporation of epoxyeicosanoids than dihydroxyei-
cosanoids into phospholipids (37, 38) this may indicate
that ltx/iltx is a better acyl transferase substrate or
imply that 220 mM ltx/iltx is a saturating concentra-
tion for phosphotidylcholine uptake.

Inhibition of cellular esterases and mediation of
epoxide toxicity. We have previously shown that Sf-21
cells contain low levels of cellular esterases (39). We
have also shown that viability of cells treated with the
epoxystearate series: 9,10-EpO; 9,10-EpO, methyl es-
ter; 9,10-EpO, ethyl ester; 9,10-EpO, n-propyl ester;
9,10-EpO, isopropyl ester; 9,10-EpO, n-butyl ester; vi-
ability increases with increasing ester size (40) Thus,
to test the hypothesis that the free acid epoxide was the
most potent protoxin, we attempted to inhibit cellular
esterases and challenge the cells with the series listed
above. Because epoxystearate has toxicity equivalent
to that generated by ltx in this system (40), and is
much easier to modify synthetically, we decided it was
appropriate to continue using the epoxystearate series.
We first tested four esterase inhibitors for toxicity in
the system (0.06–1 mM, final concentration) and for
their ability to inhibit Sf-21 cell esterases. Only PMSF-
treated cells did not display acute toxicity at concen-
trations sufficient to inhibit 40% of esterase activity (1
mM PMSF), while the others were toxic at or below
0.25 mM (data not shown). We preincubated Sf-21 cells
expressing hsEH or Lac Z with 1 mM PMSF for 2 h,
then incubated with 0.06–1 mM 9,10-EpO, 9,10-EpO,
methyl ester, 9,10-EpO, ethyl ester, 9,10-EpO, n-pro-

FIG. 5. Modulation of epoxy fatty ester toxicity by PMSF. Sf-21
ells expressing hsEH were pretreated with DMSO (black bars) or 1
M PMSF (white bars) for 2 h and then treated with 1 mM com-

ound for 24 h. Viability was measured by MTT. Assays were per-
ormed in triplicate; results are mean 6 SD. *Significantly different
P # 0.05) from control cells (treated with DMSO). The correspond-

ng series of diol esters gave the same results with and without
MSF (data not shown).
pyl ester, 9,10-EpO, isopropyl ester, or 9,10-EpO, n-
butyl ester for 24 h. Viability at the highest concentra-
tion (1 mM) is shown (Fig. 5). Strangely, with esterase
inhibition, viability was increased between 10–20% for
hsEH expressing cells treated with the free acid,
n-propyl ester, isopropyl ester, and n-butyl ester forms
of the epoxide, but not for the methyl ester and ethyl
ester forms. The corresponding series of diol esters
gave the same results with and without PMSF (data
not shown).

The effect of cellular sulfhydryl levels on ltx/iltx tox-
icity. Numerous epoxide containing compounds are
known to affect cellular sulfhydryl levels. To determine
if cellular sulfhydryl balance was implicated in ltx-
induced toxicity, we measured free sulfhydryl levels
(Table III) in Sf-21 cells. Under normal conditions,
Sf-21 cells have 30–54 nmol free sulfhydryls/mg pro-
tein as measured by DTNB. We then tested the hypoth-
esis that ltx/iltx would lower free sulfhydryl levels in
the cells. The results are shown in Table III. Ltx/iltx
(0.125 mM) depleted free sulfhydryl levels in Sf-21 cells
to 10% of normal in hsEH expressing cells and 27% of
normal in Lac Z-expressing cells over 24 h. Signifi-
cantly, the Lac Z-expressing cells were still alive.
Treatment with 0.125 mM diethyl maleate (DEM), a
known GSH depletor, also decreased free sulfhydryl
levels to 25% of normal, while not affecting cell viabil-
ity. Conversely, 10 mM ethyl ester glutathione (EEG),
a GSH analog, increased intercellular sulfhydryl levels
to 140% of normal.

We then tested the hypothesis that increased free

TABLE III

Free Sulfhydryl Levels in Sf-21 Cells before
and after Treatment

Enzyme Compound, (mM)

Free sulfhydryl levels
(nmol/mg protein)

0 h 24 h

ltx/iltxa 0.125 43.2 6 7.4 3.9 6 0.4
ltxd/iltxda 0.125 45.2 6 6.2 2.7 6 0.9

sEH DEM, 0.125 41.8 6 4.0 10.2 6 1.6
EEG, 10.0 43.6 6 5.3 61.1 6 6.2
DMSO 40.5 6 9.2 31.9 6 4.0

ltx/iltxa 0.125 44.3 6 7.8 11.8 6 1.5
ltxd/iltxda 0.125 44.4 6 5.6 3.9 6 1.3

ac Z DEM, 0.125 41.4 6 8.2 12.7 6 3.0
EEG, 10.0 46.3 6 7.1 64.0 6 5.4
DMSO 42.9 6 5.6 43.2 6 7.6

Note. As measured by DTNB (34). Means are representative of at
east three experiments conducted as described under Materials and

ethods. With the exception of DMSO-treated cells, means at 0 and
4 h are significantly different.

