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The role of diacylglycerol (DAG) in hormonal induction of S phase was investigated
in primary cultures of rat hepatocytes. In this model, several agonists that bind to G
protein-coupled receptors act as comitogens when added to the cells soon after
plating (i.e., in Go/early Gl phase), while the cells are most responsive to the
mitogenic effect of epidermal growth factor (EGF) at 24–48 h of culturing (i.e.,
mid/late Gl). It was found that the cellular concentration of DAG rose markedly and
progressively during the first 24 h of culturing. Exposure of the hepatocytes at 3 h to
al-adrenergic stimulation (norepinephrine with timolol), vasopressin, or angiotensin II
further increased this rise, producing a sustained increase in the DAG level. Norepi-
nephrine, which was the most efficient comitogen, produced the most prolonged
DAG elevation. In contrast, no significant increase of DAG was found in response to
EGF, neither at 3 nor at 24 h, using concentrations that markedly stimulated the ERK
subgroup of the mitogen-activated protein kinases (MAPK) and DNA synthesis.
Addition of Bacillus cereus phosphatidylcholine-specific phospholipase C (PC-PLC)
strongly elevated DAG, while Streptomyces phospholipase D (PLD) increased phos-
phatidic acid (PA) but not DAG. B. cereus PC-PLC and the protein kinase C (PKC)
activator tetradecanoyl phorbol-acetate (TPA), like norepinephrine, vasopressin, and
angiotensin II, stimulated MAPK and enhanced the stimulatory effect of EGF on DNA
synthesis. The PKC inhibitor GF109203X did not diminish the effect of EGF on MAPK
or DNA synthesis, but strongly inhibited the effects of norepinephrine, vasopressin,
angiotensin II, TPA and B. cereus PC-PLC on MAPK and almost abolished the
enhancement by these agents of EGF-stimulated DNA synthesis. These results suggest
that although generation of DAG is not a direct downstream response mediating the
effects of the EGF receptor in hepatocytes, a sustained elevation of DAG with
activation of PKC markedly increases the responsiveness to EGF. Mechanisms in-
volving DAG and PKC seem to play a role in the comitogenic effects of various agents
that bind to G protein-coupled receptors and activate the cells early in Gl, such as
norepinephrine, angiotensin II, and vasopressin. J. Cell. Physiol. 180:203–214,
1999. © 1999 Wiley-Liss, Inc.

Several biologically active molecules generated by
hydrolysis of phospholipids in the plasma membrane
serve specific functions in signal transduction and
seem to participate in the regulation of mammalian cell
proliferation (Berridge, 1987; Cook and Wakelam,
1991; Nishizuka, 1992; Divecha and Irvine, 1995).
Much interest has focused on the role of sn-1,2-diacyl-
glycerol(s) (DAG) and protein kinase C (PKC; Nishi-
zuka, 1995). DAG may be formed in different ways.
While agonist-induced activation of various isoforms of

phosphoinositide-specific phospholipase C (PI-PLC)
may produce rapid, transient, increases in DAG, along
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with inositol 1,4,5-trisphosphate (InsP3; Berridge and
Irvine, 1989), more sustained elevation of DAG is be-
lieved to result largely from phosphatidylcholine (PC)
breakdown (Exton, 1994). The best characterized route
of DAG generation from PC involves phospholipase D
(PLD), forming phosphatidic acid (PA), which can then
be converted to DAG by phosphatidate phosphohydro-
lase (Hammond et al., 1995; Exton, 1997). Other data
suggest that DAG can also be formed directly from PC
by PC-specific PLC (PC-PLC; Cheng et al., 1997; van
Dijk et al., 1997), although the existence of PC-PLC in
mammalian cells is disputed. It has recently been pro-
posed that DAG formation ascribed to PC-PLC might
be accounted for by sphingomyelin synthase activity
(Luberto and Hannun, 1998).

Many lines of evidence implicate DAG in the regula-
tion of cell growth. Several actions of PKC, directed at
gene transcription or extranuclear targets, may affect
cell proliferation (Nishizuka, 1992; Hill and Treisman,
1995). Various mitogens raise DAG before the onset of
DNA replication (Wright et al., 1988, 1990; Larrodera
et al., 1990; Dean and Boynton, 1995). Genetic manip-
ulations that chronically elevate DAG may induce in-
creased proliferative activity and a transformed phe-
notype (Johansen et al., 1994; Bjørkøy et al., 1995;
Martin et al., 1997). On the other hand, there is also
evidence that DAG via PKC may exert inhibitory ef-
fects on cell cycle progression (Livneh and Fishman,
1997). Results also differ as to the function of DAG in
growth factor-initiated signaling. PLCg1-mediated
production of DAG was necessary for S phase induction
by epidermal growth factor (EGF) and platelet-derived
growth factor (PDGF) in MDCK and NIH 3T3 cells
(Wang et al., 1998), but was not required in Plcg1
mutant embryonic fibroblasts (Ji et al., 1998). Other
studies have demonstrated EGF-induced activation of
PLCg1 and/or PLD and an increase in DAG (Wright et
al., 1988, 1990; Nishibe et al., 1990; Cook and
Wakelam, 1992; Reynolds et al., 1993; Yang et al.,
1993; Pettitt et al., 1994; Yeo and Exton, 1995). How-
ever, in some cells these responses to EGF have not
been detected (Cerpovicz and Ochs, 1992; Reynolds et
al., 1993).

