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1 ERKs belong to MAP kinase family and are activated by several growth and stress factors.
Although ethanol has been shown to modulate ERK1 and ERK2 (p44mapk and p42mapk) activity, it
can also act as an antiproliferative agent in various mammalian cells. Since the nature of the
antiproliferative e�ect of ethanol in VSMCs has not been de®ned, we examined its e�ects on growth
and on early intracellular events normally induced by growth factors in VSMCs.

2 Measurement of cytosolic Ca2+ and pH in cell monolayers was performed using fura-2/AM and
BCECF/AM, respectively. The e�ect of ethanol on VSMCs growth was assessed by [3H]-thymidine
incorporation, by cell counting and by determination of the caspase 3 activity. Stimulation of ERK1
and ERK2 was examined by the chemiluminescence Western blotting method. The expression of c-
fos was quantitated by Northern blotting. Determination of inositolphosphates was performed after
labelling of VSMCs with myo-[2-3H]-inositol and separation of inositolphosphates by HPLC.

3 Ethanol (0.3 ± 1.0% v v71, 17 ± 170 mM) induced a dose-dependent maximal stimulation of
p44mapk/p42mapk at 30 min and expression of c-fos mRNA with a maximum at 120 min. Intracellular
events upstream to MAP kinase, like an increase in [Ca2+]i, activation of the Na+/H+ exchanger
and formation of phosphoinositol metabolites were also markedly activated by ethanol. Treatment
of VSMCs with ethanol for 3 ± 5 min induced an increase in DNA synthesis whereas treatment of
the cells for more than 30 min was toxic. Caspase 3 activity was not modulated by ethanol treatment
of VSMCs.

4 We may postulate that the activation of these mitogenic signals including the elevation of DNA
synthesis re¯ects a cell e�ort to protect itself against the toxic e�ects of ethanol.
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pentaacetoxymethyl ester; GAP, GTPase activating protein; Gi protein, GTP binding protein; GTP, guanosine
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phosphatidylinositol-3; PLC, phospholipase C; PTX, pertussis toxin; Raf-1, a 74 kDa protein kinase encoded by
the proto-oncogene raf-1; VSMCs, vascular smooth muscle cells

Introduction

It is widely believed that growth factors such as the platelet-
derived growth factor (PDGF) or angiotensin II (Ang II) play
a pivotal role in the development of hypertension and

atherosclerosis by promoting VSMC growth (Daemen et al.,
1991; Ross, 1993). The early intracellular signalling pathway of
PDGF or Ang II in VSMCs leading to VSMC growth has been

extensively studied. Binding of Ang II or PDGF-BB to its
respective receptors stimulates phosphoinositide catabolism,
elevates intracellular free Ca2+ concentration ([Ca2+]i),

stimulates the Na+/H+ exchange, and mitogen-activated
protein (MAP) kinases as well as induces the expression of
immediate early growth response genes in VSMCs (Abedi &

Zachary, 1995; Du� et al., 1995; Sachinidis et al., 1993;
Timmermans et al., 1993). Finally, both agonists promote
growth and contraction of VSMCs (Abedi & Zachary, 1995;
Timmermans et al., 1993). Activation of MAP kinase family

members such as the extracellular response kinases (ERKs)
and the c-Jun amino-terminal kinases (JNKs) occurs not only
by the e�ect of diverse stimuli including hormones and growth

factors but also by stress caused through hypoxia, oxidative

stress, osmotic imbalance, heat shock, inhibition of protein
synthesis and irradiation (Fanger et al., 1997; Robinson &
Cobb, 1997) in various cell types. Also, stress factors such as

hypoxia or ethanol induce expression of the heat shock
proteins (HSP) HSP70 and HSP28 in mammalian cells (Hahn
et al., 1991; Milarsky & Morimoto, 1986). In this context, it

has been postulated that determination of growth, di�erentia-
tion and programmed cell death (apoptosis) may be associated
with the activity of MAPK family members and that the

balance of their activity is critical in determining cell fate
(Fanger et al., 1997; Robinson & Cobb, 1997). The best-
characterized ERKs are ERK1 and ERK2 which are proteins

with a molecular weight of 44 and 42 kDa (p44mapk/p42mapk),
respectively. Recently, it has been demonstrated that like
growth factors, ethanol is able to induce contraction of smooth
muscles dependent on an elevation in [Ca2+]i (Zheng et al.,

1997). Remarkably, 100 mM ethanol causes a phospholipase C
(PLC)-dependent elevation of InsP3 and Ca2+ mobilization in
rat hepatocytes (Hoek et al., 1990). Furthermore, treatment of

rat hepatocytes with 100 mM ethanol in vitro for 16 h
prolonged the activation of p44mapk/p42mapk induced by various
growth factors (Chen et al., 1998). However, proliferation of

the cells was inhibited (Chen et al., 1998). Also, acute*Author for correspondence; E-mail: sachinidis@uni-bonn.de
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treatment of rat hepatocytes with 50 mM ethanol elevated
basal activity of the p42mapk and prolonged the nerve growth
factor (NGF)-induced activity of the p42mapk (Tombes et al.,

1998). On the one hand ethanol has been shown to modulate
intracellular signalling events normally induced by growth
factors. On the other hand, ethanol acts as an antiproliferative
agent in several cell types including hepatocytes (Chen et al.,

1998; Tombes et al., 1998) glia cells (Luo & Miller, 1997) and
VSMCs (Hendrickson et al., 1998). Excessive proliferation of
arterial vascular smooth muscle cells (VSMCs) plays an

important role in the process of atherogenesis and hyperten-
sion (Cho et al., 1997; Dzau & Gibbons, 1993; Ross, 1993).
Therefore, inhibition of VSMC proliferation may be crucial

for preventing development of cardiovascular diseases. In
order to prevent restenosis, it has been demonstrated that local
delivery of 15% ethanol solution to pig coronary arteries

signi®cantly decreased smooth muscle proliferative activity
and neointima formation induced by balloon dilatation injury
(Liu et al., 1997). To explain the inhibitory e�ect of ethanol on
VSMCs proliferation, the authors speculated that ethanol may

lead to an alteration of membrane receptors which reduces the
cellular responses to growth stimulants (Liu et al., 1997).
However, the nature of the antiproliferative e�ect of ethanol

and its early intracellular signalling transduction pathway in
VSMCs has not been de®ned. Therefore, we examined the
e�ects of ethanol on VSMC growth by di�erent proliferation

assays and by testing for apoptosis. Furthermore, we examined
the e�ects of ethanol on the early intracellular signalling
transduction pathway in VSMCs.