a Mixture of the two regioisomers.
sulfhydryl levels would protect the cells from the tox-
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icity of ltx/iltx and that decreased free sulfhydryl levels
would increase the toxicity of ltx/iltx. Sf-21 cells ex-
pressing hsEH were preincubated with DMSO (vehicle
control), 0.125 mM DEM, or 10 mM EEG for 2 h, then
treated with various concentrations of ltx/iltx (Fig. 6A).
DEM decreased the LC50 from 0.12 to 0.055 mM. EEG
protected the cells from ltx/iltx-induced toxicity at
higher concentrations (0.25–1.0 mM), increasing via-
bility 20%. This same pattern held true when time was
the independent variable (Fig. 6B). As before, cells
were pretreated with DMSO, 0.125 mM DEM, or 10
mM EEG for 2 h, then challenged with 0.125 mM
ltx/iltx. DEM reduced viability earlier, decreasing the
LT50 from 10 to 6 h. EEG, conversely, protected the
cells at later time points (12–24 h), increasing the LT

FIG. 6. Protection from ltx/iltx toxicity by EEG. Sf-21 cells express-
ing hsEH were preincubated with DMSO (F), 0.125 mM DEM (�), or
10 mM EEG (■). (A) Cells were then treated with various concen-
trations of ltx/iltx and toxicity assessed by MTT. (B) Alternately,
cells were treated with 0.125 mM ltx/iltx and toxicity assayed over
time. Values represent mean 6 SD from at least three independent
experiments. *Significantly different (P # 0.05) from control cells
(treated with DMSO).
50

to 15 h. These data, taken in concert, suggest that free
sulfhydryls play an important role in moderating the
toxicity of ltx/iltx.

A possible detoxification pathway for ltx/iltx is
through conjugation with cellular sulfhydryls; we
would expect this to be a viable pathway if glutathione
transferases (GST) were present. Thus, we assayed
Sf-21 cell homogenate for glutathione transferase ac-
tivity but were unable to detect any, using CDNB as a
substrate, under conditions where we could easily see
conjugation of 0.03 mmol/min/mg protein. To assess the
potential for direct conjugation of ltx/iltx by GSH, we
attempted to create the conjugate chemically using 0.5
mM ltx/iltx and either 1, 5, or 10 mM GSH in acetoni-
trile and sodium phosphate buffer vigorously stirring
over 24 h. We recovered .98% of the ltx/iltx added and
were unable to detect any conjugation (data not
shown). We then repeated the experiment with Sf-21
cell homogenate and 0.5 mM ltx/iltx and 1, 5, or 10 mM
GSH in sodium phosphate buffer. We again recovered
.96% of the ltx/iltx added and were again unable to
detect any conjugation (data not shown). However, at
24 h, 75 6 8% of the ltx/iltx recovered had been con-
verted to the carboxylic acid, indicating that cellular
esterases were still active.

DISCUSSION

Collectively, these results indicate an expanded
pathway of metabolism from that previously suggested
(21) (Fig. 7). Reported investigations of ltx/iltx metab-
olism have been sparse, primarily resulting from in-
vestigations of either epoxide formation and hydrolysis
or, conversely, metabolism of mono- or dihydroxy long
chain fatty acids. In comparison, the related epoxy

FIG. 7. Proposed pathway for metabolism of ltx/iltx. Only the sin-
gle regioisomer, ltx, is shown, but this pathway is valid for iltx as
well. LPATs are lysophospholipid acyl transferases. UGTs are UDP-
glucuronosyl transferases; it is expected that glucuronide conjuga-
tion of ltxd will occur in cells containing UGTs, as has been previ-
ously shown (70), but that does not occur in this system. Likewise, it
is expected that the GSH conjugate will be formed in the presence of

GSTs, but that also does not occur in this system. Based on moni-
toring for 14CO2, no evidence of b-oxidation was seen.
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429LEUKOTOXIN METABOLISM
eicosanoids have received a great deal of attention.
Where relevant, these data have been incorporated
into the proposed pathway.

Various studies on epoxidation of polyunsaturated
fatty acids indicate that a cytochrome P450 of the 2C,
2B, or 2J class is likely responsible for the enzymatic
formation of ltx/iltx in mammalian systems (41–48).
Recent work performed in our laboratory has lent fur-
ther support to this hypothesis by identifying cyto-
chrome P450 2C9 as the primary NADPH-dependent
oxidase involved in linoleic acid epoxidation in human
liver microsomes (49). In some cases chemical oxida-
tion by active oxygen is thought to be involved (50).

