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SUMMARY
Rat hepatocyte homogenates converted 5-hydroperoxyeicosa-
tetraenoic acid into leukotriene B, (LTB,). The reaction was
dependent on time and protein and substrate concentration, did
not require NADPH or oxygen, and was not supported by heat-
inactivated hepatocyte homogenates. The authenticity of the
generated LTB, that eluted at the position of syn-
thetic LTB, during high performance liquid chromatography was
established by UV spectrophotometry, mass spectral analysis,
radioimmunoassay, and a LTB, receptor displacement assay. In
addition, a leukotriene bioassay is described in which transient
increases in cytosolic Ca?* within human neutrophils are meas-
ured by means of fura-2 fluorescence. Biologically generated
LTB. was 40, 40, and 33% as active as synthetic LTB, in the
radioimmunoassay, receptor displacement assay, and cytosolic

calcium bioassay, respectively. This activity is consistent with
the biologically derived LTB, being an epimeric mixture of
(5S),(12R)-LTB, and the much less active (5S),(12S)-LTB,. The
formation of LTB, was inhibited by 5,8,11,14-eicosatetraynoic
acid (1 mM), 5,6-dehydro-arachidonic acid (50 um), propanethiol
(1 mm), and 0, (100%) to the extent of 53, 42, 48, and 66%,
respectively. No inhibition was observed in the presence of
diethyicarbamazine (1 mm) and desferal (1 mm). A possible
contribution towards LTB, formation by contaminating Kupffer
cells was excluded (< 0.2%). These results suggest that hepa-
tocytes can convert lipid peroxides into potent chemoattractants
that may alter the homeostasis of immunomediators within the
liver.

Leukotrienes are a group of endogenous mediators active in
hypersensitivity reactions and inflammation. 5-HPETE, a li-
poxygenase product of arachidonic acid, is the direct precursor
of LTA,, the key intermediate in leukotriene biosynthesis (1).
In the presence of glutathione, glutathione-S-transferase con-
verts LTA, into LTC,, which, after sequential peptid/olysis,
gives rise to LTD, and LTE,. These peptido-leukotrienes are
potent vasoactive mediators and are increasingly implicated in
the bidirectional communication between the immune system
and the central nervous system (2). Hydrolysis of LTA, by
LTA,-hydrolases leads to the formation of LTB,, which, at
nanomolar concentrations, exerts a variety of distinct biological
effects, among them chemotaxis of neutrophils and release of
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and 83,297.1.85 from the Swiss National Science Foundation.

lysosomal enzymes from human polymorphonuclear leuko-
cytes, as well as regulation of immune responses (3). Depending
on the particular cell type it interacts with, LTB, can induce
suppressor cell activity, stimulate lymphocyte proliferation,
induce monokine production (i.e., interleukin-1 and tumor ne-
crosis factor-a), regulate cytotoxic activities of lymphocytes
and monocytes, and act as a calcium ionophore (4-6).

Few reports describe the biosynthesis of chemotactic factors
of the leukotriene family by other than specialized peripheral
cells (i.e., macrophages, neutrophils, mast cells, basophils).
Preliminary experiments in this laboratory (7) indicated that
rabbit cytochrome P-450.y. reconstituted into phospholipid
vesicles could catalyze the conversion of 5-HPETE to a product
with UV absorption and HPLC retention time similar to that
of LTB,. In addition, formation of the peptido-leukotrienes
and LTB, from LTA, was recently measured in cytosolic frac-

ABBREVIATIONS: 5-HPETE, 5-hydroperoxy-6,8,11,14-eicosatetraenoic acid; LTA,, (5S)-5,6-oxido-7 9-trans-11,14-cis-eicosatetraenoic acid; LTB,,
(55).(12R)-dihydroxy-6, 14-cis-8,10-trans-eicosatetraenoic acid; LTC,, leukotriene C,; LTD,, leukotriene Ds; LTE,, leukotriene E,; RP HPLC, reversed
phase high performance liquid chromatography; RIA, radioimmunoassay; desferal, N-{[5{N-hydroxyacetamido)-pent)jcarbamoyi]propionohydroxamic
acid monomethanesulfonate; NPC, nonparenchymal cells; ETYA, 5,8,11,14-eicosatetraynoic acid; 5-HETE, (5S)-hydroxy-6-trans-8,11,14-CIS-
eicosatetraenoic acid; PC, parenchymal cells; EGTA, [ethylenebis(oxyethylenenitrilo)] tetraacetic acid.
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tions obtained from whole livers of both guinea pig and rat (8,
9). Although no lipoxygenase activity has been demonstrated
in hepatocytes, primary cultures of human and rat hepatocytes,
when challenged with ethanol, were found to release a chemo-
tactic factor with chromatographic and radioimmunoassay
binding properties similar to those of LTB, (10), indicating a
possible alternative pathway in hepatocytes for generation of
leukotrienes and/or their precursor molecules (i.e., 5-HPETE,
LTA,).

Leukotrienes have been implicated in the pathophysiology of
hepatotoxicity. The possible interplay of distinct hepatic cell
types that could produce leukotrienes led us to investigate the
role of rat hepatocytes and Kupffer cells in the transformation
of arachidonic acid-derived lipid hydroperoxides (particularly
5-HPETE, which in situ might arise intra- or trans-cellularly
by means of lipoxygenase action or via lipid peroxidation), into
endogenous mediators of the leukotriene family. This labora-
tory has very recently demonstrated that the epoxide interme-
diate LTA, is a substrate for both cytosolic and microsomal
LTA, hydrolase activity of rat and human liver. LTA, hydrol-
ysis gives rise, among other products, to the formation of
biologically fully active LTB, (11). Maximal formation rates
were achieved under an argon atmosphere; molecular oxygen
inhibited LTB, formation by about 60%. We have also shown
that the extent of metabolism of LTB, to biologically less
potent mediators is strongly dependent on the oxygen concen-
tration experienced by cultured rat hepatocytes (12). Extending
this line of investigations, we here report that homogenates of
isolated rat hepatocytes enzymatically transform 5-HPETE
into biologically active LTB,, as demonstrated by HPLC, UV
spectrophotometry, stereospecific receptor displacement, and a
bioassay measuring transient increases in the cytosolic calcium
concentrations in human neutrophils. The conversion of 5-
HPETE into LTB, is strongly inhibited by molecular oxygen
and, to a lesser extent, by classical inhibitors of leukotriene
biosynthetic pathways. The observed activity can not be ac-
counted for by the presence of residual Kupffer cells.

