ELSEVIER

Molecular and Cellular Endocrinology 101 (1994) 59-66

Role of specific isoforms of protein kinase C in angiotensin II
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Abstract

Evidence indicates that the lipoxygenase (LO) pathway of arachidonic acid is a key mediator of angiotensin II (AII)-induced
aldosterone synthesis in adrenal glomerulosa cells. Although protein kinase C (PKC) may play a role in All action, the precise
PKC isoforms involved and whether LO products can activate PKC is not clear. We therefore evaluated the effect of AIIl and LO
products such as 12- and 15-hydroxyeicosatetraenoic acids (HETEs) on PKC activation in isolated rat adrenal glomerulosa cells.
PKC activity was measured by the phosphorylation of a PKC specific peptide while the PKC isoforms were identified by Western
immunoblotting using antibodies that recognize the a, B8, y or € isoforms of PKC. Treatment of the cells for 15 min with AII
(10~3M) or the LO products 12- or 15-HETE caused a marked increase in PKC activity in membrane fractions with reciprocal
decreases in the cytosolic PKC activity. Rat glomerulosa cells expressed only the a, and e isoforms of PKC. AIl increased
membrane bound levels of both PKC-a and -e (1.9- and 1.5-fold, respectively), whereas the LO products predominantly activated
PKC-e. Reciprocal decreases in immunoreactive cytosolic PKC levels were seen. All-induced aldosterone synthesis was blocked
by H-7 and retinal as well as by a PKC-specific pseudosubstrate inhibitor, PKC(19-36). These results suggest that AIl and LO

pathway-induced actions in the adrenal glomerulosa may be mediated by specific PKC isoforms.
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1. Introduction

Angiotensin II (AID ia a major regulator of aldos-
terone synthesis in the adrenal glomerulosa. After
binding to its receptor, AIl can activate phospholipase
C leading to the formation of inositol trisphosphate
and diacylglycerol (DAG), and elevation in intracellu-
lar calcium due to calcium mobilization (Kojima et al.,
1984; Capponi et al., 1984; Fakunding et al., 1979; Catt
et al., 1987; Spat, 1988; Braley et al., 1986). Inositol
trisphosphate mobilizes intracellular calcium via a spe-
cific receptor while DAG functions to activate protein
kinase C (PKC) (Kojima et al., 1984; Nishizuka, 1984;
Berridge, 1984). It has been suggested that the cellular
response to All is obtained by the temporal integration
of the inositol phosphate/calcium-calmodulin branch
responsible for the initial transient response and the
DAG /PKC branch responsible for the sustained phase
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(Kojima et al., 1984; Rasmussen and Barret, 1984).
Thus in bovine adrenal glomerulosa cells PKC activa-
tion by AII has been suggested to be linked to the
sustained secretion of aldosterone (Rasmussen and
Barret, 1984; Lang and Valloton, 1987). Furthermore,
All-induced activation of the of Na™-H* exchange in
adrenal glomerulosa cells is reported to be mediated by
PKC (Conlin et al., 1991).

PKC plays pivotal roles in growth and signal trans-
duction and it is now clear that there are at least ten
isoforms of PKC which can be classified into two
sub-groups, depending on whether they require cal-
cium for activation (PKC-a, -BI, -8II and -y) or not
(PKC-8, -€, -n(L), -0, -{ and -A) (Nishizuka, 1992;
Schaap and Parker, 1990). Considerable interest in the
various PKC isoforms arises from the possibility that
individual isoforms may have specific and distinct func-
tional roles in the cell. The precise isoforms present in
the adrenal glomerulosa have not been clearly defined,
although evidence suggests that bovine and rat adreno-
cortical cells express the o« isoform of PKC (Pelosin et
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al,, 1991). Although it is known that AIl can activate
PKC in rat adrenal glomerulosa cells (Nakano et al,,
1990), the specific isoforms that are activated are not
known. Therefore an understanding of the specific
isoform(s) that are activated by AIl may clarify the
precise role of PKC in All-induced steroidogenic ac-
tions in the adrenal.

