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ABSTRACT. This laboratory has previously shown that increases in the expression of several genes in
SV40-transformed hepatocyte cultures derived from the untreated newborn c¢'*<°S/c'*<°S mouse, and in
newborn mouse liver—when compared with the ¢?/c® wild-type—are associated with enhanced levels of
reactive oxygenated metabolites (ROMs) and reduced glutathione (GSH). We show here that, in contrast to the
ch/ch wild-type levels, the oxidatively stressed 14CoS/14CoS liver cell line displays 2- to 5-fold increases in: 1)
phospholipase A, (PLA,) enzyme activity, 2) Ca’*"-dependent Group II secreted PLA, mRNA levels, 3)
arachidonic acid release, and 4) arachidonic acid metabolites co-eluting with prostaglandins D,, E,, and F,_.
These findings suggest that the cyclooxygenase-2 (COX2) pathway, and possible involvement of the
“inflammatory” and/or “acute phase response” signal transduction pathways, might be activated during the
endogenous ROM-mediated oxidative stress response in 14CoS/14CoS cells. BIOCHEM PHARMACOL 55;2:
193-200, 1998. © 1998 Elsevier Science Inc.
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The ¢'*“°5§ mutation in the mouse represents a 3,800-kb
deletion on Chr 7 around the ¢ locus. The ¢!#C0S/c14¢0S
homozygote dies during the first day post partum for
unknown reasons, whereas the ¢/c? wild-type and the
M4 heterozygote remain viable [1, 2]. Compared
with the ch/ch wild-type and the ch/14CoS heterozygote, the
untreated 14CoS/14CoS homozygote exhibits an oxidative
stress response [2].

* Corresponding author: TEL: 513-558-0154; FAX: 513-558-0925; E-mail:
dan.nebert@uc.edu

+ Abbreviations: Ahd4, mouse gene that encodes the TCDD-inducible
aldehyde dehydrogenase-3c; AHR, Ah receptor; ¢, the mouse gene
encoding tyrosinase; c<", wild-type allele having no Chr 7 deletion; ¢'#¢°S,
allele in which there is a 3,800-kb deletion on Chr 7 that includes the ¢
and Fah genes; Chr, mouse chromosome; Cox2, the gene encoding
cyclooxygenase-2 (COX2; prostaglandin endoperoxide H synthase); FAH,
fumarylacetoacetate hydrolase encoded by the mouse Fah gene; gadd,
growth arrest- and DNA damage-inducible genes; Gstal, mouse gene
encoding the TCDD-inducible glutathione transferase Ya. By convention,
mouse genes include lower-case letters and italics, and other mammalian
genes include all capital letters italicized, whereas the cDNA, mRNA or
enzyme (gene product) of all mammals including mouse are depicted in all
capital letters that are not in italics; HETE, hydroxyeicosatetraenoic acid;
12-HHT, 12(S)-12-hydroxy-5,8,10-heptadecatrienoic acid; Nmol, mouse
gene that encodes the TCDD-inducible NAD(P)H:menadione oxi-
doreductase (DT diaphorase, quinone/azo dye reductase); PG, prostaglan-
din; ROMs, reactive oxygenated metabolites; SSC, 0.15 NaCl + 0.015 M
sodium citrate, pH 7.0; TCDD or dioxin, 2,3,7,8-tetrachlorodibenzo-p-
dioxin; Ugtla6, mouse gene coding for the TCDD-inducible UDP glucu-
ronosyltransferase-1A6.
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In contrast to the ch/14CoS heterozygote or the ch/ch
wild-type mouse, SV40-transformed hepatocyte cultures
and newborn liver from the 14CoS/14CoS mouse display
elevations in: 1) the mRNA levels of three gadd genes; 2)
the enzyme activities of superoxide dismutase, glutathione
reductase, glutathione peroxidase, and glucose-6-phosphate
dehydrogenase; 3) NADPH and GSH concentrations; and
4) the mRNA levels and enzyme activities of four genes in
the mouse aromatic hydrocarbon-responsive [Ah] battery
[3]. The oxidative stress response in the 14CoS/14CoS
mouse is the result of an absence of the Fah gene located
within the deleted region of Chr 7 [4, 5]. Absence of the
FAH enzyme, part of the tyrosine degradation pathway,
causes an accumulation of ROMs, thereby leading to
endogenous ROM-mediated oxidative stress in untreated
14CoS/14CoS newborn liver [5, 6].

A possible role for the AHR in the oxidative stress
response, within the context of the [Ah] gene battery, has
been suggested [6]. The mouse [Ah] gene battery comprises
at least six dioxin-inducible genes: two Phase I cytochrome
P450 genes, Cyplal and Cypla2, and four Phase II genes.
The four Phase II genes include: Nmol, Ahd4, Ugtla6 and
Gstal. All six genes are up-regulated by AHR ligands such
as dioxin or benzo[a]pyrene. In contrast, all four [Ah] Phase
II genes—but not Cyplal or Cypla2—are induced by
electrophile-mediated oxidative stress.