Experimental Procedures

Preparation of rat hepatocytes and Kupffer cells. Single cell
suspensions of hepatocytes and Kupffer cells were prepared from fed
adolescent male Sprague-Dawley rats by in situ perfusion of collagenase
as described (13). Separation of liver PC and NPC was performed as
described by Smedsrod and Pertoft (14). Briefly, cell suspensions were
filtered through nylon mesh to remove cellular aggregates and cell
debris. The filtrate was then centrifuged for 4 min at 50 X g, yielding
a pellet enriched in PC and a supernatant fraction enriched in NPC.
The pellet, containing mostly hepatocytes, was then washed another
four times in Earle’s salts, pH 7.4, and diluted aliquots (25 ml) of
resuspended hepatocytes were immediately layered on top of a Percoll
cushion (25 ml), with a density of 1.070 g/ml, and centrifuged at 130 X
g for 10 min. Only viable hepatocytes (as measured by trypan blue
exclusion) penetrated the Percoll layer and were recovered for use in
the subsequent experiments. The supernatant fraction, containing
mainly NPC, was recentrifuged twice at 50 X g for 4 min and aliquots
were layered on top of a preformed discontinuous Percoll gradient, of
which the bottom cushion had a density of 1.066 g/ml and the top layer
had a density of 1.037 g/ml. The gradients were centrifuged at 800 X g
for 15 min at 4°. A fraction, highly enriched in Kupffer cells, was
dispersed in the 1.066 g/ml density band and separated from pelleted
hepatocytes and erythrocytes as well as from liver endothelial cells,
which concentrated at the interface of the two density layers, and cell
debris, which did not penetrate the Percoll layer. Kupffer cells were
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collected, diluted with equal volumes of iso-Hanks solution, and recen-
trifuged at 800 X g for 10 min. For a final purification step, the pellets
of Kupffer cells were resuspended in Earle’s balanced salt solution, and
aliquots of cell suspensions were allowed to attach to Lux Permanox
Contur (Miles, Kankakee, IL) culture dishes for 30 min at 37° in 5%
CO0,/95% air. The attached cells were washed twice and culture was
continued overnight in M199 plating medium as described (13), with
the exception that dexamethasone was omitted. After 24-hr, the cells
were harvested and used in the subsequent experiments.

Microscopy was done with a Nikon Diaphot inverted phase contrast
microscope. Cell numbers in solutions were estimated by microscopy
using a hemocytometer. Attached cells were counted by observing four
fields of approximately 200 cells on two individuals dishes at 200 x
magnification. Kupffer cells were identified by peroxidase staining
using 3,3-diaminobenzidine tetrahydrochloride as a substrate (15).

Preparation of cell homogenates. Hepatocytes or Kupffer cells
were pelleted, transferred into ice-cold homogenization buffer contain-
ing 10 mM potassium phosphate, pH 8.5, 20% (v/v) glycerol, and 50
pg/ml L-a-dilauroyl-phosphatidylcholine, disrupted by four stokes in a
Potter Elvehjem homogenizer at 4° followed by sonication for 10 min
in a Branson bath type sonifier in an ice-water bath. The homogenates
were stored in aliquots at —20° and thawed only once, immediately
before the experiment.

Incubation with 5-HPETE and HPLC analysis of product
formation. Under standard conditions, aliquots of both hepatocytes
and Kupffer cell preparations were brought to 200 ul volume in ho-
mogenization buffer and gently bubbled for 15 min with argon in a
sealed Reacti-vial at room temperature. 5-HPETE in ethanol, also kept
under argon, was added with a gas-tight syringe through the septum of
the Reacti-vial in a maximum volume of 10 ul. The incubations were
continued at room temperature under argon for the specified time.
Incubations were stopped by addition of 10 ul of 1 N formic acid,
followed by 400 ul of methanol/water (1:1, v/v), containing 25 ng/400
ul of prostaglandin B, as an internal standard. Samples were extracted
with 5 ml of dichloromethane, washed twice with 1 ml of water, taken
to dryness under nitrogen, resuspended in 100 ul of eluent, and injected
onto the HPLC column. Isocratic product separation was achieved on
an Ultrasphere ODS HPLC column (C-18, 0.46 X 25 cm, 5 um;
Beckman, Fullerton, CA; operated with a guard column) in methanol/
water/acetic acid (72:28:0.02, v/v) adjusted to pH 5.7 with triethyla-
mine, at a flow rate of 1.0 ml/min. Relative peak heights were used to
quantify the internal standard prostaglandin B, and LTB, in individual
chromatograms; losses during sample preparation were corrected for
and the amounts of LTB, generated were determined by external
standardization with synthetic LTB,. Recovery of prostaglandin B,
was typically 91 + 4% (seven experiments) and that of LTB, 93 + 3%
(six experiments). Retention times were 9.5 min + 0.3 min (eight
determinations) for prostaglandin B, and 14.0 min + 0.2 min (eight
determinations) for synthetic LTB,. Material eluting with the same
retention time as synthetic LTB, was collected, rechromatographed in
the same eluent system, taken to dryness, and, before further structural
and biological characterization, transferred into the suitable assay
buffers.