Methods

Isolation and culture of vascular smooth muscle cells

Rat aortic VSMCs were isolated from thoracic aortas of

Wistar-Kyoto rats (6 ± 8 weeks old, Charles River Wiga
GmbH) by enzymatic dispersion using a slight modi®cation
of the method of Chamley et al. (1979) as described previously

(Sachinidis et al., 1995). Cells were cultured in DMEM
supplemented with 10% FCS (v v71), nonessential amino
acids, penicillin 100 IU ml71 and 6.8 mM streptomycin at 378C
in the Steri-cult incubator (Forma Scienti®c, GoÈ ttingen,

Germany) in a humidi®ed atmosphere of 95% air and 5%
CO2. Cells (36106) were grown in 75 cm2 ¯asks to con¯uence
over 4 ± 5 days. The purity of VSMC cultures was con®rmed by

immunocytochemical localization of smooth muscle speci®c a-
smooth muscle actin. Experiments were performed using cells
between passages 5 to 20.

Measurement of [Ca2+]i

VSMCs were cultured on round glass microscope slides
(diameter 12 mm) under normal tissue culture conditions until
con¯uence. Cells were incubated with 2 mM fura-2 pentaace-
toxymethyl ester at 378C for 20 min in N-(2-hydroxyethyl)pi-

perazine-N'-2-ethanesulphonic acid (HEPES) bu�er (in mM:
20 HEPES, 16 glucose, 130 NaCl, 1 MgSO4, 7 H2O, 0.5 CaCl2,
Tris-base, pH 7.4) supplemented with 1% bovine serum

albumin (BSA) (w v71). Just prior to the measurements, the
cell monolayer was rinsed with HEPES bu�er without BSA,
containing 1 mM CaCl2, and the glass slide was positioned

diagonally in the cuvette. Measurements were performed in
HEPES bu�er containing 1 mM CaCl2. Measurements in the
absence of extracellular Ca2+ were performed in HEPES bu�er
without CaCl2 containing 1 mM EGTA. The Ca2+-fura-2

¯uorescence was measured at 378C in a Perkin-Elmer LS50
¯uorescence spectro¯uorometer at excitation wavelengths of
340 and 380 nm and at an emission wavelength of 505 nm

(Grynkiewicz et al., 1985). After calibration of ¯uorescence
signals, [Ca2+]i was calculated using the following equation
[Ca2+]i=Kd6(R7Rmin)/(Rmax7R)6(Sf2/Sb2). Kd for the fura-
2/Ca2+ complex at 378C is assumed to be 224 nM. Sf2 is the

380 nm-excited ¯uorescence in the absence of Ca2+ (EGTA
added) and Sb2 is the 380 nm-excited ¯uorescence in the
presence of a saturating Ca2+ concentration (1 mM Ca2+).

Measurement of pHi

For the measurement of pHi, con¯uent cells were detached
with 0.04% trypsin (w v71), 0.02% EDTA (w v71) in
Dulbecco's phosphate-bu�ered saline (PBS) after 5 ± 10 min

at 378C. Then cells were cultured on round glass microscope
slides (diameter 12 mm) under normal tissue culture condi-
tions. When they became con¯uent they were incubated with
the ¯uorescence pH indicator 2',7'-bis(carboxyethyl)-5,6-
carboxy¯uorescein (BCECF) at a concentration of 4 mM for
20 min at 378C in HEPES bu�er supplemented with 1% BSA
(w v71). Just prior to the measurements, the cell monolayer

was rinsed with HEPES bu�er and the glass slide was
positioned diagonally in the cuvette. Measurements were
performed in HEPES bu�er without BSA in the LS50

luminescence spectro¯uorometer equipped with the fast ®lter
application (Perkin Elmer, UÈ berlingen, Germany). For the
¯uorescence measurements the following wavelengths were set:

excitation wavelengths: 492 and 438 nm; emission wavelength
525 nm. Calibration of BCECF ¯uorescence was performed in
HEPES bu�er in which NaCl was replaced by KCl by
permeabilizing the cells with the K+/H+ ionophore nigericin

(1.3 mM) in the presence of 2-(N-morpholino)ethane sulphonic
acid (MES) as previously described (Rink et al., 1982). The
¯uorescence of BCECF was approximately linear between pHi

7.4 and 6.4.

Determination of inositolphosphates

The determination of inositol 1-phosphate (InsP1), inositol 1,4-
bisphosphate (InsP2), and inositol 1,4,5-trisphosphate (InsP3)
was performed as previously described (Berridge et al., 1983).

Cells were seeded in petri dishes (60 mm diameter) and grown
in the presence of 4 mCi ml71 myo-[2-3H]-inositol for 3 days.
During this time the cells reached con¯uence. They were

washed three times with HEPES bu�er, followed by a 2 h
incubation in DMEM without FCS. After two more washes
with bu�er, the cells were incubated for 20 min in DMEM

containing 20 mM LiCl to inhibit inositol-1 monophosphatase
activity. Then they were stimulated with ethanol for di�erent
time intervals. The reaction was terminated by the addition of

ice-cold 8.0% (w v71) trichloroacetic acid (TCA). Samples
were kept on ice for 30 min before removing the TCA by
extracting the samples with diethyl ether. Radiolabelled
inositolphosphates were analysed and quanti®ed by standar-

dized anion-exchange high-pressure liquid chromatography
(HPLC) (Merck, Hitachi, model 655A-12, Darmstadt,
Germany) (Berridge et al., 1983). HPLC was performed in

an anion exchanger Partisil SAX column using the following
elution conditions: Flow rate, 1.25 ml min71 fraction71, 0 ±
6 min, 100% water; 7 ± 30 min a linear gradient from water to

100% 1.0 M ammonium formate/orthophosphoric acid pH
3.7; 31 ± 35 min 100% 1.0 M ammonium formate/orthophos-
phoric acid pH 3.7; 36 ± 37 min a linear gradient from 1.0 M

ammonium formate/orthophosphoric acid pH 3.7 to 100%
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water; 38 ± 48 min 100% water. The 1.25 ml fractions were
transferred to scintillation vials and radioactivity was
determined in a liquid scintillation counter (Beckman LS

3801, DuÈ sseldorf, Germany).