3-Methylcholanthrene, a ligand for the AHR, was re-
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ported to induce PLA, activity in mouse skin [7]. Benoxa-
profen (a nonsteroidal anti-inflammatory agent that inhib-
its cyclooxygenase activity) blocks TCDD-induced toxicity
in the chick embryo [8]. Dioxin is known to elicit oxidative
stress in the intact animal [9, 10]. These observations
suggested to us a possible role of PLA, and the arachidonic
acid cascade in AHR-mediated effects within the [Ah]
battery. The purpose of this study [11], therefore, was to
compare arachidonic acid release, changes in the eico-
sanoid metabolite profile, and PLA, mRNA and enzyme
activity in the 14CoS/14CoS oxidatively stressed mutant
and the ch/ch wild-type liver cell lines.

MATERIALS AND METHODS
Cell Culture Conditions

Development and characterization of the ch/ch and 14CoS/
14CoS simian virus-40 (SV40)-transformed cell lines, de-
rived from newborn mouse liver, have been described in
detail [12]. The 14CoS/14CoS and ch/ch hepatocyte lines
are routinely grown at 34° in 75-cm? flasks containing 15
mL of Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% fetal bovine serum, 0.1% gentamycin,
and 26 mM NaHCQO;, under 95% air:5% CO,. These two
cell lines, in exponential growth (about 75% confluent),
were used for all studies. The phenotypes of elevated Nmol,
Ahd4, Ugtla6 and Gstal gene expression in the 14CoS/
14CoS line, compared with levels observed in the ch/ch
wild-type cell line, have remained stable for more than 9
years.

Determination of Arachidonic Acid Release

Cells in 60-mm dishes were incubated with 0.2 wCi/ml of
[PH]arachidonic acid (218.2 Ci/mmol; New England Nu-
clear) for 6 hr in HEPES-buffered DMEM medium, con-
taining 0.1% fatty acid-free BSA in an air incubator (34°).
The cells were washed free of the radiolabeled medium, and
assays were then performed (always using medium contain-
ing fatty acid-free BSA). The assays were initiated by the
addition of fresh medium containing melittin, fetal calf
serum, the calcium ionophore A23187, bradykinin, gastric
release peptide, vasopressin, bombesin, epidermal growth
factor, or 12-O-tetradecanoylphorbol 13-acetate—at con-
centrations over three orders of magnitude known to cause
arachidonic acid release. The medium without stimulants
was used for determining the basal levels of arachidonic
acid release. Following a 5-min stimulation, aliquots of the
medium were removed and microfuged to ensure the
absence of any particulate/cellular material. An aliquot was
then assayed by scintillation counting for total [’H]arachi-
donic acid and its metabolites [13].

HPLC Analysis of Eicosanoid Metabolites

Cells were prelabeled with [’H]arachidonic acid for 6 hr
and then treated with melittin (2.5 wg/mL) for 5 min, and
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aliquots of medium were removed, as described above.
Prostaglandin B, (50 pg/mL) was added to each medium
sample as an internal standard to help quantify the recovery
rates of eicosanoid metabolites. The sample was then
acidified with formic acid (pH = 3.5) and extracted three
times with two volumes of ethyl acetate. Samples were
dried under a stream of N, and then quantitatively injected
onto an ODS-Ultrasphere column. A gradient-HPLC elu-
tion program allowed for the identification of major cyclo-
oxygenase and lipoxygenase products. Tentative identifica-
tion of each metabolite was accomplished by co-elution of
the radiolabeled products (monitored by using a flow-
through liquid scintillation detector) with authentic stan-
dards (monitored by UV-absorbance with a multi-wave-
length detector) [13].

Assay of PLA, Enzyme Activity

The untreated liver cell lines in 150-mm dishes (75%
confluent) were harvested in HB-HBSS buffer (phenol-red
free Hanks’ balanced salt solution (HBSS), 20 mM HEPES,
7.5% NaHCO;, pH 7.4). The cells were homogenized, then
sonicated on ice [in 50 mM Tris-HCI buffer (pH 8.0)
containing 1 mM EDTA, 1 mM 2-mercaptoethanol, and
0.1 mM phenylmethylsulfonylfluoride (PMSF)], and the
homogenate was centrifuged at 1,000 rpm for 10 min at 4°.
An aliquot of the supernatant fraction containing 50 wg
protein was used for the enzyme assay [14]. PLA, activity
was determined by using [*H]arachidonate-phosphatidyl-
choline as substrate (0.1 wCi/reaction) in a final concen-
tration of 100 mM Tris-HCI buffer (pH 8.0) containing 5
mM CaCl, and 120 mM NaCl; the concentration of the
substrate phosphatidylcholine (10 pM) far exceeds the
critical micellar concentration. The reaction was carried
out for 60 min at 37° and stopped by adding 25 pL 2 N
HCI. The released arachidonic acid and remaining phos-
phatidylcholine were extracted three times with 2 vol. of
ethyl acetate. Ethyl acetate was evaporated under a stream
of nitrogen at 45°. The product (arachidonate) and the
substrate (phosphotidylcholine) were separated by thin-
layer chromatography with the solvent system of chloro-
form-methanol-ammonium hydroxide-water (90:30:0.5:4).
The locations of arachidonic acid and phosphatidylcholine
migration were determined with a radioactivity scanner
(Bioscan), and spots were quantified by liquid scintillation
counting. PLA, activity denotes the ratio of the radioac-
tivity of arachidonic acid recovered to that of the total
phosphatidylcholine plus arachidonic acid recovered [14].
The PLA, activities were normalized to protein content.