The DAG arising from AIl action can also be
metabolised to arachidonic acid by the enzyme DAG-
lipase (Bell et al., 1979). Arachidonic acid in the adrenal
can be metabolized by the lipoxygenase (LO) pathway
to products such as hydroxyeicosatetraenoic acids
(HETEs). We have shown that the 12-LO product,
12-HETE, plays a key role in All-induced aldosterone
secretion in rat and human adrenal glomerulosa cells
(Nadler et al., 1987; Natarajan et al., 1988). However
the mechanism by which 12-HETE promotes the action
of AIl in the glomerulosa is not fully understood.

In the present study, we have examined whether LO
products can increase PKC activity in rat adrenal
glomerulosa cells similar to the effect of AIl. We have
also compared the specific PKC isoforms that are
activated by Al as well as the LO products.

2. Materials and methods

2.1. Preparation and incubation of rat adrenal
glomerulosa cells

Fresh suspensions of rat adrenal glomerulosa cells
were prepared as described earlier (Natarajan and
Nadler, 1991). For experiments involving the measure-
ment of aldosterone, the cell suspensions (about
50000/ml) were incubated with ATl (Peninsula Labs,
Belmont, CA) for 1 h at 37°C with shaking under an
atmosphere of 95% O, + 5% CO,. In some experi-
ments the cells were preincubated for 15 min with
protein kinase C inhibitors H-7 or retinal (Sigma
Chemical Co., St. Louis, MO). At the end of the
incubation a 0.2 ml aliquot was removed for the mea-
surement of aldosterone. Aldosterone was extracted
from the cell incubates with methylene chloride and
measured by a specific radioimmunoassay using a kit
from ICN Biomedicals Inc. (Costa Mesa, CA).

For experiments involving measurement of PKC ac-
tivity or immunodetection of PKC, cell suspensions
(about 1.5 X 10° cells/incubation) were treated for 15
min with agents after a 10 min preincubation at 37°C.
The LO products 12- and 15-HETE (Biomol Research
Labs., Philadelphia, PA) were added from 1000-fold
concentrated solutions in ethanol. The vehicle (0.1%
ethanol) was added to the control incubations. Reac-
tions were terminated by cooling on ice and the addi-
tion of 10 ml ice-cold phosphate-buffered saline (PBS).
Cell pellets were isolated by centrifugation, resus-

pended in 1.2 ml cold lysis buffer consisting of 20 mM
Tris-HCI, pH 7.5. 250 mM sucrose, 0.5 mM EDTA, 0.5
mM EGTA, 1.0 mM dithiothrietol, 10 uM leupeptin,
and 10 uM pepstatin and sonicated twice for 5s each
at 4°C. The lysate was ultracentrifuged at 100000 X g
for 1 h and the supernatants saved as the cytosolic
fractions. The pellets, after one wash, were resus-
pended by sonication in 0.16 ml of the lysis buffer
containing 0.1% Nonidet P40 and saved as the mem-
brane fraction. Aliquots of the cytosol and membrane
fractions were saved for the estimation of protein con-
tent. PKC activity and immunodetection of PKC were
performed on these subcellular fractions as described
below.

2.2. PKC activity

PKC activities in the cytosol and membrane frac-
tions were determined by a PKC assay kit (3161SA)
from Gibco BRL (Gaithersburg, MD). The assay is
based on the phosphorylation of a synthetic peptide
Ac-MBP(4-14) derived from myelin basic protein which
was shown by Yasuda et al. (1990) to act as a specific
substrate for PKC. PKC specificity is confirmed by
using the pseudosubstrate inhibitor peptide PKC(19-
36) which acts as potent inhibitor for this substrate
(Yasuda et al., 1990; House and Kemp, 1987).