Gel electrophoresis and immunostaining

VSMCs were seeded in 3 cm petri dishes (46105 cells
dish71) and cultivated in culture medium until con¯uent.
The medium was then replaced by serum-free medium

consisting of a mixture of DMEM and Ham's F-10 medium
(1 : 1, v v71). Following another 24 h cultivation in serum-
free medium, cells were treated with ethanol for di�erent

time periods. After removal of the medium cells were lysed
with the SDS sample bu�er containing 62.5 mM Tris-HCl,
pH 6.8, 2% SDS (w v71), 10% glycerol (v v71) and 50 mM

dithiothreitol. Aliquots were used for protein determinations
using the Bio-Rad protein assay as described previously
(Bradford, 1976). Then 0.1% bromphenol blue (w v71) was
added to the aliquots. Thirty mg of protein were analysed by

SDS±PAGE in a 10% acrylamide gel with a thickness of
0.75 mm using the Mini Gel Protein system (Bio-Rad).
MAP kinase protein analysis was performed by the

chemiluminescence Western blotting method as described in
the instructions of the PhosphoPlusTM mapk Antibody Kit
(New England BioLabs). After the transfer of proteins to a

polyvinylidenedi¯uoride membrane blocking and antibody
incubations were performed according to the instruction
manual of the PhosphoPlusTM MAPK Antibody Kit (New

England BioLabs) using a phospho-speci®c mapk rabbit
polyclonal IgG primary antibody and the alkaline phospha-
tase-conjugated anti-rabbit secondary antibody. The primary
antibody recognized p42mapk and p44mapk only when

catalytically activated by phosphorylation at Tyr204 (Mar-
shall, 1995). Chemiluminescence detection of the active
p42mapk/p44mapk was performed as described in the instruc-

tion manual of the Kit using the PhototopeTM Western
detection system.

Analysis of c-fos mRNA

The expression of c-fos mRNA was studied in con¯uent cells in
75 cm2 ¯asks starved of serum for 24 h. Then the cells were

treated with 1.0% (v v71, 170 mM) ethanol for di�erent time
periods. Medium was aspirated and cells were lysed with 1 ml
TRI reagent (Sigma). Total RNA was extracted according to

the manufacturer's protocol as described previously (Chomc-
zynski & Sacchi, 1987). Ten mg of total RNA were separated
by electrophoresis in a 6% formaldehyde/1.2% agarose gel,

blotted on Hybond N+ membranes (Amersham, Little
Chalfont, England), washed at room temperature in 56SSC
(16=0.15 M NaCl, 0.015 M sodium citrate) for 5 min, and

®xed with UV irradiation. After ®xing, the blots were washed
at 608C in 0.16SSC, 0.1% SDS (sodium dodecylsulphate) for
5 min. Prehybridization and hybridization were performed
overnight at 608C in 56SSC, 0.2% SDS, 50 mM sodium

phosphate, 106Denhardt's solution (Sigma Chemical, Dei-
senhofen, Germany) and 200 mg ml71 salmon sperm (ss)DNA.
The DNA probes were labelled with a-32P-deoxycytidine
triphosphate (32P-dCTP) by random oligonucleotide priming
to a speci®c activity of 2 ± 46109 d.p.m. mg71 DNA (Amer-
sham Buchler, Braunschweig, Germany). The stringency of the

®nal wash was 0.26SSC containing 0.1% SDS) at 658C for
2645 min. The Blots were exposed to Kodak ®lms (Kodak X-
OMAT, 8610 inch, Rochester, U.S.A.) for 3 ± 7 days at
7708C and were standardized using a 0.77 kb cDNA probe

for b-actin (Dianova/Oncor, Hamburg, Germany). The size in
kilobases (kb) of the detected mRNA was estimated from the
18S (1.8 kb) and 28S (4.6 kb) ribosomal RNA bands.

Figure 1 E�ect of ethanol on [3H]-thymidine incorporation into
VSMC DNA and cell counts. Con¯uent VSMCs were precultured in
24-well plates for 24 h in serum-free medium. Then cells were treated
with di�erent concentrations of ethanol or 50 ng ml71 PDGF-BB.
Following another 20 h of incubation, cells were exposed to
3 mCi ml71 [3H]-thymidine. Four hours later the reaction was
terminated and [3H]-thymidine incorporation into cell DNA and cell
protein (a) were quanti®ed. Results are from a representative
experiment from three separate independent experiments, performed
in triplicate wells and are expressed as mean+s.e.mean, n=3,
*P50.05 for PDGF-BB e�ect versus control. **P50.05 for ethanol
e�ect versus control. (b) Con¯uent VSMCs were precultured in 24-
well plates for 24 h in serum-free medium. Then cells were treated
with 1.0% ethanol or 50 ng ml71 PDGF-BB. After 24 h cells were
trypsinized and cell counts were determined with the cell counter
system CASY-1 (SchaÈ rfe System) (one representative experiment
from three separate independent experiments).
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Determination of DNA synthesis

The e�ect of ethanol on [3H]-thymidine incorporation into

cell DNA was assessed as previously described (Sachinidis et
al., 1995). VSMCs were seeded in 24-well culture plates and
grown to con¯uence. Then the medium was replaced by
serum-free medium consisting of a mixture of DMEM and

