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DEPARTMENT OF PHARMACOLOGY, UNIVERSITY OF MAINZ, MAINZ, GERMANY

ABSTRACT. Activation of phospholipase D (PLD) and phosphoinositide-specific phospholipase C (PI-PLC)
by fluoride, to stimulate heterotrimeric G-proteins, and by phorbol esters, to stimulate protein kinase C (PKC),
was studied in rat atria. Fluoride and 4b-phorbol-12b,13a-dibutyrate (PDB), in contrast to 4b-phorbol-13a-
acetate (PAc), activated PLD, catalyzing the formation of [3H]-phosphatidylethanol ([3H]-PETH), [3H]-
phosphatidic acid ([3H]-PA), choline and sn-1,2-diacylglycerol (DAG). Basal PLD activity was resistant to
drastic changes in Ca21 and to Ro 31-8220, a PKC inhibitor, but was decreased by genistein, an inhibitor of
tyrosine kinase, and increased by vanadate, a tyrosine phosphatase inhibitor; both effects were, however, very
small. Fluoride-evoked PLD activity was resistant to Ro 31-8220 and to genistein, but was Ca21-dependent. The
rate of fluoride-induced PLD activation was maintained for at least 60 min. In contrast, PDB-mediated PLD
activity was blocked by Ro 31-8220 and was resistant to extracellular Ca21-depletion and desensitized within ca.
15 min. PDB markedly potentiated the fluoride-evoked generation of [3H]-phosphatidylethanol and of choline,
but inhibited the formation of [3H]-inositol phosphates ([3H]-IP1–3). Ethanol (2%) blocked the PDB-evoked
generation of both [3H]-phosphatidic acid and of sn-1,2-diacylglycerol, whereas fluoride-evoked responses were
reduced only to approximately 50%. In conclusion, the trimeric G-protein–PLD pathway in heart tissue did not
enclose PKC activation and was long-lasting and Ca21-dependent; there was no evidence for an involvement
of tyrosine phosphorylation. However, PKC activation modulated G-protein-coupled PLD and PI-PLC activities
in opposite directions. PLD activity significantly contributed to the mass production of sn-1,2-diacylglycerol in
the heart. The evidence for a pathophysiological role of PLD activation in cardiac hypertrophy and in ischemic
preconditioning is discussed. BIOCHEM PHARMACOL 56;7:799–805, 1998. © 1998 Elsevier Science Inc.

KEY WORDS. heart; phospholipase D; phospholipase C; protein kinase C; diacylglycerol

The breakdown of phosphatidylcholine through phospho-
lipases D, C and A2 has the potential to transduce cellular
signals to yield a physiological response [1]. In recent years,
increasing research activities have been focused on PLD†
and its lipid second messengers PA and DAG; PA is
dephosphorylated to yield DAG by the widespread enzyme
PA phosphohydrolase. Although the formation of PA
contributes to the mass of DAG produced upon receptor
stimulation in many tissues and cells [1–3], this may not
always be the case [4,5].

Signal-dependent activation of PLD has been observed
in a variety of cells, such as blood cells, muscle cells,
neuronal cells, glial cells, fibroblasts and hepatocytes. How-
ever, the signal transduction leading to PLD activation
seems to be rather complex, and a single widely employed

signal cascade does not seem to exist. Thus, PLD may be
stimulated by various receptor types coupled to heterotri-
meric G-proteins, tyrosine kinase and small G-proteins
such as ARF, Rac and RhoA [3]. These observations have
helped to tentatively connect PLD activation with physi-
ological roles in, for example, growth, vesicular trafficking
and secretion of lysosomal enzymes in granulocytes, actin
polymerization, meiosis and mitosis [6]. The existence of
PLD isozymes could explain the divergent properties ob-
served in certain cells and tissues, such as different depen-
dencies on cations, on PKC isozymes and on small G-
proteins [3].