Once formed, aliphatic epoxides can be metabolized
by hydrolysis, secondary chain oxidation, b-oxidation,
conjugation with cellular nucleophiles (e.g., free sulf-
hydryls) or esterification with glycerides, cholesterol,
or the phospholipids of membranes. Each of these steps
was examined during this investigation. Notably, nei-
ther secondary oxidation products nor significant in-
corporation into triglycerides or cholesterol esters were
observed in our Sf-21 cell model.

As suggested by Halarnkar (19) who used murine
and human liver homogenate and affinity purified
sEH, our results with recombinant hsEH support the
hypothesis that sEH hydrolyzes ltx/iltx to ltxd/iltxd.
Additionally, the kinetic investigations indicate that
ltx and iltx are preferred substrates for this enzyme
with high catalytic turnover rates. Previous studies
using recombinant murine sEH, and the ltx analog,
epoxy stearic acid (9,10-Z-EpO) (20), or epoxyeicosano-
ates and hsEH (44) have also reported high rates of
hydration.

The ability of the KOH traps to retain ,1% of the
radioactivity in the in situ metabolism study suggests
hat little, if any, of the ltx/iltx or ltxd/iltxd enters the

b-oxidation pathway in this insect ovarian cell system.
Likewise, the high recovery of total radioactivity and
the lack of a significant portion of the radioactivity
associated with the proteinaceous fraction suggests
that little or no covalent binding to cellular proteins is
occurring. Were a GSH-ltx conjugate present, we
would expect this molecular species to be found in the
aqueous fraction. However, even at 24 h, ,5% of the
adioactivity was assigned to the aqueous fraction even
hough there is GSH in the cells. This, combined with
ur inability to form the GSH-ltx conjugate chemically
r with cell homogenate over 24 h, illustrates that
,2-epoxides on aliphatic systems are very stable to
ttack by nonactivated sulfur nucleophiles. These
hemical data combined with data from cell homoge-
ate and cells in situ argue that GSH conjugation in
he absence of enzymatic catalysis does not occur in
his system. Were a GST active on fatty acid oxides
resent, however, we would expect conjugation to oc-

ur.
As for most somatic cell membranes, phosphotidyl-
holine and phosphotidylethanolamine are the major
hospholipids in Sf-9 and Tn cells (51, 52) and it has
een shown that infection increases phosphotidylcho-
ine levels (51) in these insect cell lines. Therefore, once
t was recognized that the epoxides and diols were
ntering phospholipids, it was not surprising to find
hem incorporated into phosphotidylcholine and phos-
hotidylethanolamine containing residues. Interest-
ngly, Fang et al. found that 13-HODE (linoleic acid
ith a monohydroxy at the C-13 position) was also
uickly incorporated into phospholipids, primarily
hosphotidylcholine, of bovine aortic endothelial cells,
hen gradually released (53). Similarly, the incorpora-
ion of epoxyeicosanoids (48, 54–58) and dihydroxyei-
osanoids (37, 38, 59) into phospholipids has been
oted by several research groups. Interestingly, in por-
ine endothelial cell cultures epoxyeicosanoids are in-
orporated into phospholipids at 33 the rate of the
ihydroxyeicosanoids (37, 38).
There are suggestions in the literature that epoxy-

nd dihydroxyeicosanoids phospholipid incorporation
s related to their mechanism of action (38, 55, 59).
lthough we cannot definitively exclude phospholipid

ncorporation in the enhancement of ltx and ltxd tox-
city, the strong correlation of toxicity with the pres-
nce of ltxd and ltxd carboxylic acid, the weak correla-
ion with ltx and ltxd incorporation into phospholipid,
nd the suggestion that ltx incorporation is faster than
hat of ltxd all argue against phospholipids being di-
ectly involved in the toxicity of ltx in our insect cell
ystem. Nonetheless, this compartmentalization repre-
ents detoxification by sequestration and, thus, holds
ome danger. If ltx/iltx and ltxd/iltxd are stored in
hospholipids, they can also be released by Ca21-de-

pendent or independent phospholipases. Therefore, if
membrane concentrations of epoxides and/or diols is
high enough and their release is rapid, the initiation of
a toxic event may result from lipase activation.

By considering the ltx toxicity and metabolic profil-
ing in sEH vs Lac Z expressing cells, a clear association
between ltxd acid formation and cytotoxicity emerges.
While both Lac Z and sEH expressing cells produce ltx
free acids and incorporate these acids into their mem-
branes, only sEH cells show declining epoxy free acid
concentrations with a corresponding rise in free acid
diols. The strong correlation between toxicity and ltxd/
iltxd formation in hsEH expressing cells in conjunction
with the lack of any ltxd/iltxd formation or toxicity in
the Lac Z-expressing cells suggests that other metab-
olites are not involved with the observed acute toxicity.
These results are consistent with the hypothesis that
ltx and iltx are protoxins, which are activated by hy-
drolysis. Similar findings have been observed in every
cell type and animal system recently tested (21, 40, 60).