Ham's F-10 medium (1 : 1, v v71). After 24 h cultivation in
serum-free medium, cells were incubated with 1.0% ethanol
or 50 ng ml71 PDGF-BB for 20 h before 3 mCi ml71 [3H]-

thymidine was added. Four hours later the experiments were
terminated by aspirating the medium and subjecting the
cultures to sequential washes with PBS containing 1 mM

CaCl2, 1 mM MgCl2, 10% trichloroacetic acid (w v71) and
ethanol/ether (2 : 1, v v71). Acid insoluble [3H]-thymidine
was extracted using 250 ml well71 of 0.5 M NaOH and

100 ml of this solution was mixed with 5 ml scintillator
liquid (Packard, Ultimagold) and quanti®ed using a liquid
scintillation counter, model Beckman LS 3801, DuÈ sseldorf,
Germany. Fifty ml of the residual solution was used for the

determination of protein using the Bio-Rad protein assay as
described previously (Bradford, 1976). In another set of
experiments, after 24 h cultivation in serum-free medium,

cells were incubated with 1.0% ethanol for 3, 5, 10, 15, 30,
60 min (after 3, 5, 10, 15, 30 and 60 min incubation the
medium was replaced with fresh serum-free medium for a

total of 20 h) and 20 h. Then, 3 mCi ml71 [3H]-thymidine
was added to the serum-free medium. Four hours later the
experiments were terminated as described above.

Determination of cell counts and cell diameter

For cell counting, VSMCs were seeded in 24-well culture plates

(56104 cells well71, well diameter 12 mm) and cultured in
DMEM, supplemented with 10% FCS (v v71), non essential
amino acids, penicillin 100 IU ml71 and streptomycin
100 mg ml71 at 378C for 24 h. Under these conditions, a cell

con¯uence of approximately 70% was reached. The medium
was then replaced by serum-free medium consisting of DMEM
and Ham's F-10 (1 : 1, v v71). After 24 h VSMCs were either

treated with 1.0% ethanol or stimulated with 50 ng ml71

PDGF-BB. After another 24 h the cells were trypsinized and
cell counting as well as determination of cell diameter was

performed using the CASY-1 system based on the coulter
counter principle (SchaÈ rfe, Reutlingen, Germany).

In another set of experiments, VSMCs (approximately 70%

con¯uence) were preincubated in serum-free medium for 24 h.
Cells were then treated with 1% ethanol for 3, 5, 10, 15, 30,
60 min and 24 h (after 3, 4, 10, 15, 30 and 60 min, medium was
replaced with fresh serum-free medium without ethanol). Cell

counting was performed at 24 h using CASY-1.

Apoptosis assay

Apoptosis of VSMCs was determined by the FluoAceTM

apopain assay kit from Bio-Rad based on continuous

¯uorimetric assay of caspase 3 activity as described in the
manual of the Kit. Caspase 3 activity was monitored using
the ¯uorogenic peptide substrate carbobenzoxy-Asp-Glu-

Val-Asp-7-amino-4-tri¯uoromethyl coumarin (AFC). Cas-

Figure 2 E�ect of ethanol on caspase 3 activity in VSMCs.
Con¯uent VSMCs in 10-cm petri dishes were preincubated in 5 ml
serum-free medium for 24 h. VSMCs were treated for 15, 30, 60, 120,
180 min and 24 h with 1.0% ethanol or with 100 nM staurosporine
for 24 h. Cells were then lyzed and apopain activity was measured in
1 ml reaction bu�er containing 1 mM PIPES, 2 mM EDTA, 0.1%
CHAPS, 5 mM DTT and 50 mM carbobenzoxy-Asp-Glu-Val-Asp-7-
amino-4-tri¯uoromethyl coumarin. Fluorescence was measured after
180 min. Caspase 3 activity was expressed as per cent increase of the
¯uorescence at 180 min (the ¯uorescence of untreated cells was
considered as 100%). Results are from a representative experiment
performed in triplicate 10 cm petri dishes and are expressed as
mean+s.e.mean, n=3, *P50.05 for staurosporine e�ect versus
control.

Figure 3 Morphological changes of VSMCs after treatment with
1.0% ethanol. Con¯uent VSMCs were precultured in 24-well plates
for 24 h in serum-free medium. Then cells were treated with 1.0%
ethanol for di�erent time periods. Cells were photographed by phase-
contrast light microscope. After treatment of the cells with ethanol
cells appear more granular and `blebby'. Calibration bar represents
125 mm.
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Figure 4 E�ect of ethanol on the phosphorylation of the p44mapk/p42mapk at Tyr 204 in VSMCs. (a) VSMCs were seeded in culture
dishes (diameter: 3 cm) and cultivated in culture medium until con¯uence. Then the medium was replaced by serum-free medium.
Following 24 h cultivation in the presence and absence of 100 ng ml71 PTX cells were treated with 1.0% ethanol for di�erent time
periods or PDGF-BB (50 ng ml71) for 5 min. Cells were lysed and 30 mg protein were analysed by SDS±PAGE. MAP kinase was
detected by chemiluminescence Western blotting method using speci®c MAP kinase antibody that recognizes the catalytically
activated p42mapk and p44mapk. (b) Following 24 h cultivation of con¯uent VSMCs in serum-free medium, cells were stimulated with
0.1 to 1.5% ethanol for 15 min. (c) Following 24 h cultivation of con¯uent VSMCs in serum-free medium, cells were preincubated
with 20 mM PD98059 for 30 min before treatment with 1.0% ethanol for 15 min. (d) Con¯uent VSMCs were preincubated in serum-
free medium for 24 h before stimulation with 50 ng ml71 PDGF-BB for di�erent time periods. (e) Following 24 h cultivation of
con¯uent VSMCs in serum-free medium, cells were preincubated with 20 mM PD98059 for 30 min before stimulation with
50 ng ml71 with PDGF-BB for 5 min. (a ± e) show representative experiments from three independent experiments. (f and g)
Densitometric analysis from data obtained from three separate experiments showing in (a, b and d). Data are expressed as a per
cent of the phosphorylation of p44mapk/p42mapk at 5 min by PDGF-BB and at 15 min by 1% ethanol (f) or as a per cent of the
phosphorylation by 1.5% ethanol (g) (mean+s.e.mean, n=3, *P50.05 for PDGF-BB-stimulated versus unstimulated cells,
}P50.05 for ethanol-treated versus untreated cells).
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pase 3 enzymatically cleaves the ACF from the peptide and
releases free ACF substrate that can be detected by
measurement of the ¯uorescence at a wavelength of 530 nm