What is known about receptor-controled activity of PLD
in the heart? Ten years ago, a receptor-mediated hydrolysis
of PC via PLD was hypothesized when we studied the effect
of muscarinic receptor agonists in isolated heart prepara-
tions [7–9]. Recently, receptor coupling of PLD activity has
also been shown for angiotensin-II [10] and endothelin-1
[11,12]. The physiological role of receptor-mediated PLD
activation in the heart is a matter of speculation which is
focused on three aspects: 1) Na1-Ca21 exchange and
positive inotropism; 2) hypertrophy of myocardial cells; and
3) ischemic preconditioning (see Discussion).
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In this study, we analyzed the PLD activation by stimu-
lating PKC and G-proteins in incubated rat atria using
phorbol esters (PDB, PAc) and fluoride as tools. In partic-
ular, we studied: a) time-course and cation dependency of
the PKC- and G-protein-mediated PLD activation; b) the
role of PKC and tyrosine phosphorylation in G-protein–
PLD pathway; c) the role of PKC in G-protein coupling to
PI-PLC activity; and d) whether and to what extent
activation of PLD, besides that of PI-PLC, contributes to
the mass production of DAG.

MATERIALS AND METHODS

Isolated atria from male Wistar rats were incubated in 4 mL
of Tyrode solution at 35°. Tyrode solution was gassed with
95% O2/5% CO2 and had the following composition (in
mM): Na1 149.3, K1 2.7, Ca21 1.8, Mg21 1.05, Cl2 145.5,
HCO3 11.9, and H2PO4 0.4; (1) glucose 5.6. Choline was
determined in the incubation medium by a chemolumines-
cence assay. Phospholipids were radioactively labeled by
incubation of the atria with 40 mCi of [3H]-glycerol
(DuPont/NEN, Dreieich, Germany) for 3 hr. The labeling
period was followed by a 15-min wash in oxygenated
HEPES buffer salt solution at pH 7.2. Thereafter, the test
substances (PDB, PAc, sodium fluoride) were added to-
gether with ethanol (2%) or in the absence of ethanol; only
Ro 31-8220 was introduced 10 min before ethanol. The
phospholipids were extracted and separated by two-dimen-
sional TLC using chloroform/methanol/25% ammonia (65:
35:5) in the first dimension. In the second dimension,
chloroform/acetone/methanol/acetic acid/water (60:24:12:
12:3) was used for the separation of [3H]-PA, and the upper
phase of ethylacetate/isooctane/acetic acid/water (13:2:3:
10) for the separation of [3H]-PETH. The spots were
visualized with iodine vapor, and spots corresponding to
[3H]-PA and [3H]-PETH were scraped off and quantified by
liquid scintillation counting. The amounts of radioactive
lipid were expressed as percent of total labeled phospholip-
ids (for further details, see Lindmar and Löffelholz [13]).
Total DAG in extracted lipids (see above) was determined
with a radioactive assay kit (Amersham, Little Chalfont,
U.K.). In the presence of [32P]-ATP and DAG kinase,
DAG was converted to [32P]-PA, which was separated by
TLC and counted.

Inositol phosphates were measured according to Berridge
et al. [14; see also Ref. 8]. Rat atria were incubated for 4 hr

in 10 mL of Tyrode solution containing [myo-3H]-inositol
(12.8 Ci/mmol). After a 60-min wash in Tyrode solution
containing 10 mM LiCl, the atria were exposed to the test
drugs (PDB, fluoride) and to LiCl. Thereafter, the tissue
was homogenized in 12 mL of chloroform:methanol (1:2).
For the estimation of myo-inositol phosphates, chloroform
and water were added to 9 mL of the homogenate to obtain
a two-phase system. After centrifugation at 3000 g and 4°
for 20 min. the aqueous phase was transferred to a column
containing 1 g of anion exchange resin (Bio Rad AG 1-X8,
100–200 mesh, formate form). The phosphate esters were
then eluted by the stepwise addition of solutions containing
increased concentrations of formate. The 1.0-mL fractions
eluted from the columns were counted for radioactivity
using a liquid scintillation counter.

Drugs used were PDB, PAc and sodium orthovanadate
(Sigma, Deisenhofen, Germany), genistein (RBI, Biotrend
Chemikalien, Cologne, Germany), sodium fluoride (Merck,
Darmstadt, Germany) and Ro 31-8220 (Roche, Welwyn
Garden City, U.K.). Data are presented as means 6 SEM of
N experiments. Statistical significance was evaluated by
t-test.

RESULTS
Activation of PLD by Phorbol Ester

The activity of PLD was determined in rat atria by
measuring the formation of [3H]-PETH (expressed as per-
cent of total phospholipid label) which occurred in the
presence of 2% ethanol. The enzyme activity was measured
5, 15 and 60 min after exposure to ethanol. Under basal
conditions, [3H]-PETH formation was 0.12 6 0.01% (N 5
4) after 5 min and 0.45 6 0.03% (N 5 13) after 60 min
(Table 1).