We have investigated the role of DAG and PKC in
the mechanisms of hormonal induction of S phase in
hepatocytes. Liver regeneration after partial hepatec-
tomy is associated with, or preceded by, elevation of
total cellular or nuclear DAG and increased activity of
several PKC isoforms (Buckley et al., 1987; Bocckino et
al., 1989; Alessenko et al., 1992; Banfic et al., 1993;
Tessitore et al., 1995) and is diminished after inhibi-
tion of PKC (Daller et al., 1994). However, the exact
role of DAG/PKC-dependent mechanisms in liver
growth is not known. Many agents, including mitogenic
growth factors that bind to receptor tyrosine kinases
and several hormones that act via G protein-coupled
receptors, concertedly regulate liver cell proliferation
(Diehl and Rai, 1996; Michalopoulos and DeFrances,
1997). Findings both in vivo and in hepatocytes in vitro
have suggested a distinction between directly mito-
genic factors and comitogenic agents that prime the
cells and increase their responsiveness to the mito-
gen(s) (Michalopoulos, 1990; Fausto et al., 1995). Thus,
cultured hepatocytes are most responsive to the mito-
genic action of EGF in mid/late-Gl (Sand and Christof-
fersen, 1987; Loyer et al., 1996), while several agonists

that increase the cellular response to EGF, including
insulin, cAMP-elevating hormones such as glucagon,
and various Ca21-mobilizing agents, exert their effects
early in Gl (Sand and Christoffersen, 1987; Thoresen et
al., 1990; Refsnes et al., 1992; Christoffersen et al.,
1994). This makes the hepatocytes a useful experimen-
tal model where distinct components of the growth
response can be studied separately. In this study, we
used EGF as the mitogen, and three agonists, vaso-
pressin, angiotensin II, and norepinephrine, which
may act prior to and enhance the effect of EGF (Dajani
et al., 1996). All the agonists in the latter group are
activators of PI-PLC and raise cytosolic free Ca21

([Ca21]i) in hepatocytes (Lynch et al., 1985). However,
several observations (Cruise et al., 1989; Dajani et al.,
1996; Marino et al., 1996) suggest that additional
mechanisms are involved in their growth-promoting
effect. Our results suggest that pathways via DAG
activation of PKC are not directly involved in mediat-
ing the mitogenic effect from the EGF receptor in hepa-
tocytes, but a sustained elevation of DAG and pro-
longed activation of PKC markedly increase the
responsiveness to EGF. This mechanism seems at least
partly to explain the comitogenic effect of several ago-
nists that bind to G protein-coupled receptors and ac-
tivate the cells early in Gl.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM), Way-
mouth’s medium MAB 87/3, penicillin, and streptomycin
were from Gibco (Grand Island, NY). Norepinephrine
hydrogen tartrate, timolol maleate,[Arg8]vasopressin,
angiotensin II, collagenase (type 1, C0130), dexameth-
asone, EGF, insulin, fatty acid-free bovine serum albu-
min (BSA; fraction V), octyl-b-D-glucoside, dithiothre-
itol, PLD (type VII from Streptomyces), myelin basic
protein (MBP), adenosine triphosphate (ATP), benza-
midine, leupeptin, pepstatin A, 2-mercaptoethanol,
protein kinase inhibitor (P-0300), 12-O-tetradecanoyl
phorbol 13-acetate (TPA), and collagen (type I from rat
tail) were from Sigma Chemical Co. (St. Louis, MO).
Bis-indolylmaleimide (GF109203X) was from Calbio-
chem (La Jolla, CA). Phenyl-Sepharose Cl-4B was from
Pharmacia Biotech. (Uppsala, Sweden), and DAG ki-
nase from Lipidex Inc. (Westfield, NJ). Cardiolipin,
phosphatidylbutanol, PA, and PC were from Avanti
Polar Lipids Inc. (Alabaster, AL). D-myo-inositol-1,4,5-
trisphosphate and PC-PLC (B. cereus) were from
Boehringer Mannheim (Mannheim, Germany). Univer-
sal indicator and silica gel 60 TLC plates were from
E. Merck (Darmstadt, Germany). [6-3H]-thymidine
(22–27 Ci/mmol) was from the Radiochemical Center,
Amersham (UK). [g32P]-ATP (3,000 Ci/mmol), [9,10-
3H(N)]-palmitic acid (36 Ci/mmol), and D-myo[3H]-ino-
sitol-1,4,5-trisphosphate (21 Ci/mmol) were from Du-
pont NEN (Boston, MA). All other reagents were of
analytical quality.

Hepatocyte isolation and culture
Male Wistar rats (170–220 g), fed ad libitum, were

used. Hepatocytes were isolated by in vitro collagenase
perfusion and low-speed centrifugations (Berry and
Friend, 1969; Seglen, 1976), with modifications as pre-
viously described (Christoffersen et al., 1984). Cell vi-
ability, measured as the ability to exclude trypan blue,

204 DAJANI ET AL.



was 90–97%. The cells were suspended in culture me-
dium and plated in Costar wells at a density of 20,000
cells/cm2. The culture medium (0.2 ml/cm2) used was a
serum-free 1:1 combination of DMEM and Waymouth’s
MAB 87/3 medium (Sand and Christoffersen, 1987),
with a final glucose concentration of 16.8 mM (Dajani
et al., 1994). The medium was bicarbonate buffered
and supplemented with penicillin (67 mg/ml), strepto-
mycin (100 mg/ml), insulin (100 nM), dexamethasone
(25 nM), and collagen (3 mg/ml). Other hormones and
growth factors were added as indicated in the figure
legends. The cultures were kept in 95% air/5% CO2 at
37°C. When cells were stimulated with norepineph-
rine, timolol (10 mM) was present for the last 15 min of
the preincubation period to prevent binding to b-adre-
noceptors.

Assay of DAG
Freshly isolated hepatocytes (106 cells/ml) were pre-

incubated at 37°C in Krebs-Ringer-Hepes buffer with
0.5% albumin and 16.8 mM glucose for 30 min before
the addition of agonists. Samples (0.4 ml) were col-
lected and the reaction was stopped by addition of 1 ml
ice-cold methanol. Chloroform (0.5 ml) was added and
the sample vigorously vortexed. For determination of
DAG in cultured cells, hepatocytes were cultured as
described above. The reaction was stopped by removing
the medium and adding 0.5 ml ice-cold methanol. The
cells were scraped from the wells and the wells washed
with 0.5 ml methanol. The methanol phases were
mixed with 0.4 ml 1 M NaCl and 0.5 ml chloroform and
vigorously vortexed. 0.5 ml 1 M NaCl and 0.5 ml chlo-
roform were added to the samples to separate phases
(same procedure for the samples from freshly isolated
cells), followed by vortexing and centrifugation at 2,000
rpm for 5 min. An aliquot of the chloroform layer was
evaporated under nitrogen and analyzed within 72 h.
The DAG mass in the cellular extracts was analyzed by
enzymatic conversion to PA in the presence of [g32P]-
ATP, essentially as described (Preiss et al., 1987).