Binding of [*H]JLTB, to human neutrophils. The equilibrium
binding of [*H]LTB, to human neutrophils in the absence and presence
of nonradioactive preparations of LTB, was assessed as previously
described (16). Neutrophils of 95% or greater purity were prepared
from human peripheral blood (16). Neutrophils (1 X 10”) were incubated
with 0.1 nM [*H]JLTB, in the absence and presence of different concen-
trations (0.5-100 nM) of biologically derived LTB, for 1 hr in an ice
water bath. The total amount of bound radioactivity was determined
by filtering the binding suspension on GF/F glass fiber filters (What-
man, Clifton, NJ), washing the filters with several aliquots of ice-cold
isotonic saline, and then determining the amount of radioactivity
retained by the filters. Nonradioactive LTB, was continuously present
during the binding incubation. The binding of ['H]LTB, in the presence
of 1 uM synthetic LTB, was defined as nonspecific binding and sub-
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tracted from the binding determinations performed at the other LTB,
concentrations to yield the specific binding. The specific binding in the
absence of nonradioactive LTB, was used to define the 100% binding
level. The ICs was estimated from a Hill plot of the specific binding
data.

Bioassay for LTB,. The capacity of synthetic and hepatocyte
homogenate-derived preparations of LTB, to induce a transient in-
crease in the cytosolic calcium concentration of human neutrophils was
compared. Purified peripheral blood neutrophils were suspended at 5
% 10° per ml of Hank’s balanced salt solution (without phenol red)
containing 10 mM Tris- HC], 0.1 g/100 ml ovalbumin, pH 7.2 (HBSS-
OA) and incubated with 5 uM fura-2/AM, 0.1% diemthylsulfoxide for
20 min at 37°. The fura-2-loaded neutrophils were then washed twice
and resuspended in HBSS-OA. The cytosolic calcium concentration
was monitored in a Deltascan fluorimeter (Photon Technology Inter-
national, Inc., Princeton, NJ). Suspensions of 2 X 10° neutrophils/ml
of HBSS-0OA were incubated for 15 min at 37° to establish the baseline
fluorescence. The fluorescence signals obtained at excitation wave-
lengths of 335 and 380 nm were measured at an emission wavelength
of 508 nm for 2 min before and 5 min after the addition of the
leukotriene stimulus. The ratio of the fluorescence signals obtained at
the two excitation wavelengths was used to calculate the cytosolic
calcium concentration according to the formula of Grynkiewicz et al.
(17). Autofluorescence was determined from a matched sample con-
taining neutrophils without fura-2. A standard solution of 2 uM fura-2,
pentapotassium salt, in 100 mM KCl, 10 mM HEPES, 1 mM EGTA,
pH 7.05, without and with 10 mM CaCl, was used to determine the
signal ratios for fura-2 in the absence and presence of saturing calcium,
respectively. A dissociation constant of 220 nM was used for calcium
ion binding to fura-2. The difference between the maximal concentra-
tion of cytosolic calcium achieved after the addition of stimulus and
the baseline concentration was determined for each dose of LTB..
Concentrations of synthetic LTB, greater than 1.nM yielded maximal
increases in cytosolic calcium. The concentration of LTB, that gave an
increase in cytosolic calcium that was half of the increase observed in
response to 1 nM LTB, was determined by interpolation from the dose/
response curve and defined as the ECs,.

Other methods. Mass spectra of biologically generated LTB, were
obtained by direct chemical ionization MS as previously described (18).
Samples were applied to a polyimide-coated fused silica fiber that was
inserted directly into the ionization plasma of the chemical ionization
source of a modified Hewlett Packard 5985 A quadrupole mass spec-
trometer. ["H]LTB, RIAs were performed according to the manufac-
turers guidelines. The cross-reactivity (at 50% B/B, replacement) of
the LTB, antiserum used was 3.3% towards the diastereoisomers of
5,12-dihydroxy-6,8,10-trans-14-cis-eicosatetraenoic acid, 1.6% towards
the diastereoisomers of 5,6-diHETE and less than 0.03% towards LTC,
and LTD.. Protein concentrations were estimated by the Bio-Rad assay
procedure using bovine serum albumin as a standard.

Materials. 5-HPETE was generously provided by Dr. C. C. Reddy,
Pennsylvania State University. Synthetic LTB, was a gift by Dr. J.
Rokach of Merck-Frosst Canada. [5,6,8,9,11,12,14,15,(N)-*H]LTB,
(180-220 Ci/nmol) and [°’H]LTB, RIA kits were obtained from Amer-
sham Corp. (Arlington Heights, IL). ETYA and 5,6-dehydro-arachi-
donic acid were purchased from Cayman Chemicals (Ann Arbor, MI).
Prostaglandin B, and bovine serum albumin, fraction V, were from
Sigma Chemical Co. (St. Louis, MO). Fura-2/AM and the pentapotas-
sium salt of fura-2 (Molecular Probes, Eugene, OR), ovalbumin, and
Hank’s balanced salt solution without phenol red (Sigma) were ob-
tained from the designated suppliers. HPLC-grade solvents were pur-
chased from Baker Chemical Company (Phillipsburg, NJ). All HPLC
eluents were prepared daily and sparged with helium throughout. All
glassware was silanized before use.

Results

LTB, formation by rat hepatocyte homogenates. When
acidified dichloromethane extracts of rat hepatocyte incuba-