2.3. Immunodetection of PKC

Cytosol and membrane fractions containing equal
amounts of protein were subjected to sodium dodecyl-
sulfate (SDS)-polyacrylamide gel electrophoresis and
Western blotting as described earlier (Natarajan et al.,
1992). The PKC antibodies used were: 1. A polyclonal
antibody that recognises the «, B, as well as the ¥
isoforms of PKC (generous gift from Dr. D. Cooper,
University of S. Florida, Tampa); 2. Antibodies that
recognize the individual isoforms @, B8 or y {generous
gifts from Dr. M. Makowske, Memorial Sloan Ketter-
ing Center, New York); 3. Antibody to PKC-8 (gener-
ous gift from Dr B. Roth, Stanford University Medical
Center, Stanford) and 4. Antibody to PKC ¢ (generous
gift from Dr. B. Strulovic, Institute of Cancer and
Developmental Biology, Palo Alto, CA). Immunoblots
were scanned with a computerized video densitometer
(Applied Imaging Lynx DNA vision, Santa Clara, CA).
Absorbance of the major band at 80 kiloDaltons (kDa)
was taken as immunoreactive PKC in all cases except
for PKC e which appears around 90 kDa (Schaap et
al., 1989; Ono et al., 1988).

2.4. Electroporation

Cells used in these experiments were prepared and
incubated in a modified Krebs-Ringer bicarbonate
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buffer as described (Nadler et al., 1987). Electropora-
tion to facilitate entry of the peptide PKC-specific
inhibitor PKC(19-36) (Gibco BRL) was performed with
the BRL Cell-Porator™ system. 1 ml aliquots of cell
suspensions (about 0.5 X 10° cells) with or without
various concentrations of PKC(19-36), were intro-
duced into polypropylene electroporation chambers
containing two flat electrodes, 0.4 cm apart, and chilled
on ice for 3 min prior to electroporation. The cham-
bers were transferred to the chamber safe and cooled
in ice water during electroporation. A single electric
pulse (300 V, 800 uF) was delivered. After the dis-
charge, the electroporation chambers were held on ice
for 10 min followed by dilution to 3.0 ml. This was
divided into three 1 ml aliquots for triplicate incuba-
tions. These cell suspensions were preincubated for 10
min at 37°C under an atmosphere of 95% O, and 5%
CO, and the treated with AII for 1 h. Aldosterone was
measured in the incubates as described earlier.

3. Data analysis

Results are expressed as mean + SE from combined
experiments as noted in each figure legend. Student’s
t-test and analysis of variance were used to compare
control with experimental values and determine signifi-
cance at a P <(0.05 level. For multiple comparisons
Dunnet’s test was also used. Changes in immunoreac-
tive PKC levels are expressed in arbitrary optical den-
sity units obtained from a computerized video den-
sitometer.

4. Results

4.1 The effect of AIl and the LO products 12- and
15-HETE on PKC activity

We examined whether All, 12- and 15-HETE and
also the phorbol ester 12-O-tetradecanoylphorbol-13-
acetate (TPA) can activate PKC in rat adrenal
glomerulosa cells by translocating it from the cytosol to
the membrane fraction. After incubation of the cells
with these agents, PKC enzyme activities were mea-
sured in these subcellular fractions. Fig. 1 shows that
AIl caused a significant increase in the membrane-
bound PKC activity at 15 min (control, 89 + 6 pmol **P
incorporated /min/mg protein vs All, 108+ 6, P<
0.02, N =15) with a concomitant decrease in cytosolic
PKC activity (control, 230 + 15 pmol **P vs AIl, 121 +
9, P <0.02, N =35). In addition we also observed that
the LO products 12- and 15-HETE at 10~’M could
similarly translocate PKC from the cytosol to the mem-
brane fractions suggesting that they also have the ca-
pacity to activate PKC in these cells (12-HETE mem-
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Fig. 1. Subcellular distribution of PKC activity in rat adrenal
glomerulosa cells treated with various agents. Cells were treated with
the agents for 15 min. Cytosol and membrane fractions were pre-
pared and PKC activity determined as described under Materials
and methods. The results are expressed as mean+SE from 4-5
separate experiments. * P < 0.01 vs control; ** P < 0.02 vs control
(Dunnet’s test).

brane, 114 + 5 pmol **P; cytosol, 125 + 15, both P <
0.02 vs corresponding control, N =5; 15-HETE, mem-
brane, 115 + 8; cytosol, 112 + 14, both P < 0.02 vs con-
trol, N=4). The effect of the phorbol ester TPA, a
positive control for PKC activation, is also shown in the
extreme right panels and it is evident that it depicts
similar effects (TPA, membrane, 131 + 10; cytosol, 70
+ 7, P<0.01 vs control, N = 4).