Assay of PLD
Hepatocytes were cultured for 3 h as described

above, with 5 mCi/ml [3H]palmitic acid (with 0.1% al-
bumin as carrier) added at the time of plating. Thirty
minutes before agonist addition, cells were washed
twice with Krebs-Ringer-Hepes buffer with 0.5% albu-
min and 16.8 mM glucose and subsequently incubated
in the same buffer. Butanol (30 mM final concentra-
tion) was added to the cells 5 min prior to agonist
stimulation, which was carried out for 15 min unless
otherwise indicated. The reaction was stopped by re-
moving the buffer and adding 0.5 ml ice-cold methanol.
The cells were extracted as described above for DAG.
Lipids corresponding to approximately 2 3 105 cells
were dissolved in 50 ml chloroform containing 10 mg
each of PA and phosphatidylbutanol and applied on
TLC plates. The plates were developed in the upper
phase of ethylacetate/isooctane/acetic acid/water 65:10:
15:50 (v/v). The spots corresponding to phosphatidyl-
butanol were visualized under UV light after spraying
the plates with primuline. Radioactivity was deter-
mined by scintillation counting after excision.

Measurement of mitogen-activated protein
kinase (MAPK) activity

MAPK was measured as described (Anderson et al.,
1991; Thoresen et al., 1998). In short, the hepatocyte
cultures were exposed to agonists for 5 min and the
cells were rinsed twice in 0.9% NaCl and scraped into a
buffer containing 25 mM Tris, pH 7.4, 25 mM NaCl, 1.5
mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM
benzamidine, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 2
mM dithiothreitol, 1 mM NaVO3, and 10% ethylene
glycol. The lysate was centrifugated (15,800 g) for 10
min. The supernatant was mixed with phenyl-Sepha-
rose, washed twice in the buffer described above and
twice in this buffer with 35% ethylene glycol, before
eluting the MAPK with 60% ethylene glycol in the
same buffer. The eluate was assayed for MAPK activ-
ity, using MBP as substrate, in the presence of an
inhibitor of protein kinase A. Protein content was de-
termined with the BCA Protein Assay (Pierce, Rock-
ford, IL).

Immunoblotting
Aliquots with 20 mg cell protein (total cell lysate

prepared in Laemmli buffer) were electrophoresed on
10% polyacrylamide gels (acrylamide:N9N9-bis-methyl-
ene acrylamide 30:0.8). This was followed by protein
electrotransfer to nitrocellulose membranes and immu-
noblotting with a polyclonal antibody against the ac-
tive (dually tyrosine- and threonine-phosphorylated)
forms of p44mapk and p42mapk (Promega, Madison, WI).
Immunoreactive bands were visualized with ECL
Western blotting detection system (Amersham Inter-
national).

Estimation of DNA synthesis
EGF and [3H]thymidine were added to the cultures

(1 mCi/ml, 0.125 Ci/mmol) at 24 h after plating. At the
times indicated DNA synthesis was measured as the
amount of radioactivity incorporated into DNA, as pre-
viously described (Refsnes et al., 1994). Protein was
measured as described (Lowry et al., 1951) using bo-
vine albumin as a standard.

RESULTS
Acute DAG responses in freshly isolated and

cultured hepatocytes
In freshly isolated cells, vasopressin caused an ap-

proximately 90% elevation of DAG above control (at 15
min), angiotensin II slightly less, and norepinephrine
stimulation resulted in about a 40% increase (Fig.
1A,B). (To eliminate the b-adrenergic effect, norepi-
nephrine was used in combination with timolol
throughout the study). These results are in good agree-
ment with previous data (Bocckino et al., 1985; Allan
and Exton, 1993). When seeded as primary monolay-
ers, the hepatocytes retained the responsiveness to va-
sopressin, angiotensin II, and norepinephrine 3 h after
plating. However, after 24 h of culturing, the cells
responded poorly, showing merely a 10–15% elevation
of the DAG level (Fig. 1A). This could be a result of
downregulation of receptors and/or their uncoupling
from PI-PLC (Bouscarel et al., 1990; Refsnes et al.,
1992; Kajiyama and Ui, 1994).

Existing data disagree as to whether EGF is able to
increase the level of DAG in hepatocytes. No effect was
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observed in freshly isolated cells (Cerpovicz and Ochs,
1992). A rise in DAG in response to a relatively high
concentration (33 nM) of EGF was found in cultured
hepatocytes (Yang et al., 1993). We measured the effect
of EGF at various time points during culturing. As
shown in Figure 1A, no significant increase in the DAG
concentration in response to EGF was observed at 0, 3,
or 24 h of culturing. Since the sensitivity of the hepa-
tocytes to the mitogenic action of EGF increases with
time in culture (Sand and Christoffersen, 1987), we
performed more detailed experiments at 24 h after
plating. No effect on DAG accumulation could be de-

tected upon exposure of the cells to EGF at concentra-
tions from 0.1 to 10 nM, although a small increase at 30
nM was not ruled out (Fig. 1C). In the same experi-
ments, EGF at these concentrations markedly stimu-
lated DNA synthesis (Fig. 1C). While the data in Fig-
ure 1 were based on measurements at 15 min, other
experiments where the DAG levels were determined up
to 24 h following EGF exposure also failed to show any
significant response (data not shown). Neither did
EGF, at concentrations that stimulated DNA synthe-
sis, significantly elevate InsP3, but a slight increase at
very high EGF concentrations (100 nM) was observed
in some experiments (data not shown).