using an excitation wavelength of 380 nm. Brie¯y, con¯uent
VSMCs in 10-cm petri dishes were preincubated in 5 ml
serum-free medium for 24 h before addition of 1.0%
ethanol for di�erent time periods. Cells were then scraped,

centrifuged by 1500 r.p.m. for 5 min and washed three
times with 5 ml PBS. Cells were then suspended in 150 ml
apopain lysis bu�er containing HEPES 10 mM, EDTA

2 mM, 0.1% 3-[3-Cholamidopropyl)dimethylammonio]-1
propanesulphonate (CHAPS), dithiothreitol (DTT) 5 mM,
phenylmethylsulphoxide (PMSF) 1 mM, pepstatin A 15 mM,

aprotinin 1.5 mM and leupeptin 43 mM, pH 7.4, and lysed
by freezing and thawing of the samples by transferring
from a methanol-dry ice bath to a 378C water bath. The

lysed cell extracts were transferred to microfuge tubes and
cell debris were removed by centrifugation at 9000 r.p.m.
for 30 min. Forty ml from the supernatant were used to
determine caspase 3 activity in 1 ml reaction bu�er

containing piperazine-N,N'-bis(2-ethane sulphonic acid
(PIPES) 1 mM, EDTA 2 mM, 0.1% CHAPS, DTT 5 mM

and AFC 50 mM. Fluorescence was measured at 180 min.

Materials

Fura 2/AM and PD98059 were obtained from Calbiochem,
Bad Soden, Germany. DMEM, Ham's F-10 and PBS were
obtained from Gibco BRL (Eggestein, Germany). FCS was

obtained from Boehringer Mannheim, Mannheim, Germany.
PDGF-BB was a gift from Professor Dr JuÈ rgen Hoppe,
Physiological Chemistry, University of WuÈ rzburg, Germany
and was prepared as described previously (Hoppe et al.,

1989). [Methyl-3H]-thymidine (74 GBq mol71) and myo-
[2-3H]-inositol (370 GBq mol71) were obtained from Amer-
sham, Little Chalfont, England. Hybond N+ membranes

and ECL Western blotting detection system were obtained
from Amersham, Little Chalfont, England. PhosphoPlusTM

MAPK antibody Kit was obtained from New England

BioLabs, Inc., Beverly, CA, U.S.A. Ethanol (p.a.) was
obtained from Merck (Darmstadt, Germany). FluorAceTM

apopain assay kit for ¯uorimetric detection of apoptosis was
obtained from Bio-Rad (Munich, Germany).

Statistics

Values are expressed as the arithmetic mean+s.e.mean.
Statistical analysis of the data was performed using the
Mann-Whitney U-test.

Results

As shown in Figure 1a, treatment of VSMCs with 0.3 to 1.5%
ethanol for 24 h resulted in the complete abolition of [3H]-
thymidine incorporation into cell DNA, whereas stimulation

by PDGF-BB resulted in a 3 fold increase. Ethanol at a
concentration of 0.1% had no e�ect on DNA synthesis. The
mean diameter of untreated intact VSMCs was 12.4+0.16 mm
(Figure 1b, control, representative measurement from three
independent experiments). Treatment of the VSMCs with
1.0% ethanol led to the complete death of the VSMCs (Figure

1b, ethanol, no intact VSMCs were observed). In striking
contrast, stimulation of the VSMCs with PDGF-BB (Figure
1b, PDGF-BB) resulted in an increase in cell count from
1.906106+41 000 to 2.376106+82 000 counts ml71 (mean+

s.e.mean, *P50.05 for PDGF-BB-treated versus untreated
cells). The mean diameter of PDGF-BB-treated VSMCs was
13.8+0.25 mm (n=3, mean+s.e.mean, *P50.05 for PDGF-

BB-treated versus untreated cells).
VSMCs were treated for 15, 30, 60, 120, 180 min and 24 h

with 0.1% ethanol and ¯uorescence was measured at 180 min.

As shown in Figure 2, caspase 3 activity was not altered in
ethanol-treated cells whereas treatment of the cells with
100 nM staurosporin resulted in a 6 fold increase of the

caspase 3 activity over the basal value. Staurosporine is a
classic apoptotic trigger (Leist et al., 1997).

Furthermore, ethanol caused time-dependent changes in cell
morphology as inspected by phase contrast microscopy which

correlated with the toxic e�ects of ethanol observed within
24 h of ethanol treatment (Figure 3). After treatment of the
cells with ethanol they appear more granular and `blebby'.

Activation of p44mapk/p42mapk is accompanied by phosphor-
ylation of the Tyr204 residue. When VSMCs were treated with
1.0% ethanol a marked time-dependent phosphorylation of

p44mapk/p42mapk was observed with maximal stimulation at
15 min (Figure 4a). Phosphorylation was decreased to basal
values after 30 min treatment. To address whether Gi proteins
are involved in the signalling transduction pathway of ethanol,

we examined the e�ect of ethanol on p44mapk/p42mapk

phosphorylation in pertussis toxin (PTX) treated cells. As
shown in Figure 4a, there was no di�erence between the

phosphorylated level in PTX-treated and untreated cells.
Treatment of the cells with ethanol (0.3 to 1.5%) for 15 min
caused a dose-dependent activation of p44mapk/p42mapk with

maximal stimulation at a concentration of 1.5% ethanol
(Figure 4b). Ethanol at a concentration of 0.1% did not alter
p44mapk/p42mapk phosphorylation. To elucidate whether activa-

tion of MAP kinase by ethanol occurs via the MAP kinase
kinase (MEK) we investigated the e�ect of ethanol on
phosphorylation of p44mapk/p42mapk isoforms in VSMCs in the
presence and absence of the selective MEK inhibitor [2-2'-
amino-3'-methoxyphenyl)-oxanaphthalen-4-one] (PD98059)
(Dudley et al., 1995). As previously described an almost
complete inhibition of the PDGF-BB-induced activation of