tions with 5-HPETE were analyzed on RP HPLC, three prom-
inent UV-absorbing peaks (280 nm) were reproducibly detected
(Fig. 1). Peaks I and II co-chromatographed with and exhibited
identical retention times as A®-trans-LTB, and A®-trans-12-
epi-LTB,, respectively, corresponding to products formed in
model systems upon nonenzymatic mild acid hydrolysis of
synthetic LTA, free acid (19). Thus, the presence of peak I and
peak II in the chromatograms of organic extracts of incubations
of rat hepatocyte homogenates with 5-HPETE suggests that
LTA, is an intermediate in the conversion process. Peak III
co-eluted with synthetic LTB, and, after rechromatography,
showed an UV-absorption spectrum identical to that of syn-
thetic LTB, (i.e., relative absorption maxima at 261, 270, and
280 nm, directly measured in the HPLC eluent comprising
methanol/water/acetic acid, ((72:28:0.02, v/v, adjusted to pH
5.7 with triethylamine) indicating the presence of a conjugated
triene moiety (spectrum not shown). When reacted with ethe-
real diazomethane, the methyl ester of peak III eluted as a
homogeneous peak with the same retention time as the methyl
ester of synthetic LTB,. The formation of peak III was com-
pletely abolished when the incubations were done with either
heat-inactivated (80°, 30 min) or trypsin-treated [36.4 units
trypsin (bovine pancreas) for 15 min at 37°] rat hepatocyte
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Fig. 1. RP HPLC profile of dichioromethane extracts of 5-HPETE incu-
bations with rat hepatocyte homogenates. The analyses were performed
at room temperature on an Ultrasphere ODS column (C-18, 0.46 x 25
cm, 5 um) in methanol/water/acetic acid (72:28:0.02, v/v), adjusted to
pH 5.7 with triethylamine, at 1.0 mi/min and absorbance changes were
recorded at 280 nm. The arrow denotes the elution position of synthetic
LTB.. Peaks | and Il coeluted with A®-trans-LTB, and A®-trans-12-epi-
LTB,, respectively. Material under peak il was collected, rechromato-
graphed, and used for further characterization; the concentration of LTB,
was estimated with UV spectrophotometry using an Enmax of 51,000 (44).
The peak eluting with a retention time of 9.5 min is prostaglandin B,
which was used as an internal standard.
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homogenates (data not shown). However, the formation of
peaks I and II did not cease under these conditions. As com-
pared with control incubations, approximately 70% residual
all-trans-LTB, (i.e., A%-trans-LTB, and A®-trans-12-epi-LTB,)
was still detected, pointing to a possible nonenzymatic trans-
formation of 5-HPETE to all trans-LTB,. In control experi-
ments, we have found that 5-HPETE can be transformed to
all-trans-LTB,s but not to LTB,, by both cytochrome ¢ (5uM)
and hematin (5 uM), even after heat treatment (e.g., 80°, 30
min). Similarly, when 100 uM 5-HPETE was incubated in
presence of 200 uM Fe?*/Fe** in 0.9% NaCl, pH 7.0, small
amounts of all-trans-LTB, were formed.! However, the pres-
ence of the iron-chelating agent desferal (1 mM) in hepatocyte
homogenates did not lower the amount of nonenzymatically
formed all-trans-LTB,, excluding free iron as a major catalyst
of that transformation.

In a separate set of experiments, we have established that 5-
HPETE remains intact throughout the extraction procedure
used and does not spontaneously decay to any detectable
amounts (limit, <2 ng of LTB,) of all-trans-LTB,. Further-
more, 89 + 4.9% and 79 + 15% (five experiments) of 5-HPETE
could be recovered intact from 15 and 30 min incubations,
respectively, with hepatocyte homogenate (0.8 mg of protein
per 400 pl) at 100 uM starting substrate concentration. After
30-min incubation, a total of 2.2 + 0.4% (five experiments) of
the consumed substrate were recovered as all-trans-LTB,s and
LTB.. Therefore, substrate depletion should not be a factor in
the enzymic characterization of LTB, formation, despite the
partial instability of 5-HPETE in hepatocyte homogenates. In
fact, the formation of LTB; (i.e., Fig. 1, peak III) was dependent
on both time and protein concentration. The formation rates
for all-trans-L'TB,s (i.e., Fig. 1, peak I and II combined) as well
as LTB, were constant up to 30 min incubation time (Fig. 2A)
and up to 1.2 mg of protein/200-ul incubation volume (Fig. 2B).
Moreover, A’-trans-LTB,, A®-trans-12 epi-LTB,, and LTB,
were all generated from 5-HPETE in a concentration-depend-
ent manner up to about 100 uM 5-HPETE, whereas inhibition
of product formation was observed at 200 uM substrate concen-
tration (Fig. 2C). The double reciprocal analysis of these data
in Lineveawer/Burk plots revealed a complex relationship be-
tween substrate concentration used and product (i.e., all-trans
LTB,s or LTB,) formed. This finding is to be expected in the
case of studies of the decay of 5-HPETE in cell homogenates
rather than with isolated enzymes, when the many possible
enzymatic and nonenzymatic pathways of 5-HPETE conver-
sion are taken into account (20). Therefore, because the re-
quirements for Michaelis-Menten type of behavior are not
fulfilled, no attempts were made at this point to estimate K,
and V,,,, values for the transformation of 5-HPETE into LTB,
by rat hepatocyte homogenates.

Mass spectral elucidation of peak ITI. Material collected
under peak III (Fig. 1) was rechromatographed and subjected
to ammonia direct chemical ionization mass spectral analysis
as described previously (18). The newly developed technique
allowed measurement of chemical ionization mass spectra with-
out need for conversion of the LTB, to the methyl ester and
silyl ether derivatives. The major mass fragments observed
with both synthetic LTB, and hepatocyte-derived peak III were
m/z 354 [M + NH,]*, m/z 336 [M + NH, — H,0]*, m/z 319

! Josef Gut, unpublished observation.
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Fig. 2. Enzymatic characterization of the transformation of 5-HPETE into
LTB, by rat hepatocyte homogenates. All incubations were perfonned
at room temperature under an argon atmosphere. A, The

formation of all trans-LTB, (i.e., A%-trans-LTB, and Abtrans-1 2-epo-LTB.)
combined(l:l)andthatofLT&Mtryrathepat e homogenates was
assayed. Hepatocyte homogenates (0.8 mg of protein/ml in 200-u! final
volume) were incubated with 100 um 5-HPETE for various length of time.
Values are means + standard deviations, three experiments. B, The
protein concentration-dependent conversion of 5-HPETE into all-trans-
LTB, @) and LTB, (W) by rat hepatocyte homogenates was assayed. 5-
HPETE concentration and incubation time were 100 um and 15 min,
respectively. Values represent means + standard deviations, three ex-
periments. C, Rat hepatocyte homogenates (0.8 mg of protein/ml in 400-
ul final volume) were incubated with increasing amounts of 5-HPETE.
Incubation time was 15 min. The substrate concentration-dependent
formation of LTB, (W) and that of A®trans-LTB, and A%-frans-12-epi-
LTB, combined ({J) are shown.