After 60 min, the phorbol ester PDB (0.6 mM) caused a
six-fold enhancement of the basal formation of [3H]-PETH
by 2.8 6 0.3% of phospholipid label (N 5 4) (Fig. 1). The
EC50 value for PDB was ca. 0.1 mM (not illustrated). PDB
also accelerated choline efflux (Fig. 2) and increased the
formation of [3H]-PA (Fig. 1) and of unlabeled s,n-1,2-
DAG (Fig. 3). The finding that the inactive phorbol ester
PAc (0.6 mM) was ineffective (not documented) and that
the PKC inhibitor Ro 31-8220 (10 mM) blocked the
response to PDB (Fig. 4) strongly indicates that PDB
enhanced PLD activity by stimulating PKC. Ethanol almost
blocked the effects of PDB on PA and DAG (Fig. 3), which

TABLE 1. Ca21 dependency of PLD activity

Incubation medium (mM)
Basal PETH

formation PDB (0.6 mM) Fluoride (10 mM)

0 mM Ca21 1 0.5 mM EGTA 0.31 6 0.02% (4)* 1.90 6 0.31% (4)* 0.76 6 0.03% (4)*
1.8 mM Ca21 0.45 6 0.03% (13) 3.22 6 0.29% (4) 2.21 6 0.14% (6)
10.0 mM Ca21 0.43 6 0.05% (5) 0.60 6 0.04% (3)* 0.63 6 0.07% (4)*

[3H]-PETH expressed as percent of lipid label was determined in rat atria after 60 min of incubation. The standard medium
contained 1.8 mM Ca21 and 1.0 mM Mg21. Data are expressed as means 6 SEM (N).

*Significantly different from control (standard medium).
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suggests that activation of PLD was responsible for the
formation of PA and DAG.

After only 5 min of incubation, [3H]-PETH, [3H]-PA and
choline were clearly increased, whereas DAG was still
unchanged (control value: 160 6 5 pmol/mg, N 5 6; Fig.
3). Fig. 1 shows that the PDB-induced formation of [3H]-
PETH and of [3H]-PA increased rapidly to reach a plateau
after 15 min. In other words, PLD activation by PDB
unexpectedly desensitized within a short time.

Activation of PLD by Fluoride

After 60 min of exposure to fluoride (0.1–10 mM sodium
fluoride), the formation of [3H]-PETH was found to be
enhanced by maximally 1.76 6 0.14% of lipid label (N 5
6). The EC50 of fluoride was 3 mM (not illustrated). Fluoride
(10 mM), like PDB, accelerated choline efflux (Fig. 2) and
increased the formation of [3H]-PA and DAG (Figs. 1 and
3). However, in contrast to the effects of PDB, the
fluoride-evoked increases in [3H]-PETH, [3H]-PA and cho-
line were strictly linear up to 60 min, i.e., PLD activation
did not show desensitization.

Ethanol reduced the fluoride-induced formation of [3H]-
PA by ca. 50% of control (Fig. 3). A similar observation was
made for DAG, which was reduced to 36% of control.
These data indicate that only approximately half of the two
lipid messengers formed by fluoride were due to activation
of PLD; the other half most likely originated from the
activation of PI-PLC (see below).

The PKC inhibitor Ro 31-8220 (10 mM) failed to inhibit
the PLD response to fluoride (Fig. 4). There was even a
slight increase by Ro 31-8220 alone as well as in combina-
tion with fluoride. Genistein (50 mM), an inhibitor of
protein tyrosine kinases, caused a small attenuation of the

basal PLD activity determined after 60 min (0.31 6 0.02%
of lipid label, N 5 4), but failed to significantly reduce the
response to fluoride (1.70 6 0.38%; N 5 4) (for control
values see Table 1). Vanadate (100 mM) significantly
increased the basal PLD activity from 0.45% by 0.15 6
0.02% of lipid label (N 5 4), which is neglegible (1.3-fold)
when compared with the 5-fold increase induced by
fluoride.