MAP kinase activity in VSMCs was observed in the presence
of 20 mM PD98059 (Bornfeldt et al., 1997). As shown in Figure
4c, treatment of VSMCs with 20 mM PD98059 did not inhibit

ethanol-induced phosphorylation of p44mapk/p42mapk. PDGF-

Figure 5 E�ect of ethanol on induction of c-fos mRNA expression
in VSMCs. Con¯uent cells in cm2 ¯asks were precultured in serum-
free medium for 24 h. Then cells were treated with 1.0% ethanol for
di�erent time periods. Ten mg of total RNA were electrophoresed on
formaldehyde-agarose gels, blotted onto Hybond N+ membranes and
probed with a 32P-labelled 1.0 kb v-fos fragment. The same blot
previously hybridized with 1.0 kb v-fos was rehybridized with a
0.77 kb cDNA probe for b-actin mRNA. Arrows show the 28S
(4.6 kb), the 18S ribosomal RNA (1.8 kb), the 2.2 kb c-fos mRNA
and the 2.0 kb b-actin mRNA.
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BB caused a time-dependent increase of phosphorylation of

p44mapk/p42mapk with maximal phosphorylation at 5 min, which
returned to the basal levels after 30 min (Figure 4d). Treatment
of VSMCs with 20 mM PD98059 markedly inhibited PDGF-

BB-induced activation of p44mapk/p42mapk (Figure 4e). Quanti-
®cation of the band densities by laser scanning densitometry
obtained by three separate experiments show that maximal

phosphorylation of the p44mapk/p42mapk by PDGF-BB and
ethanol occurred at 5 and 15 min, respectively (Figure 4f).
Ethanol dose-dependently increases phosphorylation of the
MAP kinase isoforms reaching a plateau at a concentration of

1.0%. A signi®cant increase was observed at a concentration of

0.3% ethanol. Treatment of the VSMCs with 1.0% ethanol
caused a time-dependent increase of the c-fos mRNA with
maximal induction at 60 to 120 min (Figure 5).

In the absence of 1 mM extracellular Ca2+, 1.0% ethanol
induced an increase in [Ca2+]i from 90 to 500 nM peaking at
10 s (Figure 6, upper curve, representative tracing from three
experiments). After that [Ca2+]i declined toward a stable value

of 190 nM within 60 s. Stimulation of VSMCs in the absence of
extracellular Ca2+ also resulted in an increase in [Ca2+]i from
50 to 400 nM with a peak at 10 s (Figure 6, lower curve).

Subsequently [Ca2+]i declined to the basal value within 30 s.
Ethanol induced an initial rapid cytosolic acidi®cation of

0.07 pHi units that peaked at 30 s, which was followed by an

alkalization toward baseline within 5 min (Figure 7, upper
curve, representative tracing from three experiments). As we
previously described, treatment of the cells with 10 mM HOE

694 completely inhibited the Ang II- and PDGF-BB-induced
stimulation of the Na+/H+ exchanger in VSMCs (Sachinidis et
al., 1996a,b). Following incubation with HOE 694 (10 mM), a
speci®c inhibitor of the Na+/H+ exchanger, ethanol elicited

only intracellular acidi®cation of 0.15 pH units below basal
value (Figure 7, lower curve). Secondary alkalization to
baseline, attributable to activation of the Na+/H+ exchanger,

was not observed. Preliminary experiments demonstrated that

Figure 7 E�ect of HOE 694 on the ethanol-induced intracellular
pHi changes. Con¯uent VSMCs on slides were precultured for 24 h
in serum-free medium. Upper curve, Ethanol was applied to the
BCECF-loaded cells in HEPES bu�er. Lower curve, Cells were
precultured with 10 mM HOE 694 for 2 min before addition of 1.0%
ethanol. After calibration of the ¯uorescence signal by permeabilizing
the cells with 1.3 mM nigericin changes in 492/438 nm excitation
wavelength ratio by the emission wavelength 525 nm were converted
into corresponding levels of pHi (representative curves from three
separate independent experiments).

Figure 6 E�ect of ethanol on [Ca2+]i in VSMCs. Con¯uent VSMCs
on slides were precultured for 24 h in serum-free medium. Then 1.0%
ethanol was applied to fura-2-loaded VSMCs in the presence of 1 mM

Ca2+ (HEPES bu�er) and absence of extracellular Ca2+ (HEPES
bu�er without 1 mM Ca2+ containing 1 mM EGTA) and changes in
¯uorescence were monitored (representative curves from three
separate independent experiments). After subtraction of auto¯uores-
cence, changes in 340/380 nm excitation wavelength ratio by the
emission wavelength of 505 nm were converted into corresponding
levels of [Ca2+]i.
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treatment of the cells with 1.0% ethanol for 1, 3, 6, 10 and
20 min caused a time-dependent increase in InsP1 and InsP2

reaching maximal values at 10 min. However, no stimulation
of InsP3 production was obtained (data not shown). The
ability of ethanol to stimulate intracellular formation of
inositolphosphates was compared to that of PDGF-BB and

Ang II. As previously described, maximal formation of
inositolphosphates by 100 nM Ang II (Griendling et al.,
1986) and 50 ng ml71 PDGF-BB (Sachinidis et al., 1990)

occurs at 3 and 10 min respectively. Therefore, we stimulated
cells with either 1077

M Ang II or 50 ng ml71 PDGF-BB. Ang
II induced a 3.8 fold, 15 fold and 3 fold increase in Insp1, InsP2,

and InsP3, respectively. PDGF-BB caused at 10 min a 16 fold,
45 fold and a 15 fold increase in InsP1, InsP2, and InsP3,
respectively, (Figure 8). Stimulation of the VSMCs with 1.0%

ethanol for 10 min resulted in a 4 fold increase in both InsP1

and InsP2 formation, respectively. No formation of InsP3 was
observed.