4.2. Activation of PKC isoforms by AIl and the LO
products

Western immunoblotting using antibodies specific to
the a, B, y or the € isoforms of PKC indicated that rat
adrenal glomerulosa cells mainly express the a and e
isoforms. We then evaluated the effects of AIl, 12- and
15-HETE on immunoreactive a, and ¢ PKC isoform
levels in cytosolic and membrane fractions. Fig. 2 shows
a representative immunoblot of subcellular fractions
obtained from cells treated with agents for 15 min.
Blots were probed with an antibody which recognises
the «a, B, as well as the y isoforms of PKC. As seen in
Fig. 2, in the basal state rat glomerulosa PKC is mainly
present in the cytosol and migrated in SDS-poly-
acrylamide electrophoresis with a molecular mass of
nearly 80 kDa. The blot depicts similar results as those
obtained for PKC enzyme activity, showing that not
only AII but also both 12- and 15-HETE can cause
translocation of immunoreactive PKC from the cytosol
to the membrane. The immunoblots were quantitated
by densitometry and the arbitrary absorbance units are
seen in the bar graph below the blot. This illustrates
that the three agents cause nearly a three-fold increase
in immunoreactive PKC levels in the membrane frac-
tions and a reciprocal decrease in cytosolic fractions
(Membrane: All, 260% of control; 12-HETE, 290%;
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15-HETE, 282%. Cytosol: 37%, 34% and 39% of con-
trol, respectively).

We then evaluated whether AII and the LO prod-
ucts could activate the a, and the € isoforms, the two
PKC isoforms that we identified in the rat glomerulosa.
Fig. 3 shows an immunoblot of subcellular fractions
probed with an antibody specific to PKC-a. AIl showed
a marked increase in immunoreactive PKC-a (80 kDa)
levels in the membrane fraction (192% of control) with
a concomitant decrease in the cytosol (70% of control).
12-HETE showed no evidence of activating PKC-a
(108% and 97%, respectively). 15-HETE treatment did
not lead to any increase in membrane-bound PKC-a
either, although cytosolic levels did decrease (113%
and 65%, respectively).

Fig. 4 shows an immunoblot of subcellular fractions
probed with an antibody specific to PKC-e. Immunore-
active PKC-¢ migrated with a molecular mass of about
90 kDa in SDS-polyacrylamide, as described before
(Schaap et al., 1989). The bar graph of the densitome-
ter scan of the blot shows that acute treatment of All
as well as 12- and 15-HETE for 15 min could translo-
cate PKC-e from the cytosol to the membrane fraction,
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Fig. 2. Immunoblot of subcellular fractions from rat glomerulosa
cells probed with a polyclonal antibody which recognises a, 8 and y
isoforms of PKC. The antibody was used at a dilution of 1:300. The
bar graph below represents the densitometric quantitation of the blot
in arbitrary optical density units. The results depicted are represen-
tative of three separate experiments.
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Fig. 3. Immunoblot of subcellular fractions probed with an antibody
specific for PKC-a. The antibody was used at a dilution of 1:400.
The results depicted are representative of two separate experiments.

thus suggesting that these three agents can activate
PKC-¢ (Membrane: AIl, 148% of control; 12-HETE,
126%; 15-HETE, 125%. Cytosol, 66%, 54% and 41%,
respectively.)