Sustained changes in DAG concentration in
cultured hepatocytes

We also recorded changes in the level of DAG up to
24 h of culturing, i.e., when the cells, in the experimen-
tal model used here, traverse the early part of the
prereplicative phase, before exposure to EGF. Figure
2A shows that the concentration of DAG rose markedly
and progressively during culturing. In cells kept under
the standard conditions used (i.e., serum-free medium
containing dexamethasone and insulin), the level in-
creased from 2.1 nmol/mg protein at the time of seeding
to 11.2 nmol/mg protein at 24 h (Fig. 2A). When insulin
was omitted after a 3-h plating period, this increase
was somewhat less (7.3 nmol/mg protein at 24 h),
which might be compatible with the previous finding
that insulin stimulates DAG accumulation in short-
term experiments (Pittner and Fain, 1990; Baldini et
al., 1992; Donchenko et al., 1994).

We next investigated how one single exposure to
vasopressin, angiotensin II, or norepinephrine influ-
enced the time course of alterations in the DAG level.
Figure 2B shows that treatment of the cells (at 3 h of
culturing) with either of these agents further enhanced
the DAG accumulation up to 24 h. However, there was
a significant difference between the effects of the three
agonists. Whereas vasopressin and angiotensin II stim-
ulated a larger initial response (Figs. 1B, 2B), the effect
of norepinephrine was more sustained, producing a
greater elevation of DAG than the two other agonists
from about 2 h to at least 24 h (Fig. 2B).

Activation of PLD in cultured hepatocytes
We measured PLD activity in response to vasopres-

sin, angiotensin II, or norepinephrine at 3 h after plat-
ing, i.e., at the time that these agonists evoked a pro-
longed increase of the DAG levels. PLD was stimulated
more efficiently by vasopressin and angiotensin II than
by norepinephrine (Fig. 3A), i.e., the same order of
efficacy as found for the initial (15 min) DAG elevation
(Figs. 1 and 2). However, the PLD activity was of short
duration. Within 15 min of stimulation with norepi-
nephrine, the activity was completely downregulated
(Fig. 3B). Rapid desensitization was also observed after
exposure to angiotensin II or vasopressin (data not
shown). Similar rapid desensitization of PLD has been
found in studies of the effects of vasopressin and TPA
in hepatocyte suspensions (Allan and Exton, 1993;
Moehren et al., 1994). Furthermore, while treatment
with TPA increased endogenous PLD activity to about
the same extent as vasopressin (consistent with PLD
being activated by PKC), the level of DAG was not
significantly elevated when measured 15 min after ad-

Fig. 1. Effects of hormones on DAG accumulation and DNA synthe-
sis in hepatocytes. A: Time-dependent changes in hormone-stimu-
lated DAG accumulation. Freshly isolated hepatocytes or cells that
had been cultured for 3 or 24 h were stimulated for 15 min with either
vasopressin (VP, 1 mM), angiotensin II (ANG II, 1 mM), norepineph-
rine (NE, 10 mM), or EGF (5 nM). Timolol (10 mM) was added 15 min
prior to the addition of norepinephrine. The reaction was stopped by
the addition of ice-cold methanol and DAG was extracted and quan-
tified as described in Materials and Methods. The results are pre-
sented as the percent increase above controls (2.4 nmol/mg protein in
freshly isolated hepatocytes, 3.7 nmol/mg at 3 h, and 7.7 nmol/mg at
24 h) and represent the mean 6 SE of three separate experiments. B:
Dose-response curves for agonist-induced DAG accumulation in
freshly isolated hepatocytes. Cells were incubated with agonist for 15
min. The results are presented as the percent increase above controls
(2.1 nmol/mg protein) and represent the mean 6 SE of three separate
experiments. C: Dose-response curves for EGF-stimulated DNA syn-
thesis and DAG accumulation. EGF was added after 24 h of culture
and DNA synthesis was assessed as [3H]thymidine incorporation into
DNA for the following 48 h. DAG levels were determined after 15 min
of exposure. The results are presented as the percent increase above
controls (DAG 11.5 nmol/mg protein, [3H]thymidine incorporation
13.2 cpm/mg protein) and represent the mean 6 SE of three separate
experiments.
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dition of TPA (data not shown). Taken together, while
the results do not exclude a role for PLD in the initial
DAG synthesis, PLD activation does not readily ex-
plain the sustained elevation of DAG induced by vaso-
pressin, angiotensin II, and norepinephrine.

Effects of exogenous PC-PLC and PLD on
cellular DAG content

To further study consequences of elevating intracel-
lular DAG in hepatocytes, we examined the effects of
exposing the cells to exogenous phospholipases. Three
hours after plating, the hepatocyte monolayers were
treated with either PLD from Streptomyces or PC-PLC
from B. cereus. No significant increase in the DAG level
was detected when the hepatocytes were exposed to
exogenous Streptomyces PLD (Fig. 4A,C). This was not
due to a lack of enzymic activity in this PLD prepara-
tion, since the treated cells produced large amounts of
PA, as measured by trapping with butanol (Fig. 4B). In
contrast to Streptomyces PLD, B. cereus PC-PLC elic-
ited a rapid, very large, and long-lasting elevation of
DAG in the hepatocytes (Fig. 4A,C). At 1 U/ml, B.
cereus PC-PLC induced a five to sixfold increase in the
DAG level, measured at peak (15 min), and the eleva-
tion was still significant at 21 h after addition. B.
cereus PC-PLC did not alter the level of InsP3 (data not
shown), confirming substrate specificity toward PC as
compared to PIP2. Due to its ability to raise the DAG
level, PC-PLC was used as an experimental tool in the
studies described below.