[M + H - H,0]*, and a base peak of m/z301 [M + H — 2
H;0]* (spectra not shown). Furthermore, the ratio of fragment
ions m/z 354, 336, 319, and 301 in the spectra of synthetic
LTB, and hepatocyte-derived peak III were almost identical.
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These results suggest that these four major fragment ions all
arise from the same molecule and strengthen the identification
of the HPLC peak III as LTB,.

Functional elucidation of peak III. Although two classes
of receptors for LTB, have been defined by quantifying the
binding affinity of [P'H]LTB, to human neutrophils, the high
affinity site has the greatest stereochemical selectivity (21).
Here, we compared the functional identity of the material
collected under peak III (Fig. 1) with authentic LTB, by meas-
uring the inhibitory effect of 0.1-100 nM of this material on
the binding of [PH]JLTB, to the high affinity receptors for
LTB, on human neutrophils (Fig. 3). Synthetic LTB,
[i.e., (58), (12R)-dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic
acid] displaced [*H]LTB, with an inhibitory dissociation con-
stant IC;, = 4.0 nM (calculated from Hill plot, three experi-
ments) (Table 1). Material obtained under peak III from incu-
bations of 5-HPETE with rat hepatocyte homogenates revealed
an ICs, value of 10.0 nM (three experiments) (Table 1) indicat-
ing a capacity approximately half that of synthetic LTB, to
displace [PHJLTB, from these high affinity receptors. These
findings are in keeping with our recent report (11) that LTB,
obtained from incubations of LTA, with human and rat liver
microsomes exhibits about a 2-fold higher IC;, than synthetic
LTB.. Using the same receptor displacement assay, (5S5),(12S)-
dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid [i.e., (5S),
(12S)-LTB,] exhibited an ICs, value of about 20-30 nM (21).
Based on the assumption that a nonstereocontrolled attack of
a hydroxyl group at C-12 takes place during the conversion of
5-HPETE to LTB, by rat hepatocyte homogenates, we propose
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Flg.a Inhibition of [*H]LTB, binding to human neutrophils by synthetic

and hepatocyte homogenate-derived preparations of LTB,. The amount
of [*H]LTB, specifically bound to human neutrophils in the presence of
different concentrations of either synthetic (O) or hepatocyte homoge-
nate-derived (®) LTB, is expressed as a percentage of the specific
binding determined in the absence of nonradioactive LTB,. Each data
point is the mean + standard error of three experiments.

TABLE 1

Biological activity of hepatocyte-derived LTB,

The bioassay for hepatocyte-derived LTB, (transient increase in cytosolic Ca** of
human neutrophils), the binding of [*H]LTB, to human neutrophils, and the RIA for
LTB, were carried out as described in Experimental Procedures.

Source of LTB,* Ca®* influx (ECso)  [PH]LTB, binding (ICs0) RIA
] ] % binding
Synthetic 9x10™" 4x10° 100
Hepatocyte-derived 3 x 107" 1x10°® 40
Fold difference 3.0 25 25

* Hepatocyte-derived LTB, concentration determined by extemnal standardiza-
tion on HPLC, followed by UV spectrophotometry.

that the material of peak III is a mixture of highly active
(5R),(12R)-LTB, and the 10-fold less active (5R),(12S)-LTB,.
This interpretation is supported by the finding (data not
shown) that 40% (three experiments) of the material collected
under peak III is recognized as (5S),(12R)-LTB; in the highly
stereoselective RIA, the cross-reactivity of which with
(58),(12S)-LTB, at 50% B/B, replacement is less than 0.2%
(according to manufacturers instructions provided by Amer-
sham Corp. with the [PH]JLTB, assay reagent system, code
TRK.840).

In order to further characterize biological activity, the capac-
ity of synthetic and hepatocyte-derived preparations of LTB,
to elicit a transient increase in the cytosolic calcium concentra-
tion of human neutrophils were compared (Fig. 4). This bioas-
say has a marked specificity for LTB, when compared with the
other stereochemical isomers of 5,12-diHETE that have been
tested (22). Whereas synthetic LTB, exhibited an ECs, of 0.09
nM, hepatocyte-derived LTB, was a factor of 3 (i.e., ECs5, = 0.3
nM) less active in inducing the observed transient cytosolic
calcium increases (Table 1). Again, this finding is in keeping
with the notion that the hepatocyte-derived material collected
under peak III (Fig. 1) is a mixture of the biologically fully
active (5S),(12R)-LTB, and the less active (5S),(12S)-LTB..

Inhibition of LTB, formation in rat hepatocyte ho-
mogenates. We have shown that some inhibitors of arachi-
donic acid metabolism (23, and references therein) are able to
moderately inhibit, in a concentration-dependent manner (data
not shown), the formation of LTB, from 5-HPETE as catalyzed
by rat hepatocyte homogenates (Table 2). Thus, 1 mM ETYA,
a structural analogue of arachidonic acid in which all the double
bonds are replaced with acetylenic bonds, inhibits LTB, for-
mation by 53%. After a preincubation time of 15 min, 50 uM
5,6-dehydro-arachidonic acid, a more specific inhibitor of 5-
lipoxygenase, also inhibited LTB, formation by 43%. We have
previously shown that propanethiol inhibited the human and
rat liver microsome-catalyzed conversion of LTA, into LTB,
(11). In the present experiments, 1 mM propanethiol inhibited
the conversion of 5-HPETE into LTB, by rat hepatocyte
homogenates by 49%. However, due to the low potency of these
inhibitors and the complexity and variety of pathways of 5-
HPETE decay in hepatocyte homogenates, we have not been
able to establish the type of the observed inhibition (i.e., Dixon-
plot analysis); we were able to recognize a preferential inhibi-
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Fig. 4. Capacity of synthetic and hepatocyte homogenate-derived prep-
arations of LTB, to elicit an increase in cytosolic calcium from human
neutrophils. The maximal increase in cytosolic calcium concentration was
determined for each dose of synthetic (O) and hepatocyte homogenate-
derived (®) LTB,. Each data points is the mean + standard error of five
experiments.
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TABLE 2

Inhibition of 5-HPETE conversion to LTB,
WWW(OBWMMMMMMmmmWnNMdiwmS-HPETEfoHSminatroomtemperm