4.3. Role of PKC inhibitors on All-induced aldosterone
synthesis

In order to determine whether PKC activation may
be involved in All-induced steroidogenesis in rat
glomerulosa cells, we initially examined the effect of
PKC inhibitors such as H-7 and retinal on All-induced
aldosterone synthesis. As seen in Fig. 5, both of these
agents led to a significant inhibition of AII effects
suggesting a possible role for PKC in All-mediated
aldosterone synthesis. Both H-7 and retinal at the
doses used did not significantly alter basal aldosterone
synthesis (results not shown).

We next utilized a highly specific PKC inhibitor
peptide, PKC(19-36) to more specifically test the role
of PKC in AII action. This 18 amino acid sequence
resembling a substrate phosphorylation site is found in
the highly conserved amino terminus (regulatory do-
main) of PKC and functions as a pseudosubstrate for
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Fig. 4. Immunoblot of subcellular fractions from rat adrenal glomeru-
losa cells probed with an antibody specific for PKC-e. The antibody
was used at a dilution of 1:300. Results shown are representative of
two separate experiments.
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Fig. 5. The effect of PKC inhibitors H-7 and retinal on All-induced
aldosterone synthesis in rat adrenal glomerulosa cells. Results are
expressed as mean+SE from three to four separate experiments
performed in triplicate. * P <0.001 vs basal; ** P <0.01 vs AIl
(Student’s t-test).
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Fig. 6. The effect of PKC(19-36) pseudosubstrate on All-induced
aldosterone synthesis in intact and electroporated rat adrenal
glomerulosa cells. The cells were treated for 1 h with AII before of
after electroporation as described under Materials and methods.
Results are expressed as mean+ SE from three experiments per-
formed in triplicate. * P < 0.001 vs basal; ** P < 0.001 vs AIL *** p
<0.01 vs AIL; TP <0.01 vs AII+PKC(19-36)2 % 10~5M (Student’s
t-test).

the carboxy terminal catalytic site, thereby acting as an
autoregulator of PKC (House and Kemp, 1987). This
peptide has been shown to be a highly specific compet-
itive inhibitor of PKC and can therefore be utilized to
investigate the role of PKC in hormone action. In Fig.
6, it is seen that even in intact rat glomerulosa cells,
PKC(19-36) at 10”*M caused a small but significant
inhibition of All-induced aldosterone synthesis. Due to
the poor cellular permeability of this peptide, we exam-
ined its effects in electroporated cells. The electropo-
ration process caused some decrease in the potency of
AIl action, but there was an increased efficacy of
PKC(19-36) action in the electroporated cells. Thus
Fig. 6 shows that 20 uM PKC(19-36) partially attenu-
ated while 40 and 80 uM concentrations completely
blocked All-induced aldosterone synthesis. PKC(19-
36) at concentrations up to 80 uM had no effect on
basal aldosterone synthesis (results not shown).

5. Discussion

AlII action in the rat adrenal glomerulosa leads to
the activation of PKC. Although PKC is suggested to
be involved in the steroidogenic effects of AIl in bovine
adrenal glomerulosa cells (Rasmussen and Barret, 1984;
Lang and Valloton, 1987), the role of PKC in All-in-
duced aldosterone synthesis in rat adrenal glomerulosa
cells is not clear (Nakano et al., 1990). Further the
specific isoforms of PKC activated by AII are not
known. In the present studies we observed that AIlI
caused a significant increase in PKC enzyme activity in
the rat adrenal glomerulosa cells. We also used West-
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ern immunoblotting with antibodies directed against
the «, B, v and e isoforms of PKC and found that
these cells express the a and e isoforms of PKC.
Furthermore, AII specifically activated both PKC-a
and -e.