Southern Blot Analysis

The present PLA, nomenclature is somewhat confusing
[15]. Groups I, I and III are extracellular (secreted) PLA,
enzymes of approximately 14, 14 and 17 kDa, respectively,
have been isolated from poisonous snakes and bees as well
as rat pancreas [16], and require millimolar levels of Ca*™.
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Groups IV A and IV B comprise intracellular PLA,
enzymes of approximately 85 and 40 kDa, respectively (for
the purpose of simplicity, we have chosen to name “Group
IV” in the Dennis review [15] as “IV B”). Group IV A was
first isolated from the human monocytic U937 cell line, is
specific for arachidonic acid, and requires submicromolar
levels of Ca*™ [17]. Group IV B has been isolated from rat
vascular smooth muscle cells [18] and canine myocardium
[19], prefers arachidonyl-containing phospholipids, and is
Ca’*-independent.

We received as generous gifts the rat pancreatic PLA, |
[16] and the rat vascular smooth muscle cell PLA, 11 [18]
cDNA clones from Hiroshi Teraoka, and the human PLA,
IV A [17] from John Knopf. The plasmids containing each
of the three PLA, cDNAs were digested by restriction
endonucleases and resolved via 2% nondenatured agarose
gel electrophoresis. Southern hybridization was carried out
as described [20]. The digested DNA was transferred to
GeneScreen membranes, and the filter was blocked for 4 h
in 0.5 M Na,HPO, (pH 7.2), 7% SDS, 1% Fraction V
BSA, 1 mM ethylenediaminetetraacetic acid, 2.5 wg/mL
heat denatured salmon sperm, and 10% dextran sulfate at
65°; replicate filters were hybridized at 60° in the same
solution with each of the **P-labeled PLA, cDNA probes.
Following 40 hr of hybridization, the filters were washed
twice with 1 X SSC and 0.1% SDS at room temperature for
15 min, twice with the same solution at 37° for 15 min, and
finally with 0.1X SSC and 1.0% SDS at 37° for 15 min.
The filters were then exposed for 24-48 hr to Kodak
XAR-5 film at —70° with intensifying screens.

RNA Extraction and Northern Blots

Total RNA from the ch/ch and 14CoS/14CoS cells lines was
extracted by the acid guanidinium thiocyanate method
[21]. Total RNA (20 wg) was separated in 1% formalde-
hyde-agarose gels and transferred to GeneScreen mem-
branes in 10X SSC. Replicate filters were blocked, hybrid-
ized to each of the three PLA, cDNA probes, and washed
under conditions identical to those described above for the
Southern blot analysis. The filters were exposed for 5 and
63 hr to Kodak XAR-5 film at —70° with intensifying
screens. The densities of the 18S and 28S tRNA bands in
each lane on the ethidium bromide-stained gels were used
as RNA-loading controls per lane. The blots were then
semi-quantitated by scanning densitometry of each of the
three mRNAs, as a function of mRNA to [18S + 28S]
rRNA ratio [22]. This hybridization analysis was repeated
two additional times. Statistical analysis of the data was
performed by Student’s two-tailed ¢ test.

RESULTS
Arachidonic Acid Release

Figure 1 shows that, without any stimulation, the basal
levels of arachidonic acid release from the ch/ch and
14CoS/14CoS cell lines were comparable. When stimulated
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FIG. 1. Arachidonic acid release in ch/ch and 14C0S/14CoS liver
cell lines. Cultures (in logarithmic growth and about 75%
confluent) were serum-deprived and prelabeled with [*H]ara-
chidonic acid for 6.0 h—prior to removal of the radiolabeled
medium and no stimulation (basal), melittin (2.5 pg/ml), 10%
fetal bovine serum, or A23187 (2.5 pg/ml). Values represent
means * SD of the percentage of cell-associated counts released
during the 5-min assay period (n = 8).

by melittin, the 14CoS/14CoS cells exhibited a 3-fold
higher release of arachidonic acid and its metabolites, as
compared with ch/ch cells. The arachidonic acid release was
2-fold higher in 14CoS/14CoS than in ch/ch cells, when
stimulated by either fetal calf serum or the calcium iono-
phore A23187. We found that other well-established ara-
chidonic acid-releasing factors were incapable of stimulat-
ing arachidonic acid release in these two cell lines (data not
shown): bradykinin, gastric release peptide, vasopressin,
bombesin, epidermal growth factor, and 12-O-tetradeca-
noylphorbol 13-acetate (TPA). Because melittin, fetal calf
serum, and A23178 are stimuli known to increase intracel-
lular calcium [23], these data (Fig. 1) would suggest that the
increase in arachidonic acid release from 14Co0S/14CoS, as
compared with that from the ch/ch wild-type cell line, might
be associated with an enhanced calcium influx in response
to the endogenous ROM-mediated oxidative stress.