PC-PLC and TPA, like vasopressin, angiotensin
II, and norepinephrine, enhance the effect of

EGF on hepatocyte DNA synthesis
In the experimental model used here, the hepato-

cytes are most responsive to the mitogenic effect of
EGF in the middle or late part of the Gl phase (Sand
and Christoffersen, 1987; see also Loyer et al., 1996).
Several other agonists that function as comitogens ex-
ert their effects early and apparently do so largely by
accelerating the Gl traverse (Thoresen et al., 1990;

Christoffersen et al., 1994; Refsnes et al., 1994). Thus,
the responsiveness to EGF (added at 24 h after plating)
was previously found to be enhanced by pretreatment
(at 3 h after plating) with norepinephrine or prosta-
glandin F2a (Dajani et al., 1996). Figure 5 shows that
this applies also to vasopressin and angiotensin II and
that they act more effectively at 3 h than at 24 h.

To further explore the role of DAG and PKC in
growth activation in hepatocytes, we used this model
and investigated the effects of B. cereus PC-PLC and
TPA on DNA synthesis. Figure 6A shows that, in con-
trast to EGF, neither B. cereus PC-PLC nor TPA ad-
ministered alone at 24 h was sufficient to induce DNA
synthesis. However, when the cells were pretreated
with B. cereus PC-PLC or TPA at 3 h, both these agents
dose dependently enhanced the effect of a subsequent
addition of EGF (Fig. 6B,C) in a manner similar to the
effects of vasopressin, angiotensin II, and norepineph-
rine. The results suggest that DAG elevation with ac-
tivation of PKC is not sufficient to induce DNA synthe-
sis in hepatocytes, but is involved in mechanisms that
increase the responsiveness to a mitogenic stimulus.
TPA enhanced the EGF-stimulated DNA synthesis to
the same degree whether it was added at 3 or 24 h of
culturing (Fig. 5). This suggests that the decline in
growth response to vasopressin, angiotensin II, and
norepinephrine upon delayed addition is a result of
downregulation of the receptors or step(s) immediately
downstream of the receptors. Also, the cells retain the
ability to respond to PKC activation for a larger part of
the prereplicative period.

The PKC inhibitor GF109203X blocks the
activation by TPA, PC-PLC, vasopressin,

angiotensin II, or norepinephrine of MAPK, but
does not affect the stimulation by EGF

To study further the role of DAG and PKC in the
growth responses, we investigated the effect of PKC
blockade on downstream events. We first examined
how PKC inhibition interfered with the regulation of
MAPK (ERK 1/2 subtypes, i.e., p44/p42) in the hepato-

Fig. 2. Progressive DAG accumu-
lation in cultured hepatocytes and
sustained response to hormones.
A: Norepinephrine (NE, 10 mM), in
combination with timolol, was
added to the hepatocytes after 3 h
of culturing and DAG accumula-
tion was measured at the given
time points. DAG was extracted
and quantified as described in Ma-
terials and Methods. The data rep-
resent the mean 6 SE of four sep-
arate experiments. B: Stimulation
of DAG accumulation by norepi-
nephrine (NE, 10 mM) in combina-
tion with timolol, angiotensin II
(ANG II, 1 mM), and vasopressin
(VP, 1 mM) added after 3 h of cul-
ture. The results are presented as
the percent increase above control
(see Fig. 2A) and represent the
mean 6 SE of three separate ex-
periments.
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cytes. MAPK is activated by many growth-stimulating
agonists and conveys various regulatory signals, al-
though its role in mitogenic signaling is still not en-
tirely clear (Malarkey et al., 1995; van Biesen et al.,
1996). In hepatocytes, it has been shown that MAPK is
activated both via the EGF receptor (Stolz and Micha-
lopoulos, 1994; Thoresen et al., 1998) and certain G
protein-coupled receptors (Spector et al., 1997; Melien

et al., 1998) and that it may respond to TPA (Adachi et
al., 1996). MAPK activation was measured both as
MBP-phosphorylation capacity and as the amount of
immunoblotted dually phosphorylated p42/p44. Figure
7A shows that in experiments performed 3 h after
plating, about a 100% increase in MAPK activity was
elicited by incubation for 5 min with either vasopres-
sin, angiotensin II, or norepinephrine. Stimulation of
about the same magnitude was produced by treatment
with B. cereus PC-PLC or TPA. The fact that PC-PLC
mimicked the effect of TPA is further evidence for a
role of DAG and PKC in pathways activating MAPK in
the cultured hepatocytes. Additional evidence for this
mechanism was obtained by pretreating the cells with
GF109203X, a potent and selective PKC inhibitor (Yeo
and Exton, 1995). GF109203X almost abolished the

Fig. 3. Activation of PLD in cultured hepatocytes. A: Hepatocytes
were cultured with 5 mCi/ml [3H]palmitic acid for 3 h, before the
medium was replaced by Krebs Ringer Hepes buffer with 0.5% albu-
min and 16.8 mM glucose. Butanol (30 mM) was added 5 min before
the cells were stimulated with vasopressin (VP), angiotensin II (ANG
II), and norepinephrine (NE) in combination with timolol. The reac-
tion was stopped and [3H]PtdBut was extracted and quantified as
described in Materials and Methods. Data are given as the percent
above control (2,487 dpm/mg protein) and represent the mean 6 SE of
four separate experiments. B: Desensitization of norepinephrine-
stimulated activity. PLD activity was measured as described above.
Hepatocytes were stimulated with norepinephrine (100 mM) in com-
bination with timolol or saline (control) for the time indicated. Buta-
nol (30 mM) was added at the time points given and [3H]PtdBut
formation was measured for the next 10 min. Data represent the
mean 6 SE of three separate experiments.