These ®ndings demonstrate that ethanol appears to have

two separate e�ects on VSMCs. On the one hand treatment
of VSMCs with ethanol for 24 h causes necrosis of VSMCs.
On the other hand, ethanol stimulates early mitogenic events

normally stimulated by classic growth factors. In order to
distinguish the growth signalling pathway from its toxic
e�ects, VSMCs were treated with ethanol for short times and

then DNA synthesis and the cell number was determined. As
demonstrated in Figure 9a, treatment of VSMCs with 1.0%
ethanol for 3 ± 5 min led to a remarkable increase in DNA
synthesis. Treatment of the cells longer than 30 min

completely inhibited DNA synthesis. Moreover, treatment of
VSMCs with ethanol for 3 min had no signi®cant e�ect on
cell number (Figure 9b) while after treatment for 5 ± 15 min

only 50 or 25%, respectively, of intact VSMCs were
obtained. Remarkably, almost no intact VSMCs were
detected after their treatment with ethanol for longer than

30 min (Figure 9b).

Discussion

Early intracellular signalling events associated with PDGF-BB
or Ang II stimulation of VSMCs are the stimulation of
phosphatidylinositol bisphosphate (PIP2) hydrolysis, release of

[Ca2+]i from intracellular stores, activation of the Na+/H+

exchanger, stimulation of the p42mapk/p44mapk and stimulation
of the c-fos mRNA expression. We found that, similar to

growth factors, ethanol at concentrations of 0.3 ± 1.5% is also
able to stimulate these early events. In striking contrast to
PDGF-BB and Ang II which are potent growth factors for

VSMCs, treatment of the VSMCs with ethanol for longer than
30 min resulted in a complete VSMC death.

It has been established that the classical growth factor
PDGF-BB propagates its mitogenic signals via autophos-

phorylation of the PDGF b-receptor tyrosine residues. This
results in tyrosine phosphorylation of di�erent substrate
proteins such as phospholipase C-g1 (PLC-g1), p21ras GTPase

activating protein (GAP) and phosphatidylinositol-(PI-3)

Figure 9 E�ect of ethanol on [3H]-thymidine incorporation into
VSMCs DNA synthesis and cell counts after treatment of VSMCs
with ethanol for di�erent times. (a) Con¯uent VSMCs were
precultured in 24-well plates for 24 h in serum-free medium. Then
cells were treated with 1.0% ethanol for di�erent time periods. The
medium was then replaced with serum-free medium without ethanol.
After 20 h of incubation, cells were exposed to 3 mCi ml71 [3H]-
thymidine. Four hours later the reaction was terminated and [3H]-
thymidine incorporation into cell DNA and cell protein were
quanti®ed. (b) Con¯uent VSMCs were precultured in 24-well plates
for 24 h of serum-free medium. Then cells were treated with 1.0%
ethanol for di�erent time periods. Then the medium was replaced
with serum-free medium without ethanol. After 24 h the cells were
trypsinized and intact cell counts were determined with the cell
counter system CASY-1 (SchaÈ rfe System). Results are from a
representative experiment from three independent experiments,
performed in triplicate wells and are expressed as mean+s.e.mean,
n=3, *P50.05 for ethanol e�ect versus control.

Figure 8 E�ect of ethanol on the inositolphosphates formation in
VSMCs. Cells were seeded in petri dishes (60 mm diameter) and
grown in the presence of myo-[2-3H]-inositol (4 mCi ml71) until
con¯uence. Then cells were treated with 1.0% ethanol for 10 min or
stimulated with 100 nM Ang II for 3 min and 50 ng ml71 PDGF-BB
for 10 min in a DMEM containing 20 mM LiCl. After extraction,
analysis of inositolphosphates was performed in an anion exchanger
Partisil SAX column by HPLC. Results are from one experiment
performed in triplicate petri dishes and expressed as mean+s.e.mean,
n=3, *P50.05 for ethanol, Ang II, PDGF-BB e�ect versus control.
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kinase all of which carry Src homology region 2 (SH2)-domains
capable of binding to regions of the PDGF b-receptor
containing autophosphorylated tyrosine residues (RoÈ nnstrand

et al., 1992). Activation of p44mapk/p42mapk, is a key step in the
growth signal transduction mediated through tyrosine kinase
receptors such as the PDGD b-receptor. In this context, it has
been postulated that activation of p44mapk/p42mapk is involved

in growth factor-induced expression of immediate-early genes
such as c-fos (Blenis, 1993; Pelech & Sanghera, 1992). It has
been demonstrated that activation of the p44mapk/p42mapk

occurs via MEK by phosphorylation of threonine and tyrosine
residues and that MEK is activated by Raf-1 kinase (Blenis,
1993; Pelech & Sanghera, 1992).

The MAP kinase pathway can also be stimulated in
response to stress factors like irradiation, DNA damaging
chemicals, protein synthesis inhibitors, heat shock, osmotic

imbalance (Fanger et al., 1997; Robinson & Cobb, 1997). We
found that like PDGF-BB and Ang II, the stress factor,
ethanol, was able to stimulate p44mapk/p42mapk.

Treatment of the cells with 20 mM PD98059 resulted in an

80% inhibition of the PDGF-BB-induced phosphorylation of
p44mapk/p42mapk. In contrast to these ®ndings, the MAP kinase
phosphorylation by ethanol was not signi®cantly attenuated

by PD98059 suggesting that MAP kinase activation by ethanol
is not mediated through MEK. Apparently, another kinase(s)
is responsible for the phosphorylation of p44mapk/p42mapk.