HPLC Analysis of Arachidonic Acid Metabolites

To identify which predominant arachidonic acid metabo-
lites might contribute to most of the increased arachidonic
acid release from [4CoS/14CoS cells, we qualitatively
analyzed the cell supernatant fractions by radiochromato-
graphic HPLC separation (Fig. 2). The major peak, with a
retention time of 35 min (Fig. 2 insets, top and bottom),
co-migrated with authentic arachidonic acid. Hence, the
material released is either arachidonic acid or a closely
related metabolite of arachidonic acid. This major peak
obtained from 14CoS/14CoS was 3- to 4-fold greater than
that from ch/ch cells—consistent with the magnitude of
increase in arachidonic acid release shown in Fig. 1.
Three additional peaks (having retention times of 7, 9,
and 10.5 min) were observed from [14Co0S/14CoS but not
from ch/ch cells (Fig. 2). Although these peaks might
represent more than single metabolites, these eluates co-
migrated at the positions of the arachidonic acid metabo-
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FIG. 2. HPLC radiochromatographic analysis of released
[>H]arachidonic acid metabolites. 14C0S/14CoS and ch/ch cul-
tures were prelabeled, as described in the Fig. 1 legend, and then
stimulated with melittin (2.5 pg/ml) for 5 min. Inset: total
radioactivity, showing the size of the peak representing nonme-
tabolized arachidonic acid (retention time = 33 min).

lites PGF,,, PGE,, and PGD,, respectively. All three of
these eicosanoids are derivatives of prostaglandin H,. The
presence of these increased metabolites would suggest that
the cyclooxygenase pathway [23, 24] is more active in the
oxidatively stressed 14CoS/14CoS cell line, when compared
with that in the ch/ch line.

PLA, Enzyme Activity

Arachidonic acid, the precursor of eicosanoids, is the
product of phosphatidylcholine cleavage by PLA, [15, 25].
We therefore measured PLA, enzymic activity in the two
cell lines.

Figure 3 illustrates that PLA, activity in oxidatively
stressed 14CoS/14CoS cells was three times higher than
that in the ch/ch cells. This magnitude of the difference in
PLA, activity between the two cell lines is comparable to
that of the mellitin-stimulated arachidonic acid release
from the two cell lines. These findings suggest an associa-
tion among the increases in PLA, enzyme activity, the
increased arachidonic acid release, and the increased oxi-
dative stress in 14Co0S/14CoS cells, as compared with that
from the ch/ch wild-type cells. Consistent with these data is
a report [26] showing that type B ultraviolet light (UVB)-
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FIG. 3. PLA, activity in untreated ch/ch and 14C0S/14CoS liver
cell lines. The PLA, activity is presented as the percent of
arachidonic acid released from the total amount of phospha-
tidylcholine added, per microgram of protein. The values repre-
sents the means = SD (n = 3 experiments).

induced oxidative stress causes a stimulation of PLA,
synthesis.

PLA, mRNA Levels in the 14Co0S/14CoS and ch/ch
Cell Lines

Measurement of increased PLA, enzymic activity in 14CoS/
14CoS cells does not distinguish as to which of the six or
more PLA, enzymes has been induced [15]. We therefore
chose to compare mRNA levels of PLA, I [16], PLA, IV A
[17] and PLA, II [18] in the untreated 14CoS/14CoS and
ch/ch cell lines.

Because these three PLA, genes exhibit >40% identity
[27], we first examined whether these three types of PLA,
cDNA probes might cross-hybridize to one another under
the experimental conditions that were chosen for Northern
blot analysis. Figure 4 shows one band in PLA, Il and PLA,
IV A that cross-hybridized to the PLA, I cDNA probe, no
cross-hybridization between PLA, [ or PLA, IV A when
probed with the PLA, II ¢cDNA, and no cross-hybridization
with PLA, I plus very slight hybridization with PLA, II
when probed with the PLA, IV A cDNA. The arrows
denote each of the specific bands that were gel-purified for
use in Northern hybridizations. The Fig. 4 data show that
these three cDNA probes should allow us to examine
specifically the level of mRNA expression of three dis-
tinctly different groups of PLA,.