Potentiation by PDB of Fluoride-induced Activation
of PLD

Fluoride in the highest concentration applied (10 mM)
caused a steady increase in the rate of choline efflux for 80
min (Fig. 2). When PDB (0.6 mM) was added after 50 min,
there was a further marked acceleration. A similar syner-
gistic effect was observed when the sequence was reversed:
PDB was introduced first and fluoride was added when the
PDB-evoked choline efflux had reached a plateau (Fig. 2).
Clear evidence for a potentiating effect of PDB on the
fluoride-evoked activation of PLD was obtained by the
formation of [3H]-PETH as shown in Fig. 5. PDB (0.6 mM)
drastically shifted the concentration-response curve for
fluoride (the contribution of 12.8% of lipid label caused by

FIG. 1. Time course of effects evoked by PDB and by fluoride
on the generation of [3H]-PETH and [3H]-PA. Incubated rat
atria were exposed to 0.6 mM PDB (circles, broken line) and to
10 mM fluoride (triangles, solid line) for 5, 15 or 60 min. The
tissue was prelabeled with [3H]-glycerol and exposed to PDB
along with 2% ethanol; after extraction, the radioactivity asso-
ciated with PETH (closed symbols) and PA (open symbols) was
separated by TLC and counted. Shown are increases expressed
as % of lipid label. The basal values after 60 min were 0.45 6
0.03% of lipid label for [3H]-PETH and 0.73 6 0.04% for
[3H]-PA (N 5 13). Data are expressed as means 6 SEM.

FIG. 2. Changes in choline efflux from incubated rat atria:
interaction of PDB and fluoride. The rate of choline efflux
(nmol/g/min) was determined in 10-min samples under basal
conditions and after addition of 0.6 mM PDB (A) or of 10 mM
fluoride (B). The rate was expressed in percent of basal rate,
which was constant at ca. 1 nmol/g/min throughout the exper-
iment. After ca. 50 min (arrow), the tissue was exposed to both
fluoride and PDB (A and B: open symbols). Data are expressed
as means 6 SEM (N 5 3–6).
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PDB alone was subtracted). Fluoride at the threshold
concentration of 0.3 mM fluoride showed a significant
effect in the presence of PDB, which was equal to the effect
of fluoride at its highest concentration (10 mM) without
PDB. The combination of 10 mM fluoride and PDB
increased [3H]-PETH by 8.27% of lipid label, whereas the
increases by fluoride alone (11.77%) and by PDB alone
(12.8%) were considerably smaller.

Effects of PDB and Fluoride on PI-PLC Activity

The activation of PI-PLC was studied by measuring IP1, IP2

and IP3. As illustrated in Fig. 6, fluoride (10 mM) present
for 60 min markedly enhanced the formation of the sum of
IPs; the strongest effect was on IP1 (7.4-fold), whereas IP3

remained unchanged (not illustrated). PDB (0.6 mM) did
not influence the basal generation of IPs, but reduced the
fluoride-evoked enhancement of IPs by ca. 50% (Fig. 6).

Divalent Cations and PLD Activity

Basal PLD activity was easily detected in the absence of
extracellular Ca21 (0.5 mM EGTA in Ca21-free medium)
(Table 1). Addition of 1.8 mM standard medium slightly

increased basal PLD activity (150%), but had no effect on
the relative increase caused by PDB, which was ca. six-fold
both in the absence and presence of extracellular Ca21. In
contrast, the G-protein-mediated coupling to PLD was
found to be Ca21-dependent: the response to fluoride was
decreased from 6- to 2.5-fold upon chelating extracellular
Ca21. High Ca21 (10 mM) markedly reduced both the
PDB- and fluoride-evoked PLD activities. Variation of
Mg21 between 0 and 10 mM did not modulate basal or
evoked PLD activity (not documented).

DISCUSSION
PLD Activity in the Heart

Basal PLD activity in the heart is high as compared to other
organs [15] and is both cytosolic and bound to membranes
[16,17] and cell nuclei [18]. It has been known for 10 years
that muscarinic receptor agonists and oleate enhance car-
diac hydrolysis of phosphatidylcholine [7–9] and of phos-
phoinositides [19,20]. In mammalian heart, the only other
receptor agonists so far shown to activate PLD are endo-
thelin-1, atrial natriuretic factor and angiotensin II [12,20].
Endothelin stimulated both PLD and PI-PLC activities
[12].