Extraction of reaction products, separation on HPLC, and quantification of LTB, were carried out as described in Experimental Procedures. The control

determined in the presence of 0.8 mg of protein/400-u! incubation volume and 2 ul vehicie (typically methanol), was310:5.2mofalm4.TB.m114t18ngof

LTB, formed, respectively, per 15 min (eight experiments). Inhibitors were added in vehicle from stock solutions which were kept under argon. Values are means +

standard deviations and given as percentage of activity remaining in presence of inhibitor. Statistical analysis (unpaired ¢t test) was done with Statview 512+ software on

a Macintosh Il computer

. No. of
Inhibitor* aHrans-LTB, LB, expts.
% residual activity

Diethyicarbamazine, 1 mm 85.2 +7.6° 839+ 15.7° 4
Desferal, 1 mm 1034 + 1.2 98.1+2.0 3
ETYA, 1 mm 99.9 + 18.2 46.9 + 12.4°° 3
5,6-Dehydro-arachidonic acid, 50 um 88.1+ 14.9° 57.4 £ 7.8"° 3
Propanethiol, 1 mm 734 +4.1° 51.1 £ 10.1%° 3
0., 100%° 375+ 9.1° 338+58° 5

simultaneously.
® indicates significant difference from control value, p < 0.05.
° indicates significant difference from value of all-trans-LTB,, p < 0.05.
¢ Argon atmosphere was repiaced by 100% O,.

tion of LTB, formation with respect to either A®-trans-LTB,
or A®-trans-12-epi-LTB, formation. In fact, with the exception
of O, (see below), the formation of the all-trans-LTB,s proved
to be rather insensitive (Table 2) to inhibition by all the
inhibitors used. Diethylcarbamazine (1 mM), which has been
shown to inhibit LTA, synthesis in mastocytoma cells (23) and
which exerts protective action in in vivo models of leukotriene-
mediated hepatotoxicity (24), had almost no inhibitory effect
on 5-HPETE conversion into LTB,. Also, the iron-chelating
agent desferal (1 mM) had no effect on LTB, formation from
5-HPETE, indicating that 5-HPETE transformation to LTB,
in rat hepatocyte homogenates is not primarily dependent on
free iron.

We have previously reported that both the cytosolic and the
microsome-associated formation of LTB, from LTA, in human
and rat liver were inhibited in the presence of 100% O, (11). In
the present study, the formation of LTB, as well as that of all-
trans-LTB,s from 5-HPETE was inhibited by 66% and 62.5%,
respectively, when the argon atmosphere was replaced by 100%
0.. In control experiments, we established that, in the presence
of 0., neither metabolism (25) of LTB, (possibly due to endog-
enous NADPH) nor degradation (due to instability of LTB,)
took place. Thus, rat hepatocyte homogenate (0.8 mg/ml) was
incubated with 1 uM synthetic LTB, under an 100% O, atmos-
phere in the absence of NADPH, and the recovery of intact
LTB, after a 15-min incubation period was determined. Under
these conditions, the recovery of synthetic LTB, was >98%
(four experiments).

A slight temperature dependence of the LTB,-forming activ-
ity in rat hepatocyte homogenates was also noted. Thus, as
compared with the control activity established at 21°, only 73.0
+ 4.5% (four experiments) and 58.4 + 10.2% (four experiments)
of residual activity were detected at 4° and at 37°, respectively.

Cellular origin of hepatic LTB,-forming activity. The
mammalian liver comprises several functionally different cell
types. PC constitute about 90% of the total cell mass, but only
about 65% of total cell number (26). The remainder corresponds
mainly to nonparenchymal sinusoidal cells, including Kupffer
cells, epithelial cells, fat-storing cells, and pit cells. They ac-
count for about 10% of total cell mass but for about 35% of
total cell number. Kupffer cells, endothelial cells, and fat-
storing cells contribute about 54, 29, and 17%, respectively, of

, except for 5,6-dehydro-arachidonic acid, which was added 15 min before the substrate.

total sinusoid cells, whereas pit cells are rare (27). Kupffer cells
have been shown to be a rich source of prostaglandins and
peptidoleukotrienes (i.e., LTC,, LTD,, etc.) and a very recent
report indicated that LTB, is also released by rat Kupffer cells
upon stimulation by frog virus-3 (28).

In order to assess the possible contribution of enzymes de-
rived from contaminating Kupffer cells to the observed for-
mation of LTB, from 5-HPETE in rat hepatocyte homoge-
nates, we have incubated isolated Kupffer cells (1.0 x 10° cells/
200-p] incubation volume) in the presence of 100 uM 5-HPETE
under argon for 15 min and compared with the extent of LTB,
formation with that of identical incubations containing 7.2 X
10° hepatocytes/200-ul incubation volume. Hepatocytes, puri-
fied and enriched by passage through a Percoll layer of a density
of 1.070 g/ml (14), contained <1.5% nonhepatocytes, mostly
Kupffer cells (i.e., maximal 1.125 X 10* Kupffer cells). It was
found that 7.2 X 10° hepatocytes produced 885.0 + 141.1 pg of
LTB,/15 min (two experiments) and 228.5 + 101.1 pg of LTB,/
15 min (two experiments) in the absence and presence of O,,
respectively. In contrast, only 137.5 + 53.0 pg of LTB,/15 min
were produced by 1.0 X 10° Kupffer cells (two experiments)
under an argon atmosphere (Table 3). These results indicate
that only a marginal contribution (i.e., <0.2%) could be made
by Kupffer cell-derived enzymes to the formation of LTB, from
5-HPETE in this in vitro assay system. Accordingly, no differ-
ences were found in the amounts of LTB, formed by homoge-
nates (0.8 mg of protein/400-ul incubation, 100 uM 5-HPETE)
of either Percoll-purified hepatocytes (essentially free of non-

TABLE 3

Formation of LTB, as catalyzed by rat hepatocytes or Kuptfer cells

Incubation of celis was done under either an argon (Ar) or oxygen (O, 100%)
atmosphere in presence of 100 um 5-HPETE for 15 min at room temperature in
200-x! final incubation volume. Extraction of reaction products and separation on
HPLC were done as described in Experimental Procedures. Material with the same
retention time as synthetic LTB, was collected, taken to dryness, and subjected to
RIA analysis for LTB,. Values represent means + standard deviation of two
separate experiments.