Fig. 4. Effects of exogenously added PC-PLC and PLD on DAG levels
and PLD activity. A: Dose-response curves for DAG accumulation
stimulated with B. cereus PC-PLC or Streptomyces PLD after 3 h of
culturing. The cells were stimulated for 15 min and DAG was ex-
tracted and quantified as described in Materials and Methods. The
data represent mean 6 SE of three separate experiments. Basal level
of DAG was 3.4 nmol/mg protein. B: PLD activity after stimulation
with 1 mM vasopressin (VP) or 2 U/ml Streptomyces PLD. Cells were
cultured with 5 mCi/ml [3H]palmitic acid for 3 h and then stimulated
for 15 min in the presence of 30 mM butanol. [3H]PtdBut was ex-
tracted and quantified as described in Materials and Methods. Data
represent the mean 6 SE of three separate experiments. C: Time
course for DAG accumulation stimulated by B. cereus PC-PLC (1
U/ml) or Streptomyces PLD (2 U/ml). Cells were stimulated after 3 h
of culturing, the reaction was stopped at the given time points, and
DAG was extracted and quantified as described in Materials and
Methods. Data represent the mean 6 SE of three separate experi-
ments. Control levels of DAG were 4.1 nmol/mg protein at 1 h and 13.6
nmol/mg at 21 h.
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effects of TPA and inhibited the major part of the
responses to vasopressin, angiotensin II, norepineph-
rine and B. cereus PC-PLC. Specificity of the effect of
GF109203X was shown in additional experiments (Fig.
7B) 24 h after plating. Both EGF and TPA activated
MAPK at 24 h (about fourfold and twofold, respec-
tively). However, while the PKC inhibitor virtually
eliminated the effect of TPA at 24 h, like at 3 h, it did
not significantly diminish the MAPK activation evoked
by EGF. Similarly, pretreatment of the cells with TPA
for 24 h markedly downregulated the acute MAPK
response to TPA, but did not alter the effect of EGF
(Fig. 7C). The effects of GF109203X were confirmed
with immunoblots using antibody against the active
forms of Erk 1 and Erk 2 (Fig. 8). These results suggest
that the growth-promoting agonists studied here that
bind to G-protein-coupled receptors stimulate MAPK
at least partly through PKC-dependent mechanisms,
while EGF seems to activate MAPK in a PKC-indepen-
dent manner.

GF109203X does not inhibit stimulation of DNA
synthesis by EGF but counteracts comitogenic

effects of norepinephrine, angiotensin II,
and vasopressin

We finally investigated how inhibition of PKC influ-
enced hormonal effects on DNA synthesis. While sev-
eral other inhibitors, including Ro-31-8220, cheleryth-
rine, staurosporine, and H7, produced unacceptable
long-term cytotoxicity under our experimental condi-
tions, no toxic effects were observed in GF109203X-
treated cell cultures at the concentration used (3.5
mM). Figure 9 shows that preincubation of the hepato-
cytes for 30 min with GF109203X prior to addition of
EGF (at 24 h after plating) did not affect the EGF-
stimulated DNA synthesis during the next 48 h. This
suggests that the mitogenic effect of EGF is mediated
through PKC-independent mechanisms in hepatocytes.
In contrast, in the same experiments, the enhancement
of the EGF effect produced by TPA was almost com-
pletely abolished in the GF109203X-treated cells (Fig.

9). Administration of GF109203X and TPA 3 h after
plating, i.e., 21 h prior to EGF, similarly blocked the
comitogenic effect of TPA (Fig. 10) and B. cereus PC-
PLC (data not shown). This is additional support for a
growth-promoting role of DAG and PKC in the early
parts of Gl. Furthermore, the early addition of
GF109203X markedly attenuated the ability of vaso-
pressin, angiotensin II, and norepinephrine to amplify
the response to EGF. It may be noted that while one
single treatment with the PKC inhibitor (3.5 mM at 30
min prior to agonist) was sufficient to produce maximal
inhibition of the effects of TPA and vasopressin, the
effect of norepinephrine was further diminished by new
additions of GF109203X 4 and 8 h later. This suggests
that the duration of PKC activation was important for
the growth stimulation by norepinephrine.

DISCUSSION
Despite extensive evidence suggesting that DAG has

important functions in the regulation of cell growth

Fig. 5. Stimulation of DNA synthesis by vasopressin, angiotensin II,
norepinephrine, and TPA. Enhancement of EGF-stimulated DNA
synthesis was assessed as [3H]thymidine incorporation. Vasopressin
(VP, 1 mM), angiotensin II (ANG II, 1 mM), norepinephrine (NE, 10
mM) in combination with timolol, and TPA (1 mM) were added either
after 3 or 24 h of culturing. EGF (5 nM) and [3H]thymidine were
added at 24 h and the cells were harvested after 50 h of culturing.
Data represent the mean 6 SE of three separate experiments.
[3H]thymidine incorporation in control cells was 11.8 cpm/mg protein.

Fig. 6. Stimulation of DNA synthesis by B. cereus PC-PLC and TPA
in hepatocytes. A: B. cereus PC-PLC (1 U/ml), TPA (1 mM), and EGF
(5 nM) were added to the cultures after 24 h of culturing and DNA
synthesis was assessed as [3H]thymidine incorporation into DNA
during the following 48 h. Data represent the mean 6 SE from three
separate experiments. B,C: Dose-response curve for TPA (B) and B.
cereus PC-PLC (C) added after 3 h of culturing. EGF (5 nM) and
[3H]thymidine were added at 24 h and the cells were harvested after
50 h of culturing. Data represent the mean 6 SE from three separate
experiments. Control level of [3H]thymidine incorporation was 26.8
cpm/mg protein.
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(Wright et al., 1988, 1990; Larrodera et al., 1990; Cook
and Wakelam, 1991; McKenzie et al., 1992; Johansen
et al., 1994; Dean and Boynton, 1995; Bjørkøy et al.,
1995; Cheng et al., 1997; Martin et al., 1997; Wang et
al., 1998), it has been difficult to define its role pre-
cisely. Complicating factors include the multiple
sources and routes of DAG synthesis, which are still
incompletely understood (Exton, 1994, 1997; Divecha
and Irvine, 1995), the existence of several molecular
DAG species that may have different biological activi-
ties (Pettitt et al., 1997), the many PKC isoenzymes
that comprise atypical DAG-independent forms (Nishi-
zuka, 1992, 1995), and the synthesis of other biologi-
cally active lipid-derived molecules, such as InsP3, PA,
and ceramide, which commonly occur concomitantly
with, or in near relation to, agonist-induced generation
of DAG (Berridge and Irvine, 1989; Exton, 1994; Nishi-
zuka, 1995; Luberto and Hannun, 1998). In the present
study, results from several different experimental ap-
proaches were consistent with a role for DAG elevation
and PKC activation in the proliferative response in

hepatocytes. The cellular concentration of DAG rose
during the prereplicative period. The results suggested
that DAG-dependent mechanisms are used in growth-
promoting signaling from several G protein-coupled
receptors, but not from the EGF receptor in these cells.