FIG. 3. Effect of ethanol on the formation
of [3H]-PA and DAG evoked by PDB
(A) or fluoride (B). Unlabeled sn-1,2-
DAG (pmol/mg ww) was measured in the
tissue by a radiometric assay kit. Shown
are changes expressed as % of lipid label
after 5 and 60 min as indicated by each
pair of columns. Basal values after 60 min
were 0.73% [3H]-PA (N 5 13) and
160 6 5 pmol/mg ww for DAG (N 5 6).
Data are expressed as means 6 SEM. For
further details see Fig. 1.
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Activation of PLD: Role of PKC and
Tyrosine Phosphorylation

Cardiomyocytes express the Ca21-dependent a-PKC and
the Ca21-independent e- and d-isoforms [21]. In addition,
PKC activation was found to be the most powerful stimulus
of PLD activity in the heart. The effect of phorbol ester was
mediated by activation of PKC, as the response was blocked
by Ro 31-8220 and was not imitated by the inactive
phorbol ester PAc. Unexpectedly, we observed that the
effect of PDB, in contrast to that caused by fluoride, was
transient and disappeared within ca. 15 min. It is unlikely
that this phenomenon is due to down-regulation of PKC,
which normally takes several hours to develop, or to
desensitization of PLD itself. The result is best explained by
the assumption [3] that PKC–PLD coupling involves an

intermediate small G-protein, such as Rho or ARF, which
may be responsible for the observed desensitization caused
by phorbol ester [22,23].

There is still an ongoing debate as to the role of PKC in
the receptor- and G-protein-mediated activation of the
enzyme. It is widely believed that the sequential activation
"G-protein 3 PI-PLC 3 PKC 3 PLD" represents the
normal pathway leading to PLD activation [3]. However,
there is clear evidence that both the PKC-dependent and
PKC-independent pathways of receptor-mediated PLD ac-
tivation can be observed under certain conditions. We
report here that Ro 31-8220 failed to reduce fluoride-
stimulated PLD activity. Moreover, the effect of fluoride
was maintained up to 60 min without any sign of a
desensitization, which would be expected if PKC were
involved. Thus, in the heart, PLD activity is stimulated via
PKC and G-protein through independent pathways.

In several studies, tyrosine kinases have been found to be
enclosed in PLD activation by G-protein-coupled receptors
[3]. However, as shown by the present study, inhibition of
protein tyrosine kinases by genistein did not decrease the
five-fold increase in [3H]-PETH formation induced by
fluoride. Genistein caused a small decrease in basal PLD
activity, which was slightly increased (1.3-fold) by vana-
date (100 mM), a tyrosine phosphatase inhibitor. In con-
clusion, there is no evidence for an involvement of a
protein kinase or tyrosine phosphatase in the "G-protein–
PLD pathway". Only a small fraction of basal PLD activity
seems to be regulated by tyrosine phosphorylation.

Synergistic Interaction between PKC Activation and
G-Protein-mediated PLD Activity

In this study, we observed both the PKC-induced potenti-
ation of PLD activation and the PKC-induced inhibition of
PI-PLC activation [24]. At low concentrations, fluoride
caused an activation of PLD only in the presence of PDB.
This is remarkable because PKC is not integrated into the

FIG. 4. Role of PKC in the PDB- and fluoride-evoked activation
of PLD. Rat atria were exposed to 0.6 mM PDB and to 10 mM
fluoride for 60 min. The PKC inhibitor Ro 31-8220 (10 mM)
was added alone (first column) or along with PDB or fluoride.
Ro 31-8220 was introduced 10 min before ethanol plus PDB/
fluoride. Shown are changes expressed as % of lipid label. Data
are expressed as means 6 SEM (N 5 4–6). For further details
see Fig. 1.

FIG. 5. Effect of PDB on the fluoride-induced increase of
[3H]-PETH. Rat atria were exposed to fluoride alone (open
circles) or to fluoride plus 0.6 mM PDB (closed symbol) for 60
min. When the combination was tested, the PDB-evoked in-
crease in [3H]-PETH (12.8% of lipid label; see Fig. 1) was
subtracted from the results caused by the combination. Data are
expressed as means 6 SEM (N 5 4–6). For further details see
Fig. 1.

FIG. 6. Effect of PDB on the formation of [3H]-IPs caused by
fluoride in rat atria. Presented are increases in [3H]-IPs (sum of
IP1, IP2 and IP3) expressed as percent of total lipid label. The
tissue was exposed to 10 mM fluoride, 0.6 mM PDB or fluoride
plus PDB for 60 min. Data are expressed as means 6 SEM (N 5
4).
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G-protein–PLD pathway, which suggests that the site of
synergistic interaction is at the enzyme itself (see above).
Previously, a synergistic activation of PLD by GTPgS and
phorbol ester was reported for preparations such as isolated
platelet membranes, HL60 cells and neural-derived
NG108-15 cells [25]. The mechanism of this interesting
phenomenon is still unknown.