Using the same hybridization protocol for Northern blot
analysis as we did in the Southern blots, we examined the
levels of PLA, mRNA expression in the untreated 14CoS/
14CoS and ch/ch cell lines (Fig. 5). The strongest signal was
found for the PLA, Il mRNA, and the oxidatively stressed
14CoS/14CoS cell line displayed about five times more of
this extracellular Ca”*-dependent PLA, mRNA than the
ch/ch wild-type line. With a 65-hr exposure, the PLA, I
mRNA (extracellular, secreted) can be visualized but is
approximately the same in both cell lines. Also with the
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65-hr exposure, the PLA; IV A mRNA can be seen faintly,
with slightly more in the 14C0S/14CoS than the ch/ch cells;
this faint pattern and slight difference would be consistent
with the amount of cross-hybridization between the PLA,
II and PLA, IV A ¢DNA probes seen in Fig. 4. This fold
difference in PLA, II mRNA expression between the
14CoS/14CoS and ch/ch cell lines (Fig. 5) is remarkably
parallel to the fold differences in PLA, enzyme activity and
mellitin-stimulated arachidonic acid release between the
two cell lines described above. These results suggest that
enhanced expression of the Ca’*-dependent extracellular

PLA, II is correlated with the increased arachidonic acid
release from untreated 14CoS/14CoS cells.

DISCUSSION

In the present study we have demonstrated that, compared
with the ch/ch wild-type, the untreated 14CoS/14CoS liver
cell line—undergoing endogenous ROM-mediated oxida-
tive stress because of the deleted Fah gene on Chr 7—
exhibits 2- to 5-fold increases in: 1) PLA, enzyme activity,
2) a Group 1I secreted PLA, mRNA, 3) arachidonic acid
release, and 4) formation of prostaglandins D,, E,, and F,,.
Included are illustrations of the phospholipid signaling
pathways (Fig. 6) and the arachidonic acid cascade (Fig. 7)
pertinent to the data of the present report.

Figure 6 shows that PLA, is but one of at least six classes
of phospholipid-cleaving enzymes, and the only class of
which a subset gives rise to arachidonic acid formation.
PLA, catalyzes the hydrolysis of the sn-2 fatty acyl bond of
phospholipids to liberate free fatty acids and lysophospho-
lipids. The PLA, proteins represent a very diverse class of
enzymes with regard to function, localization, regulation,
mechanism, structure and role of divalent metal ions [25].
The functions of PLA, proteins include such cellular
processes as signal transduction pathways, host defense, and
phospholipid digestion and metabolism [15]. Figure 6 also
shows that arachidonic acid is one of at least eight second
messengers, which activate many more than eight target
proteins involved in signal transduction pathways. Further-
more, arachidonic acid is the starting material for generat-
ing all eicosanoids, and is liberated by the action of
membrane-bound PLA, upon various types of stimula-
tion—including oxidative stress [26]. PLA, also up-regu-
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FIG. 4. Southern hybridization analysis of the
three PLA, cDNAs. Plasmids containing each
of the three PLA, cDNAs were digested by
the appropriate restriction endonucleases.
Each PLA, cDNA was then separated from
the vector in a 2% nondenatured agarose gel,
transferred to GeneScreen membranes, and
probed with the PLA, cDNA probes. Arrows
denote the fragment that subsequently was
gel-purified and used for cDNA probing of the

PLA,IV A Northern blots.
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lates certain protein kinases C by way of the arachidonic
acid cascade (Fig. 6). As determined by Western immuno-
blot analysis, we found no differences in protein kinase C
levels between the untreated 14CoS/14CoS and ch/ch cell
lines (M. Yu and G. A. Jamieson, Jr, data not shown).

In a recent report [32], 2,3,7,8 - tetrachlorod -
ibenzo-p-dioxin (dioxin, TCDD) was shown in mouse
hepatoma Hepa-1clc7 wild-type cells to evoke AHR-
mediated Cox2 gene activation and high concentrations of
12-HHT formation, but shown to have no measurable
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FIG. 5. Northern hybridization analysis of PLA, mRNA ex-
pression in the untreated ch/ch and 14C0S/14CoS liver cell lines.
Ten pg of total RNA from the ch/ch and 14Co0S/14CoS cells
were separated on a 1% formaldehyde-agarose gel, transferred to
GeneScreen membranes, and probed with the three different
PLA, cDNA probes. Two exposure times are shown.
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FIG. 6. Phospholipid signaling pathways, and some of their putative second-messengers and target proteins. Ptd, phosphatidyl; Inos,
inositol; PI3K, phosphatidylinositol(1,4,5)triphosphate kinase; PI-PLC, phosphatidylinositol phospholipase C; PC-PLC, phosphati-
dylcholine phospholipase C; PLD, phospholipase D; SphMase, sphingomyelinase; DAG, diacylglycerol; Lyso, lysolecithin; Sph-1-P,
sphingomyelin; PKCs, protein kinases C; PP2A, phosphoprotein-2A; S/T kinase, serine-threonine kinase. [derived from refs. 28-30].