Results regarding the role of DAG in EGF receptor-
mediated signaling in various cells disagree (Wright et
al., 1988, 1990; Cook and Wakelam, 1992; Reynolds et
al., 1993; Yang et al., 1993; Pettitt et al., 1994; Wang et
al., 1998). In the hepatocyte model used here, several
observations led to the conclusion that the EGF recep-
tor probably does not elicit DAG/PKC-dependent signal
transduction as part of mitogenic mechanisms. Thus,
EGF in concentrations (0.1–10 nM) that exerted large
short-term (MAPK) and long-term (DNA synthesis) bi-
ological responses did not significantly elevate DAG,
although a slight increase in DAG (Fig. 1C) as well as
in InsP3 (unpublished results) was observed in some
experiments at concentrations that were supramaxi-
mal for the growth effect (30–100 nM). Addition of B.
cereus PC-PLC or TPA alone at 24 h of culturing did not
stimulate DNA synthesis, but activated MAPK. Fur-
thermore, the PKC inhibitor GF109203X, which
blocked the effects of TPA almost entirely, did not
inhibit the effect of EGF on MAPK activity or DNA
synthesis. Similarly, although a 24-h pretreatment
with TPA (to downregulate PKC) abolished the re-
sponse to a new exposure to TPA, the effects of EGF
were not altered. Together these results are strong
evidence against DAG being a mediator for the EGF

Fig. 7. Effect of PKC inhibition on hormone-stimulated MAPK ac-
tivity. MAPK activity was assessed in partially purified cell lysates as
indicated in Materials and Methods. A: GF109203X (GFX, 3.5 mM)
was added to hepatocyte cultures 3 h after plating, 30 min prior to
5-min stimulation with TPA (1 mM), vasopressin (VP, 1 mM), angio-
tensin II (ANG II, 1 mM), norepinephrine (NE, 10 mM) in combination
with timolol, and PC-PLC (1 U/ml). Data represent the mean 6 SE
from one of five representative experiments, expressed as the percent
above the control value. B: GF109203X (3.5 mM) was added to the cell
cultures 24 h after plating, 30 min prior to 5-min stimulation with
TPA (1 mM) or EGF (5 nM). The data represent the mean 6 SE of
three separate experiments. C: Cells were pretreated with 1 mM TPA
for 24 h and then stimulated with 1 mM TPA or 5 nM EGF for 5 min.
Data represent the mean 6 SE of three separate experiments.

Fig. 8. Effect of PKC inhibition on MAPK activation by TPA and G
protein-coupled receptor agonists. Immunoblot analysis of phosphor-
ylated MAPK in hepatocytes. Cells were treated as described in the
legend to Fig. 7A. Immunoblots were carried out as described in
Materials and Methods, using antibody against dually phosphory-
lated p44mapk and p42mapk. The results are representative of three
independent experiments.
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receptor in hepatocytes. While several investigations in
other cells have shown that EGF can stimulate PLCg
(Nishibe et al., 1990) and PLD (Cook and Wakelam,
1992; Yeo and Exton, 1995) and give prolonged eleva-
tion of DAG (Wright et al., 1988, 1990; Cook and
Wakelam, 1992; Reynolds et al., 1993; Pettitt et al.,
1994), other results have failed to support an involve-

ment of DAG (Reynolds et al., 1993, Ji et al., 1998). In
a recent study on MDCK and NIH 3T3 cells, the mito-
genic effect of EGF was abolished by microinjection of
peptide sequences that block the specific interaction
with PLCg, but was restored by addition of DAG (but
not by microinjected InsP3; Wang et al., 1998). The
explanation for the differing results regarding EGF
receptors and the role of DAG-mediated signaling is
not clear. A significant PLCg activation by EGF has
often been observed in cells with a high or overex-
pressed number of receptors (Wahl et al., 1987; Reyn-
olds et al., 1993; Wang et al., 1998), but additional
mechanisms might be involved (van der Geer et al.,
1994).

In contrast to EGF, vasopressin, angiotensin II, and
norepinephrine seemed to involve DAG and PKC in
their growth-promoting effects. These agonists, all of
which act via G protein-coupled receptors, are known
to enhance EGF-stimulated DNA synthesis in hepato-
cytes (Cruise et al., 1989; Refsnes et al., 1992; Dajani et
al., 1996), but the mechanisms mediating these effects
have not been clear. Although these hormones are
known to stimulate a rise in InsP3 and elevate [Ca21]i
(Lynch et al., 1985; Dajani et al., 1996), previous stud-
ies have suggested that activation of PI-PLC alone does
not account for their growth stimulation (Cruise et al.,
1989; Dajani et al., 1996; Sandnes et al., 1999). The
present data show that all three agonists caused sus-
tained elevations of DAG. The control cells showed a
strikingly large and time-dependent rise in DAG dur-
ing culturing and the hormones markedly amplified
this increase. Vasopressin and angiotensin II were the
most effective stimulators of DAG accumulation during
the first 2 h, in accordance with previous observations
on hepatocytes in suspensions (Bocckino et al., 1985).
Norepinephrine, which exerts the largest growth effect,
produced a more sustained elevation of DAG. Evidence
suggesting that the rise in DAG and a resultant PKC
activation played a role in increasing the responsive-
ness to EGF was also obtained by the use of B. cereus
PC-PLC and TPA. Both of these agents enhanced the
effect of EGF on DNA synthesis and their actions were
blocked by GF109203X. The increase in DNA synthesis
in response to norepinephrine was not inhibited max-
imally unless GF109203X was added several times.
This supports the idea that the ability of norepineph-
rine to elevate DAG and activate PKC for a prolonged
part of the prereplicative period is of importance for the
growth response. This might partly explain the larger
magnitude of the growth effect of norepinephrine as
compared to vasopressin and angiotensin II. Of inter-
est is a recent study of the mechanisms of a hormone-
induced rise in hepatocyte intracellular pH where a1-
adrenergic stimulation was also found to differ from
vasopressin and angiotensin II by producing a more
prolonged, and PKC-dependent, effect (Martin-Re-
quero et al., 1997).