All-induced aldosterone synthesis was attenuated
by relatively non-specific PKC inhibitors such as H-7
and retinal as well as by a highly specific pseudosub-
strate inhibitor PKC(19-36). It is now known that PKC
inhibitors such H-7 and retinal can have non-specific
effects in the adrenal and therefore may not yield fully
interpretable results (Elliot et al., 1991). Indeed, most
of the pharmacological PKC inhibitors were not suffi-
ciently specific for PKC in adrenal cells and many of
them, including H-7 and retinal, also attenuated
dibutryl cyclic AMP-induced aldosterone synthesis and
also had other non-specific effects (Elliot et al., 1991).
However, in the present study, we observed that AIl
effects were also attenuated by a PKC-specific pseudo-
substrate inhibitor peptide, PKC(19-36). House and
Kemp (1987) showed that PKC contains a pseudosub-
strate region (residues 19-31) in its regulatory domain
with amino acid sequence resembling a substrate phos-
phorylation site in its basic residue recognition ele-
ments. Synthetic peptide analogs of this sequence such
as PKC(19-36) act as potent and specific substrate
antagonists. Studies on agonist specificity with this
inhibitor peptide in the glomerulosa cells with ACTH
and potassium-induced aldosterone synthesis may how-
ever also not be clear since PKC has been implicated
in the steroidogenic effects of both ACTH and potas-
sium (Cozza et al., 1990; Hajnoczky et al., 1992). In
preliminary unpublished experiments, we also observed
that in electroporation studies, the PKC(19-36) pep-
tide inhibitor could also attenuate potassium-induced
aldosterone synthesis. Thus, although the results from
the PKC(19-36) studies may suggest the involvement
of PKC in the steroidogenic effects of All, they cannot
give information on specificity and further studies are
necessary to resolve the issue of whether PKC medi-
ates All-induced aldosterone synthesis. However, PKC
inhibitors have been shown to attenuate the mitogenic
effects of AIl in adrenocortical cells (Natarajan et al.,
1992). Therefore, it has been suggested that PKC prob-
ably plays a role primarily in the chronic effects of AIl
such as growth responses but does not play a major
role in All-induced aldosterone synthesis in rat adrenal
glomerulosa cells since TPA could not mimic the ef-
fects of ATI (Spat, 1988; Nakano et al., 1990; Vinson et
al., 1989) and further, downregulation of PKC by long
term TPA treatment did not abolish the aldosterone
response to All in freshly isolated rat glomerulosa cells
(Nakano et al.,, 1990). In contrast, in cultured rat
adrenal glomerulosa cells, acute treatment with phor-
bol dibutyrate directly stimulated aldosterone synthesis
(Gallo-Payet et al., 1991). Furthermore, it is now known

that TPA downregulates only certain isoforms of PKC
without affecting others. In the present study, we ob-
served that AII activates not only the a but also the €
isoform of PKC. There appears to be cell-type specific
regulation of PKC isozymes. Thus PKC-¢ is predomi-
nantly membrane associated and is resistant to down-
regulation by TPA in mouse thymocytes and the
promonocytic cell line U937 (Strulovic et al., 1991),
while it is more sensitive in GH4C1 cells (Kiley et al.,
1990). In the present studies, we also observed that rat
adrenal glomerulosa PKC-¢ is mainly present in the
membrane fractions. This may explain the persistence
of AIl effects even during TPA-induced downregula-
tion. Similarly in other cell types the B (Standaert et
al., 1993) and the ¢ (Ways et al., 1992) isoforms of PKC
are not downregulated by TPA pretreatment. Since
some of the novel PKC isoforms can act independent
of calcium, it is highly likely that these various PKC
isoforms can function in parallel to target different sets
of intracellular proteins and thereby diversify the cellu-
lar response. Further studies are needed to determine
whether long term TPA treatment downregulates
PKC-6, -e and/or -{ in rat glomerulosa cells. But it is
evident that chronic TPA treatment studies cannot be
conclusively used to evaluate whether PKC activation
is required for the steroidogenic response of All.

We have shown that the LO pathway of arachido-
nate metabolism plays a key role in All-induced aldos-
terone synthesis in rat and human adrenal glomerulosa
cells (Nadler et al., 1987; Natarajan et al., 1988). Fur-
ther DAG was the source of arachidonate for 12-HETE
formation (Natarajan et al., 1990). Recently, it was
suggested that one of the possible mechanisms of 12-
HETE action may be by contribution to the calcium
signal generated by AII (Stern et al., 1993). This was
based on the observations that LO inhibitors could
block the All-induced calcium signal and that addition
of 12-HETE could prevent the inhibition of AIl-in-
duced calcium signal by LO inhibitors (Stern et al.,
1993).