These results may be in contrast to the earlier results
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seen by Ozawa et al. (7, 10, 11, 14, 61–68) who have
described the epoxide as the toxic metabolite. This
apparent discrepancy could be explained by the pres-
ence of sEH in their cell and animal systems. It is
distinctly possible, however, that ltx/iltx may act di-
rectly in certain systems.

With respect to the fate of the experimentally deliv-
ered epoxy and dihydroxy lipid methyl esters, our anal-
ysis of the in situ metabolism of ltx/iltx supports the
hypothesis that cellular esterases metabolize both of
these oxylipids to their carboxylic acid forms. Addition-
ally, the results suggest that ester hydrolysis proceeds
at a faster rate than epoxide hydrolase forms diols.
These data suggest that cellular esterases are func-
tional in Sf-21 cells and clouds are ability to determine
the reliance of toxicity on the presence of the free
carboxylate. To address this question, esterase inhibi-
tion in Sf-21 cells was explored. Of the inhibitors tested
only PMSF both inhibited the Sf-21 cell esterases and
was not toxic. Pretreatment with this inhibitor in-
creased the viability of cells treated with the longer
epoxy stearate esters, as we would expect if the free
acid form were the most toxic agent. However, PMSF
also slightly increased the viability of cells treated with
the free acid form of epoxy stearate. It is not clear why
this occurred, and a simple explanation for this result,
e.g., associated protease inhibition, is not consistent
with our findings. One interpretation of the data would
suggest that toxicity may progress in stages which are
differentially effected by ester length and the presence
of PMSF.

While the mode of ltx induced toxicity was not the
focus of this investigation, limited examination of cel-
lular thiol concentration was performed during the
pursuit of GSH conjugation as a potential metabolic
process. While conjugation with GSH was not ob-
served, it was observed that depleting or elevating
cellular GSH either potentiated or attenuated toxicity,
respectively. Interestingly, both ltx and ltxd exposures
in Lac Z-expressing cells reduced cellular free sulfhy-
dryl concentrations, suggesting that both ltx/iltx and
ltxd/iltxd disrupt the redox status of the cells. This has
been previously noted with ltx in rat lung (67).

While Sf-21 cells do not contain glucuronosyl trans-
ferases (69), another possible detoxification route in
vivo in mammals is through glucuronidation. It ap-
pears that ltxd/iltxd may be conjugated with glucu-
ronic acid by a UDP-glucuronosyltransferase (D. F.
Grant, personal communication, 1999) and that the
glucuronide of ltxd/iltxd has appeared in certain dis-
ease states (70). Due to the increase in hydrophilicity,
and thus excretion rate, it seems likely that glucu-
ronidation would constitute a detoxification pathway.
However, ltxd/iltxd was initially thought to be a detox-
ification product as well, based on the same criteria. To

our knowledge, the synthesis and toxicity testing of the
glucuronic acid conjugates of ltx/iltx have not been
performed.

While this study alone is not sufficient to conclude
that a linoleic acid cascade exists similar in scope to the
arachidonic acid cascade, it nevertheless opens the
field to significant research in this area. The correspon-
dence is striking. The high levels of linoleate in mam-
malian systems, the dependence on cytochrome P450s
and sEH for metabolism, and the sequestration in
phospholipids are all significant. Moreover, the
changes in membrane ion permeability and flux asso-
ciated with ltxd (21) and the vasoactive effects of ltx
(63, 64, 71) are similar to those seen in the arachidonic
acid cascade (46). Additionally, it has been hypothe-
sized that ltx plays a role in inflammation (72) and
suggested that linoleic acid can exert proinflammatory
effects in endothelial cells (73).

In conclusion, we have demonstrated that ltx/iltx are
toxic in a time-dependent manner to hsEH expressing
cells and are metabolized by hsEH with a KM and Vmax

comparable to the best known exogenous substrate and
that metabolism can be inhibited both in situ and in
itro. Our data suggest that the final toxic metabolite
f ltx/iltx is the free carboxylic acid of the correspond-
ng diol, suggesting the involvement of cellular ester-
ses in experimental epoxy fatty acid ester exposures.
e have shown that both ltx/iltx and ltxd/iltxd are

ncorporated into phospholipids, eliminating them
rom the toxicant pool and thereby modulating toxic
otency. Finally, we have demonstrated that while free
ulfhydryls ameliorate ltx/iltx induced toxicity, conju-
ation with GSH is not involved in our system. With
hese data, we have constructed a revised metabolic
athway for ltx/iltx in Sf-21 cells.
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