Although the source of DAG formation was not ex-
amined in this study, the results may be compatible
with a role of PC. The fact that the hormonal respon-
siveness of PI-PLC is rapidly downregulated upon cul-
turing of hepatocytes, particularly for norepinephrine,
while the growth response is not (Sandnes et al., 1999),
suggests that PIP2 is unlikely to be the source of the
sustained DAG accumulation. However, we cannot ex-
clude the possibility that some breakdown of PIP2 oc-

Fig. 9. Effect of PKC inhibition on EGF-stimulated DNA synthesis.
Hepatocytes were cultured for 24 h and DNA synthesis was stimu-
lated with EGF (5 nM) and TPA (1 mM) after 30-min pretreatment
with GF109203X (GFX, 3.5 mM). [3H]thymidine was added after 24 h
of culturing and DNA synthesis was assessed during the next 48 h.
Data represent the mean 6 SE of three separate experiments.

Fig. 10. Effect of PKC inhibition on hormone-stimulated DNA syn-
thesis. TPA (1 mM), vasopressin (VP, 1 mM), angiotensin II (ANG II,
1 mM), and norepinephrine (NE, 10 mM) in the presence of timolol,
were added after 3 h of culturing. GF109203X (GFX, 3.5 mM) was
added to the cell cultures once or several times, 30 min prior to the
agonist (0 h), 4 h after agonist addition, and 8 h after agonist addition.
EGF (5 nM) and [3H]thymidine were added at 24 h and the cells were
harvested after 50 h of culture. Data represent the mean 6 SE of
three independent experiments. Control levels of [3H]thymidine in-
corporation were 9.1 cpm/mg protein in the absence of GF109203X and
5.8 cpm/mg protein in the presence of GF109203X.
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curs in the absence of measurable increases in InsP3
mass. If the breakdown of DAG is slow, this might
result in significant DAG accumulation, as previously
shown in freshly isolated hepatocytes (Allan and Ex-
ton, 1993). This is currently under investigation in our
laboratory. All the hormones that elevated DAG also
stimulated PLD activity. It seems unlikely, however,
that PLD activation produced the sustained elevation
of DAG, since the PLD activity was rapidly desensi-
tized, returning to basal levels between 15 and 30 min
of activation with norepinephrine. A similar desensiti-
zation has been found for angiotensin II and vasopres-
sin (Allan and Exton, 1993; Moehren et al., 1994). A
previous study on hepatocytes questioned the role of
PLD in DAG generation in hepatocytes, since the va-
sopressin-stimulated rise of DAG (measured up to 1 h)
was not inhibited by ethanol (Allan and Exton, 1993).
Furthermore, it has been suggested that PLD-derived
DAG does not activate PKC and that PA is the effector
molecule (Pettitt et al., 1997). An alternative mecha-
nism for a sustained elevation of DAG is the activation
of PC-PLC, supported by several studies (McKenzie et
al., 1992; Cheng et al., 1997; Martin et al., 1997; van
Dijk et al., 1997), although a mammalian form of this
enzyme has not yet been cloned.

While DAG/PKC-mediated pathways seemed to be
necessary for the growth-enhancing effects of vasopres-
sin, angiotensin II, and norepinephrine, other mecha-
nisms are likely to be involved in an additive or syner-
gistic manner. This is also suggested by the fact that
norepinephrine, angiotensin II, and vasopressin
caused a larger growth-stimulatory effect than B.
cereus PC-PLC and TPA (Figs. 5,6). There are several
candidates for additional pathways, such as Ca21-cal-
modulin-dependent signaling or activation of tyrosine
kinase(s) (Malarkey et al., 1995; van Biesen et al.,
1996; Gutkind, 1998). Both DNA synthesis and MAPK
activation in hepatocytes are sensitive to pertussis
toxin (Adachi et al., 1997; Melien et al., 1998). This
implicates Gi, but the pathways involved are not
known. It is also possible that the pathways used by
vasopressin, angiotensin II, and norepinephrine may
be partly different. Previous work has suggested that
the receptors of these agonists differ qualitatively in
their interaction with different G proteins (Dasso and
Taylor, 1994) and that they mediate dissimilar effects
on growth-related gene expression (Gonzalez-Espinosa
and Garcia-Sainz, 1992).

In conclusion, the present results support the evi-
dence that activation of DAG/PKC-mediated pathways
is important, perhaps essential, for mitogenic re-
sponses. In some cells, generation of DAG can result
from activation of a tyrosine kinase-type growth factor
receptor, stimulating PI-PLCg. However, in other cells,
such as hepatocytes, the necessary DAG formation
seems to be provided largely by activation of other
receptors, for example G protein-coupled receptors that
bind vasopressin, angiotensin II, or norepinephrine.
Our results show a cell model where the EGF receptor
did not mediate activation of DAG/PKC pathways but
where the optimal mitogenic response to EGF seemed
to be dependent on the permissive effects of DAG. This
appears to be one of the mechanisms underlying the
extensive synergism between different hormonal ef-
fects that is typical of the growth stimulation in these
cells. Further studies are needed to clarify whether the

ability of DAG/PKC to increase the responsiveness to
EGF results from effects on the EGF receptor, modu-
lation of signal transduction pathways, or enhanced
transcription of genes required for the optimal effect of
EGF.
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