Celis No. of cells LTB, formed

Pg/15 min
Kupffer cells + Ar 1.0 x 10° 137.5 + 53.0
Hepatocytes® + Ar 7.2x10° 885.0 + 141.1
Hepatocytes + O, 7.2x10° 228.5 + 101.1

* Less than 1.5% contamination by nonhepatocytes.
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hepatocytes) or whole liver (containing the natural abundance
of nonhepatocytes); 11.4 + 1.8 ng of LTB, (eight experiments)
and 12.1 = 2.1 ng of LTB, (four experiments) were formed,
respectively. These results do not exclude, however, mutually
stimulatory or inhibitory interactions in the biosynthesis of
leukotrienes by distinct hepatic cell types in the intact liver.

Discussion

In this report we show that rat hepatocyte homogenates
convert 5-HPETE into biologically fully active LTB,, possibly
via the epoxide intermediate LTA,. Several lines of evidence
support this conclusion. First, the hepatocyte homogenate-
derived LTB, shows the same retention time on HPLC and a
UV spectrum identical to synthetic LTB, with characteristic
relative maxima at 261, 270, and 280 nm. Second, mass spectral
analysis reveals the same characteristic fragment ions as those
obtained with synthetic LTB,. Third, in a sensitive and highly
stereoselective receptor displacement assay on human neutro-
phils, LTB, generated by rat hepatocyte homogenates from 5-
HPETE exhibits ICs values comparable to those noted for
synthetic LTB,. Finally, in the cytosolic calcium bioassay,
hepatocyte homogenate-derived LTB, induces a transient in-
crease in cytosolic Ca?* in human neutrophils exactly the way
synthetic LTB, does, with comparable ECs, values. We have
ruled out the possibility that an almost unavoidable contami-
nation by nonhepatocytes (i.e., Kupffer cells) significantly con-
tributes to the formation of LTB, from 5-HPETE in rat he-
patocyte homogenates. Thus, the collective evidence from these
data indicates that hepatocytes contain enzymes that are ca-
pable of catalyzing the biosynthesis of leukotrienes from per-
oxidized arachidonic acid.

Here one should note that the structural and functional
characterization of biologically generated LTB, was performed
throughout on RP HPLC-purified and rechromatographed ma-
terial collected under peak III (Fig. 1). This material, either as
the free acid or the methyl ester derivative, showed no hetero-
geneity on HPLC when co-chromatographed with either syn-
thetic LTB, free acid or the methyl ester of synthetic LTB,
(i.e., (6S),(12R)-LTB.). Although biologically generated LTB,
is almost identical to synthetic LTB; in its biological functions,
we observed that in the highly stereoselective receptor displace-
ment assay for LTB, on human neutrophils (21), hepatocyte
homogenate-derived LTB, exhibited an ICs, about 2.5 times
higher than synthetic (5S),(12R)-LTB, (i.e., 10.0 nM versus 4
nM). In the same receptor displacement assay, (5S),(12S)-LTB,
exhibited IC;, values of 20-30 nM, whereas (5S),(12S)-A°-
trans-LTB,, LTD,, and 5-HETE bound with affinities that are
orders of magnitude lower than that of (5S),(12R)-LTB, to
these receptors (21). Therefore, we propose that the hepatocyte
homogenate-derived LTB, is a mixture of the biologically fully
active (55),(12R)-LTB, and the less active (5S),(12S)-LTB,
brought about by a non-stereocontrolled attack of a hydroxyl
group at C-12 in a transition state between 5-HPETE and
LTB.. This interpretation is in keeping with the finding that
the stereoselective RIA recognizes 40% of the material collected
under peak III (Fig. 1) as the stereochemically correct
(5S),(12R)-LTB..

In specialized peripheral cells, arachidonic acid is trans-
formed enzymatically into a variety of hydroperoxy interme-
diates by cyclooxygenase and various lipoxygenases (1). In
particular, the enzyme 5-lipoxygenase exhibits dual enzymic

activity, catalyzing the synthesis of 5-HPETE from arachidonic
acid as well as the subsequent conversion of 5-HPETE to LTA,
and hence is the key enzyme in leukotriene biosynthesis (29,
30). However, no reports thus far have indicated the presence
of 5-lipoxygenase activity in hepatocytes and Decker has re-
ported that isolated hepatocytes do not convert exogenous
arachidonic acid into leukotrienes (31). We have performed
preliminary experiments to test for lipoxygenase activity in rat
hepatocyte homogenates. However, using up to 500 uM arachi-
donic acid as a substrate, we have not been able to detect the
formation of either 5-HPETE or LTA, (by measuring the
formation of the acid hydrolysis products AS-trans-LTB, and
AS-trans-12-epi-LTB, within the detection limits of our HPLC-
analysis (i.e., about 2 ng for all-trans-LTB,). As of yet no
efforts were made with respect to optimizing possible regulatory
factors such as CA**, ATP, or proteinaceous intracellular fac-
tors that may be necessary for activation of hepatocyte 5-
lipoxygenase activity (29, 30). Nevertheless, to us it seems
unlikely that hepatocytes would exhibit considerable constitu-
tive 5-lipoxygenase activity. Our studies of the effect of inhib-
itors of 5-lipoxygenase on the transformation of 5-HPETE to
LTB, as catalyzed by hepatocyte homogenates (Table 2) sug-
gest that the pathways and the catalytic sites involved in the
formation of LTB, are different from those of the all-trans-
LTBs. Neither ETYA (1 mM) nor 5,6-dehydro-arachidonic
acid (50 uM), at concentrations about 10-fold higher than those
that cause complete inhibition of 5-lipoxygenase activity in
peripheral cells (23), inhibited the formation of the all-trans-
LTB.s. The lack of inhibition of all-trans-LTB, formation by
these 5-lipoxygenase inhibitors in hepatocyte homogenates
(Table 2), as well as the relative insensitivity (about 70%
residual all-trans-LTB, detected) of this activity towards heat
and proteolytic inactivation, suggests that there are nonenzy-
matic routes of transformation of 5-HPETE to all-trans-LTB,s
within these cells.