The results of the current study indicate that these
LO products may also mediate steroidogenic or growth
responses in the adrenal by the activation of specific
PKC isoforms. We observed that the LO products 12-
and 15-HETE could directly stimulate PKC enzyme
activity in rat glomerulosa cells with the same potency
as AIl. Further they could specifically activate im-
munoreactive PKC-e without significantly altering the
subcellular distribution of PKC-a. Further studies will
be needed to examine whether the HETEs can activate
other isoforms such as PKC-6 or -{. PKC-{ is particu-
larly interesting since its recent purification and char-
acterization reveals that it is activated by cis-un-
saturated fatty acids such as arachidonic acid and
linoleic acid (Nakanishi and Exton, 1992). Further,
phorbol ester could neither translocate or downregu-
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late this isoform (Ways et al., 1992). We also observed
that the HETEs could cause translocation of im-
munoreactive PKC using an antibody which crossreacts
with PKC-«, -8B, and -y. Since the HETEs do not
activate PKC-a, and rat glomerulosa cells do not ap-
pear to express PKC-8 and -v, it is possible that these
results were due to the crossreactivity of this antibody
with PKC-{ as has been shown earlier (Cacace et al.,
1993). Although 15-HETE could mimic the effects of
12-HETE on PKC, the role of endogenously formed
15-HETE is not yet clear.

Several fatty acids including the HETEs have been
shown to activate PKC isolated from the brain (Shear-
man et al., 1989). We recently demonstrated that 12-L.O
activation plays a key role in All-induced mitogenic
responses in a bovine adrenal cortical clonal cell line
(Natarajan et al., 1992). 12-HETE could increase DNA
synthesis in these cells and also directly activate PKC.
LO products, including HETEs, have been attributed
with mitogenic properties in other cells, such as en-
dothelial cells and various tumor cells. In endothelial
cells HETEs act via enhancement of diacylglycerol
formation and presumably PKC activity (Shetty et al.,
1987), while in tumor cells 12-HETE can induce new
receptor formation and metastatic activity via direct
activation of PKC (Grossi et al.,, 1989). The recent
observation that PKC-e¢ is an oncogene when overex-
pressed in rat fibroblasts and leads to malignant trans-
formations (Cacace et al., 1993; Mishak et al., 1993)
lends added interest to our current observation that
the LO products can activate PKC-¢.

The mechanism of how 12-HETE can activate PKC
is not very clear. 12-HETE activation of PKC may be a
consequence of increasing the intracellular calcium
concentration (Stern et al., 1993). However, the activa-
tion of PKC-e by the HETE:s is not likely to be due to
changes in calcium, since PKC-e¢ is a calcium-inde-
pendent form of PKC. We have preliminary data that
12-HETE can increase DAG mass in rat glomerulosa
cells suggesting another potential mechanism for HETE
activation of PKC (Wen et al., 1993). Shinomura et al.
observed that unsaturated fatty acids and DAG can
synergize to activate PKC and suggested that in cells
stimulated with agonists which release both DG and
fatty acids, PKC once initially activated by the hydroly-
sis of inositol phospholipids, may sustain its activity
even after calcium levels return to basal level since
both DAG and unsaturated fatty acids are still avail-
able (Shinomura et al., 1991). It has also been shown
that the exposure of cells to HETEs causes their rapid
incorporation into membrane phospholipids (Legrand
et al., 1991; Bandopadhyay et al., 1987) followed by the
release of DAG substituted with HETE in position 2,
which could activate PKC (Legrand et al., 1991).

These results suggest that specific isoforms of PKC
may mediate at least in part the long-term growth

and /or short term aldosterone responses to AIl and
the LO products in rat adrenal glomerulosa cells.
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