effect on the levels of 6-keto-PGF,,, PGF,_, PGD,, PGE,,
5-HETE, 12-HETE or 15-HETE; TCDD also had no
detectable effect on lipid peroxidation, GSH levels, or
cysteine or protein thiol levels [32]. In contrast, in the
present study we found that the oxidatively stressed un-
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FIG. 7. Simplified diagram of the arachidonic acid cascade
[derived from ref. 31]. The different forms of lipoxygenase (LO)
can act in the 15-, 12-, 11- and -5 positions. Dioxin induction of
COX2 requires the AHR [32, 33], but COX2 can also be
induced by the tumor-promoting 4B-12-O-tetradecanoylphor-
bol-13-acetate (TPA) [34, 35] and peroxisomal proliferators
[35]. PGIL,, prostacyclin, formed by prostacyclin synthase, a
P450 (CYP8); TXA,, thromboxane A,, formed by thrombox-
ane synthesis, a P450 (CYP5).

treated 14CoS/14CoS cell line exhibits increased levels of
prostaglandins D,, E,, and F,,. The results of these two
studies suggest that there might be key differences between
the TCDD-induced response in Hepa-1 cells and the
electrophile-induced oxidative stress response in 14CoS/
14CoS cells.

Prostaglandins D,, E,, and F,, are products of the
constitutive (COX1) and inducible (COX2) cyclooxygen-
ase pathway via PGH, (Fig. 7). Aromatic hydrocarbon
response elements (AhREs) have been found upstream of
the Cox2 gene [33]. Because TCDD in Hepa-1 cells induces
AHR-mediated CYP1A1 and COX2 and increased 12-
HHT formation—but not increases in prostaglandins D,,
E,, and F, —we suggest that CYP1A1 induction (as found
in the untreated 14CoS/14CoS cell line) might be associ-
ated with the lack of PGD,, PGE,, and PGF,, formation.
These findings are consistent with the possibility that
CYPIA1 might play a role in the formation of 12-HHT
from PGH, (Fig. 7).

The reaction of PGH, to 12-HHT represents either a
removal of the endoperoxide or a metal-mediated break-
down of the endoperoxide followed by enzymic removal of
the resulting hydroxyl group and loss of a 3-carbon frag-
ment. Selenium-dependent and -independent glutathione
peroxidases are known to catalyze GSH-dependent 2-
electron reductions of a variety of fatty acid hydroperoxides
to the corresponding alcohols [36]. Capdevila and cowork-
ers [36] have provided several lines of indirect evidence
consistent with a unique selenium-dependent cytosolic
GSH peroxidase that specifically inhibits prostanoid and
12-HHT formation by COXI1. Curiously, however, GSH
concentrations are 3-fold higher in 14CoS/14CoS than in
ch/ch cells [12], and 12-HHT formation is not detectable in
the 14CoS/14CoS hepatocyte line or Hepa-1 hepatoma
cells—unless treated with TCDD.
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It is clear that the electrophile-induced COX2 pathway
in 14CoS/14CoS cells and the TCDD-induced AHR-medi-
ated COX2 pathway in Hepa-1 cells result in the accumu-
lation of different arachidonic acid metabolite profiles. This
difference might be caused by excessive amounts of GSH in
the former, CYP1A1 induction in the latter, or another
as-yet-unappreciated chemical or enzyme. For example,
might TCDD induce a specific glutathione peroxidase?
Thromboxane synthase (CYP5) is a cytochrome P450 that
carries out an oxygen-oxygen bond reductive cleavage and
GSH supports a presumably enzymatic carbon-carbon bond
scission [37, 38], similar to that seen in the formation of
12-HHT [36]. Whereas the role of GSH and the mecha-
nism of 12-HHT formation from PGH, remain to be
determined [36], the present study suggests that CYP1A1
might participate in this reaction.

Some of the PLA, enzymes appear to play a role in the
“acute phase response,” in which proinflammatory effects
via COX2 induction are produced in activated neutrophils,
mast cells, platelets, chondrocytes, vascular endothelial
cells and macrophage-like cells [25, 39, 40]. The Group II
PLA, may provide the critical link between the Ca®*-
mobilizing ligands that are regulated by G proteins and the
stimulation of arachidonic acid release [17]. PGE, partici-
pates in differentiation of T cells, cell migration in response
to inflammation, cell division, and activation of IL-2 and
interferon-y [23]. PGA,, formed from PGE, (Fig. 7),
participates in a Ca’*-mediated stress gene response lead-
ing to growth arrest [41]. It is very likely that many of the
effects of potent electrophiles that cause oxidative stress
involve the accumulation of specific—and sometimes dif-
ferent— eicosanoids, as described in the present study. The
mechanism(s) of oxidative stress in the presence of elevated
GSH levels or in the absence of CYP1A1 induction, and
the possible role of CYP1A1l in the arachidonic acid

cascade will require further study.