Here, one might speculate that heme groups, either enzyme
bound, as in the case of cytochrome ¢, or free as in the case of
hematin, could be responsible, at least in part, for the transfor-
mation of 5-HPETE to products with HPLC retention times
and UV absorption properties similar to those of all-trans-
LTB, (7). The possible interaction of 5-HPETE with a heme
group is substantiated by the inhibition of activity by propa-
nethiol (Table 2), a compound that has been shown to interact
with the iron of heme groups (32). On the other hand, the lack
of effect of desferal in hepatocyte homogenates suggests that
free iron is not important in this conversion. By contrast, LTB,
formation from 5-HPETE was inhibited 47 and 57% by ETYA
(1 mM) and 5,6-dehydro-arachidonic acid (50 uM), respectively.
In addition, LTB, formation was readily abolished upon heat
and trypsin treatment, which is in keeping with earlier findings
(8,9, 11) that conversion of LTA, to LTB, in liver microsomal
and cytosolic fractions is heat sensitive. This laboratory pre-
viously reported that reconstituted rabbit cytochrome P-450.y.
catalyzed formation of LTB, from 5-HPETE (7). However, the
inhibitor studies in Table 2 and in our report of the formation
of LTB, from LTA, (11), as well as preliminary studies on
subcellular localization, suggest that cytochromes P-450 make
only a small contribution to the total formation of LTB, in rat
hepatocyte homogenates. On the other hand, the enzyme re-
sponsible for the activity must be rather similar to a cytochrome
P-450. As discussed above, inhibition of activity with propa-
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nethiol is consistent with a heme group as a catalytic site. We
suggest that the essential difference between the enzyme that
produces LTB, and either hematin or cytochrome c is a binding
site that is capable of holding the 5-HPETE in a fixed stereo-
chemistry during the transition state to LTB.. If the bonds
between C-5 and C-9 are not free to rotate during the hydrol-
ysis, then some 6-cis-LTB, will be formed rather than the
thermodynamically favored all-trans-LTB,. The suggestion
that such a binding site exists is substantiated by the complete
inhibition of LTB, formation, but only partial inhibition of all-
trans-LTB, formation, after trypsin or heat treatment. Both
ETYA and 5,6-dehydro-arachidonic acid are arachidonic acid
analogues and could bind to the same site as 5-HPETE, thereby
inhibiting its transformation. Clearly, these inhibitor studies
provide only indirect evidence for the nature and number of
enzymes involved in LTB, synthesis from 5-HPETE in hepa-
tocytes; only their purification and thorough characterization
will reveal their true properties and their relatedness to known
enzymes of the leukotriene biosynthetic pathways in peripheral
cells.

Hepatocytes do not need a lipoxygenase to produce 5-
HPETE on their own but could obtain it through intercellular
transfer processes, resembling those occurring in platelet-endo-
thelial cell interactions that provide vascular prostacyclin syn-
thetase with platelet-derived endoperoxides as substrates (33).
Similarly, it has been shown that transcellular exchange of
hydroperoxy or hydroxy acids can lead to a variety of modula-
tors and/or formation of new products in responsive target cells
(34). Earlier reports indicated that neutrophil-derived LTA,
could serve as a trans-cellular substrate for leukotriene biosyn-
thesis by erythrocytes (35), endothelial and mast cells (36), and
human platelets (37). We (11) and others (8, 9) have recently
shown that liver subcellular fractions are also capable of trans-
forming LTA, into active leukotrienes.

In addition to transport from other cells, lipid peroxidation
in the hepatocyte is a possible contributing factor to the for-
mation of arachidonic acid-derived hydroperoxides as precur-
sors of biologically active leukotrienes. Both 5-HPETE and 15-
HPETE were among the prominent peroxidation products of
arachidonic acid in an in vitro model system using 1-chloro-
2,2,2-triflouroethyl free radical as a model for drug-derived free
radical-initiated lipid peroxidation (38). Under conditions of
physiologically (39) low O, tensions, the hepatotoxins halo-
thane and carbon tetrachloride markedly increased the extent
of lipid peroxidation in hepatocyte suspensions and rat liver
microsomes (40). However, one should be aware of the possi-
bility that lipid peroxidation in vivo might yield a distinctly
different profile in peroxidation products, both qualitatively
and quantitatively (41), thereby affecting the availability of
lipid hydroperoxides as the source for a wide variety for sec-
ondary reactions.

There are other routes of lipid hydroperoxide decay that may
be important within the hepatocyte and in its communications
with neighboring cells. For example, hematin catalyzed the
conversion of linoleic acid hydroperoxide (i.e., 13-OOH-18:2)
to hydroxy-, epoxyhydroxy-, and trihydroxy-fatty acid deriva-
tives (20). Epoxyols were also formed from 13-O0OH-18:2 by
Lewis acid catalysis (42). Epoxyols, arising via hydroperoxide
intermediates, have additionally been reported as products of
both arachidonic acid oxidation in lung tissue and metabolism
by hematin of 12-hydroperoxyarachidonate (43). However, a
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role of these epoxyols in the etiology of hepatotoxicity remains
to be elucidated. The capacity of hepatocyte homogenates to
convert 5-HPETE into LTB,, described herein, points to a
presumably potent role, at least in vitro, of hepatocytes in
leukotriene biosynthesis, possibly using intermediates of leu-
kotriene biosynthesis (i.e., 5-HPETE and LTA,) as preferential
primary substrates. We have demonstrated that under low
oxygen tension the formation of LTB, from both LTA, (11)
and 5-HPETE (this report) is enhanced whereas the conversion
of LTB, to biologically less active compounds is diminished
(12). In that hepatocyte homogenates are capable of transform-
ing 5-HPETE into biologically active LTB, as well as other
mediators of the leukotriene family, hepatocytes may have an
important role in the presumably delicate equilibrium of he-
patic leukotriene homeostasis.
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