Cation Dependency of Basal and Stimulated
PLD Activities

The basal and PDB-evoked PLD activities of the heart were
easily detected even in the absence of extracellular Ca21

and Mg21. They either did not respond or responded only
slightly to the addition of 1.8 mM Ca21 (standard medi-
um). Only the fluoride-evoked PLD activity was reduced by
the omission of Ca21 (with or without EGTA). In general,
the link responsible for the Ca21-dependency of PLD
activation has not been identified yet; a Ca21-dependent
PKC (and any other PKC subtype) could be excluded for
the heart from the outset (see above). Moreover, the
question whether the Ca21-dependency of the fluoride-
activated PLD is due to an upstream link or to the enzyme
itself cannot yet be answered. PLD isozymes with different
Ca21-dependencies were found in HL60 and other cells
[26]. In conclusion, the present data do not support a direct
physiological control of cardiac PLD activity by changes in
Ca21 [3].

The Formation of DAG in Myocardial Tissue

A large part of the receptor-mediated formation of DAG
may be due to parallel activation of PI-PLC and PLD
[1,2,24]. However, PA formed by PLD activation is not
necessarily transformed to yield DAG [4,5]. The fact that,
in the presence of ethanol, [3H]-PETH was formed at the
expense of PA was utilized to determine the fraction of
DAG that is derived from PA; ethanol served as an
inhibitor of the production of PA [1]. It was found that PDB
caused the generation of considerable amounts of [3H]-PA
and DAG (the latter after a delay of a few min), and that
ethanol almost blocked this effect. Thus, DAG generated
by phorbol ester was totally due to activation of PLD. In
contrast, the fluoride-evoked formation of PA and DAG
was only partially reduced by ethanol, indicating that both
PLD and most likely PI-PLC were equally responsible for
the DAG formed by G-protein activation. The data shown
in Fig. 3 do not indicate a significant PA phosphatase
inhibition by fluoride [18].

Putative Physiological Roles of PLD Activity in
Myocardial Tissue

There is little evidence for a role of PLD activation in rapid
neurotransmitter-evoked cell signaling. In the heart, the
physiological role of agonist-evoked PLD activation is a
matter of speculation [21], just as is that of PI-PLC [27].

Recently, it has been reported that PA in low concentra-
tions is a potent activator of IP formation in adult ventric-
ular myocytes [28].

Firstly, some years ago it was proposed that PLD might be
crucial for stimulation of Na1-Ca21 exchange [29], possibly
leading to positive inotropic responses of the heart [30,31].
This idea has not yet been substantiated.

Secondly, it deserves mention that PKC-d seems to play
a crucial role in the phenomenon of “ischemic precondi-
tioning” in the heart [32], which describes the observation
that a brief period of ischemia protects the heart against
injury from a subsequent prolonged period of ischemia.
Clear-cut evidence for a direct role of PLD activity in this
phenomenon [21,33] has not yet been obtained.

Thirdly, there is increasing evidence that PLD and
PI-PLC activation might be responsible for cardiac hyper-
trophy and gene expression. Endothelin-1-induced hyper-
trophy of rat neonatal cardiomyocytes was initiated by
PI-PLC as well as by PLD activation; both enzymes seem to
be activated by the atrial natriuretic factor and by angio-
tensin II [12,21]. Interestingly, mechanical load caused
hypertrophy of myocardial cells and in parallel activated
PLD, PI-PLC and also a plethora of other regulatory
elements upstream or downstream of the phospholipases:
PKC, tyrosine kinases, p21ras, mitogen-activated protein
kinases and finally c-fos gene expression [34,35]. The
evidence for an involvement of a PKC isozyme in cardiac
hypertrophy is strong. Ca21-independent PKC-e is acti-
vated by phorbol esters and endothelin-1, which also cause
hypertrophy [36] and activate PLD [12]. During develop-
ment of left ventricular hypertrophy in rats induced by
pressure overload, PKC-e activity (besides that of PKC-
b1,2) was increased; PKC-e was present mainly in the
membrane and nuclear-cytoskeletal fractions [36]. Addi-
tional chronic effects on gene expression and cell growth
may be mediated by the Ca21-independent d-isoform [22].
Stimulation of Ca21-independent PKC isoforms, such as
PKC-e and PKC-d, is also associated with PLD activated in
the absence of Ca21 increase rather than with PI-PLC
activation [37].
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