NOTE ADDED IN PROOF: Two reviewers of this
manuscript insisted that our Group II PLA, clone that we
had obtained as a generous gift from Shionogi and Com-
pany, Ltd (Osaka) [18] must be a Group IV PLA,, because
the secretory Group Il PLA, proteins are generally not
found in liver cells. We therefore sequenced a portion of
this clone (S. F. Reuter & D. W. Nebert, unpublished) and,
as predicted, found it to be identical to the rat vascular
smooth muscle cell Group II PLA, cDNA. Moreover, the
Group II clone [18] expressed in yeast gave a protein of
14,000 MW (Jun Ishizaki, personal communication). Hu-
man Group II PLA, expression and secretion has been
shown to be induced in hepatoma HepG2 cells treated with
interleukin-6, tumor necrosis factor, or interleukin-1 [39].
Accession numbers are D00036 (also N0O0036) for the
Group I PLA, and M25148 for the Group II PLA, cDNAs
from Shionogi and Company, Ltd. Hence, we conclude
that it is the Group Il Ca**-dependent secreted PLA, of
14-kDa size that is increased in oxidatively stressed 14CoS/
14CoS cell cultures.

199

This work was supported by NTH Grants ROl AG09235 (D.W.N.)
and P30 ES06096 (G.D.L., D.W.N.) and a grant from the
American Cancer Society-Ohio Division (G.A.J.). We thank our
colleagues—especially Tim Dalton, Wilson Tabor, and Howard
Shertzer—for valuable discussions and a critical reading of this manu-
script. Most of the data reported here were presented at the 32nd
Annual Meeting of the Society of Toxicology, New Orleans, LA, in
March, 1992 [11].

References

1. Gluecksohn-Waelsch S, Genetic control of morphogenetic
and biochemical differentiation: lethal albino deletions in the
mouse. Cell 16: 225-237, 1979.

2. Nebert DW, Petersen DD and Fornace AJ] Jr, Cellular
responses to oxidative stress: the [Ah] gene battery as a
paradigm. Environ Health Perspect 88: 13-25, 1990.

3. Nebert DW, Drug-metabolizing enzymes in ligand-modulated
transcription. Biochem Pharmacol 47: 25-37, 1994.

4. Kelsey G, Ruppert S, Beermann F, Grund C, Tanguay RM
and Schiitz G, Rescue of mice homozygous for lethal albino
deletions: implications for an animal model for the human
liver disease tyrosinemia type I. Genes Dev 7: 2285-2297,
1993.

5. Grompe M, Al-Dhalimy M, Finegold M, Ou C-N, Burlingame
T, Kennaway NG and Soriano P, Loss of fumarylacetoacetate
hydrolase is responsible for the neonatal hepatic dysfunction
phenotype of lethal albino mice. Genes Dev 7: 2298-2307,
1993.

6. Vasiliou V, Puga A, Chang CY, Tabor MW and Nebert DW,
Interaction between the Ah receptor and proteins binding to
the AP-1-like electrophile response element (EpRE) during
murine Phase II [Ah] battery gene expression. Biochem Phar-
macol 50: 2057-2068, 1995.

7. Bresnick E, Bailey G, Bonney R] and Weightman P, Phos-
pholipase activity in skin after application of phorbol esters
and 3-methylcholanthrene. Carcinogenesis 2: 1119-1122,
1981.

8. Ritkind AB and Muschick H, Benoxaprofen suppression of
polychlorinated biphenyl toxicity without alteration of mixed
function oxidase function. Nature 303: 524-526, 1983.

9. Stohs SJ, Shara MA, Alsharif NZ, Wahba ZZ and Al-Bayati
ZAF, 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced oxidative
stress in female rats. Toxicol Appl Pharmacol 106: 126135,
1990.

10. Park JY, Shigenaga MK and Ames BN, Induction of cyto-
chrome P450IAI by 2,3,7,8-tetrachlorodibenzo-p-dioxin or
indolo(3,2-b)carbazole is associated with oxidative DNA
damage. Proc Natl Acad Sci USA 93: 2322-2327, 1996.

11. Yu M, Nebert DW and Jamieson GA Jr, Activation of
dioxin-inducible genes in an untreated mouse cell line having
a 1.2-cM deletion on chromosome 7: Evidence for arachi-
donic acid pathway involvement. The Toxicologist 12: 195,
1992.

12. Liu R-M, Nebert DW and Shertzer HG, Menadione toxicity
in two mouse liver established cell lines having striking
genetic differences in quinone reductase activity and gluta-
thione concentrations. Toxicol Appl Pharmacol 122: 101-107,
1993.

13. Doupnik CA and Leikauf GD, Acrolein stimulates the release
of eicosanoids in bovine airway epithelial cells. Am J Physiol
259: 1L222-1.229, 1990.

14. Reynolds L], Washburn WN, Deems RA and Dennis EA,
Assay strategies and methods for phospholipases. Methods
Enzymol 197: 3-23, 1991.



200

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

21.

28.

29.

Dennis EA, Diversity of group types, regulation, and function
of phospholipase A,. ] Biol Chem 269: 13057-13060, 1994.
Ohara O, Tamaki M, Nakamura E, Tsurata Y, Fujii Y, Shin
M, Teraoka H and Okamoto M, Dog and rat pancreatic
phospolipase A,: complete amino acid sequences deduced
from complementary DNAs. ] Biochem 99: 733-739, 1986.
Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman LA, Lin
AY, Milona N and Knopf JL, A novel arachidonic acid-
selective cytosolic PLA, contains a Ca®*-dependent translo-
cation domain with homology to PKC and GAP. Cell 65:
1043-1051, 1991.

Nakano T, Ohara O, Teraoka H and Arita H, Group II
phospholipase A, mRNA synthesis is stimulated by two
distinct mechanisms in rat vascular smooth muscle cells.
FEBS Lett 261: 171-174, 1990.

Hazen SL, Stuppy R] and Gross RW, Purification and
characterization of canine myocardial cytosolic phospholipase
A,. A calcium-independent phospholipase with absolute sn-2
regiospecificity for diradyl glycerophospholipids. J Biol Chem
265: 10622-10630, 1990.

Southern E, Detection of specific sequences among DNA
fragments separated by gel electrophoresis. ] Mol Biol 98:
503-517, 1975.

Chomczynski P and Sacchi N, Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156-159, 1987.

Burcham T, Scan Analysis: The Densitometer for the Macintosh.
Biosoft, Ferguson, MO.

Goetzl E], An S and Smith WL, Specificity of expression and
effects of eicosanoid mediators in normal physiology and
human diseases. FASEB J 9: 1051-1058, 1995.

Smith WL, Garavito RM and DeWitt DL, Prostaglandin
endoperoxide H synthases (cyclooxygenases)-1 and -2. ] Biol
Chem 271: 33157-33160, 1996.

Mukherjee AB, Miele L and Pattabiraman N, Phospholipase
A, enzymes: regulation and physiological role. Biochem Phar-
macol 48: 1-10, 1994.

Chen X, Gresham A, Morrison A and Pentland AP, Oxida-
tive stress mediates synthesis of cytosolic phospholipase A,
after UVB injury. Biochim Biophys Acta 1299: 23-33, 1996.
Scott DL and Sigler PB, Structure and catalytic mechanism of
secretory phospholipases A,. Advanc Prot Chem 45: 53-88,
1994.

Divecha N and Irvine RF, Phospholipid signaling. Cell 80:
269-278, 1995.

Hannun YA, Functions of ceramide in coordinating cellular
responses to stress. Science 274: 1855-1859, 1996.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

M. Yu et al.

Ghosh S, Strum JC and Bell RM, Lipid biochemistry: func-
tions of glycerolipids and sphingolipids in cellular signaling.
FASEB J 11: 45-50, 1997.

Nelson NA, Kelly RC and Johnson RA, Prostaglandins and
the arachidonic acid cascade. Chem Eng News, 30—44, 16
Aug 1982.

Puga A, Hoffer A, Zhou S, Bohm JM, Leikauf GD and
Shertzer HG, Dioxin causes a sustained increase in intracel-
lular free calcium and activates cyclooxygenase-2 expression
in mouse hepatoma cells. Biochem Pharmacol 54: 1287-1296,
1997.

Kraemer SA, Arthur KA, Denison MS, Smith WL and
DeWitt DL, Regulation of prostaglandin endoperoxide H
synthase-2 expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin.
Arch Biochem Biophys 330: 319-328, 1996.

Maldve RE and Fischer SM, Multifactor regulation of prosta-
glandin H synthase-2 in murine keratinocytes. Mol Carcino-
genesis 17: 207-216, 1996.

Ledwith BJ, Pauley CJ, Wagner LK, Rokos CL, Alberts DW
and Manam S, Induction of cyclooxygenase-2 expression by
peroxisome proliferators and non-tetradecanoylphorbol
12,13-myristate-type tumor promoters in immortalized mouse
liver cells. J Biol Chem 272: 3707-3714, 1997.

Capdevila JH, Morrow ]JD, Belosludtsev YY, Beauchamp DR,
DuBois RN and Falck JR, The catalytic outcomes of the
constitutive and the mitogen-inducible isoforms of prosta-
glandin H, synthase are markedly affected by glutathione and
glutathione peroxidase(s). Biochemistry 34: 3325-3337, 1995.
Ullrich V, Castle L and Weber P, Spectral evidence for the
cytochrome P450 nature of prostacyclin synthetase. Biochem
Pharmacol 30: 2033-2036, 1981.

Smith WL, Marnett L] and DeWitt DL, Prostaglandin and
thromboxane biosynthesis. Pharmacol Ther 49: 153-179,
1991.

Crowl RM, Stoller TJ, Conroy RR and Stoner CR, Induction
of phospholipase A, gene expression in human hepatoma
cells by mediators of the acute phase response. J Biol Chem
266: 2647-2651, 1991.

Mitchell JA, Larkin S and Williams TJ, Cyclooxygenase-2:
regulation and relevance in inflammation. Biochem Pharmacol
50: 1535-1542, 1995.

Choi AMK, Tucker RW, Carlson SG, Wiegand G and
Holbrook NJ, Calcium mediates expression of stress-response
genes in prostaglandin A,-induced growth arrest. FASEB J 8:
1048-1054, 1994.