There is some evidence supporting our ®ndings. (1) Recently, it
has been shown that the contractile action of similar
concentrations of ethanol was not a�ected by PD98059

whereas the contractile action of epidermal growth factor
(EGF) was signi®cantly inhibited by the MEK inhibitor
(Zheng et al., 1997); (2) the bisperoxovanadium 1,10-
phenanthroline-induced stimulation of MAP kinase in primary

rat hepatocytes could not be abrogated by PD98059,
suggesting that MAP kinases can also be stimulated in a
MEK-independent manner; and (3) MEK-independent path-

ways causing prolonged activation of p44mapk/p42mapk have
been described, dependent on the activation of PI-3 kinase and
conventional PKCs (Grammer & Blenis, 1997).

In concordance with the ®nding that ethanol stimulates
p44mapk/p42mapk we observed an expression of c-fos mRNA. It
is well known that, following stimulation of VSMCs by either
Ang II or PDGF-BB, maximal induction of c-fos mRNA

occurs at 30 min and returns to basal values at 60 min
(Sachinidis et al., 1993; Taubman et al., 1989). In contrast, the
maximal induction of c-fos mRNA by ethanol was observed

after 120 min of treatment. These ®ndings suggest that the
ethanol-induced intracellular mechanisms causing stimulation
of MAP kinases and expression of c-fos mRNA are distinct

from those induced by PDGF-BB and Ang II.
Elevated [Ca2+]i and stimulation of the Na+/H+ exchanger

by growth factors have both been implicated as early

intracellular signals upstream to MAP kinase activation which
may be involved in the regulation of cellular functions such as
contraction and growth (Hepler & Gilman, 1992; Rozengurt,
1986). In this context, another interesting ®nding was that

ethanol increases [Ca2+]i. Like Ang II and PDGF-BB,
elevation in [Ca2+]i in response to ethanol in the presence of
extracellular Ca2+ consisted of an initial rapid [Ca2+]i peak at

10 ± 20 s (designated as the rapid phase) followed by a decline
reaching a steady state (designated as the plateau phase).
Similar to PDGF-BB and Ang II, ethanol caused only the

rapid phase in the absence of extracellular Ca2+. These
®ndings suggest that the ®rst rapid phase of [Ca2+]i may be
caused by phosphoinositide-speci®c phospholipase C metabo-
lites via Ca2+ mobilization from intracellular stores and that

the second phase may be due to a Ca2+-in¯ux from
extracellular Ca2+.

Using the speci®c Na+/H+ exchanger inhibitor HOE 694

we provide evidence that ethanol stimulates the Na+/H+

exchanger. Inhibition of the Ang II- and PDGF-BB-induced
stimulation of the Na+/H+ exchanger by HOE 694 has already
been shown (Sachinidis et al., 1996a,b). It is established that

Ang II and PDGF-BB activate the phosphatidylinositol-
speci®c phospholipase C (PLC)-b or PLC-g1, respectively,
resulting in an elevation of InsP3 and diacylglycerol (DAG)

(Griendling et al., 1986; Sachinidis et al., 1990). It is assumed
that DAG stimulates protein kinase C (PKC) resulting in an
activation of the Na+/H+ exchanger (Berridge & Irvine, 1989).

Therefore, we examined whether plasma membrane phospho-
inositol metabolites may be involved in the e�ects exerted by
ethanol. We found that like Ang II and PDGF-BB, ethanol

induced formation of InsP1 and InsP2. Also, like Ang II,
ethanol caused a 4 fold increase in InsP1. In comparison to
Ang II that caused a 15 fold increase in InsP2, ethanol induced
only a 4 fold elevation of InsP2. One noteworthy ®nding was

that in contrast to PDGF-BB and Ang II, InsP3 formation was
not observed by ethanol. There are three possible explanations
for this ®nding. (1) InsP3 is rapidly hydrolyzed to InsP1 and

InsP2; (2) InsP1 and InsP2 are derived from phosphatidylino-
sitol phosphate (PIP1); or (3) it is possible that ethanol may
stimulate formation of InsP3 earlier than 60 s which represents

the ®rst time point from our preliminary studies (data not
shown). Since it is assumed that InsP3 mobilizes Ca2+ from
intracellular stores and ethanol stimulates elevation of [Ca2+]i
in the absence of extracellular Ca2+ we favour the third
hypothesis. In addition, we suggest that hydrolysis of PIP2 by
ethanol occurs via a direct stimulation of phospholipase C.
These observations agree with the ®ndings suggesting that

ethanol stimulates a PLC-dependent elevation of InsP3 and
Ca2+ mobilization in rat hepatocytes (Hoek et al., 1990). The
same group also suggest that activation of PLC occurred due

to an interaction of ethanol with the intramembrane complex
of receptor guanosine triphosphate (GTP) binding protein (G
protein) and PLC, presumably causing the release of bound

guanosine diphosphate (GDP) and the subsequent activation
of G protein that controls the PLC activity (Hoek et al., 1990).
In this context, it is established that the pertussis toxin-
insensitive Gq subfamily can couple to several receptors and

thereby modulate the speci®c PLC-b1 which catalyses the
hydrolysis of PIP2 with subsequent formation of InsP3 and
DAG. Since we demonstrated that PTX did not in¯uence

phosphorylation of p44mapk/p42mapk we may suggest that in
contrast to Gq proteins, PTX-sensitive Gi proteins do not play
a decisive role in the early signalling events caused by ethanol.

Furthermore, we found that treatment of VSMCs with ethanol
for 3 ± 5 min resulted in a marked increase in DNA synthesis
without cell division. This ®nding suggests that the ethanol-

induced early mitogenic signals promote only transition of the
cells from the G0/G1 phase to the S phase of the cell cycle
without progression to the M phase. In this context, it is well
established that the early mitogenic signals determined in the

present study are essential for progression from the G0/Gi

phase to the S phase of the cell cycle (Murray & Hunt, 1993).
Treatment of the cells for longer than 30 min resulted in

complete cell death. These ®ndings suggest that stimulation of
the early mitogenic signals including the stimulation of
p44mapk/p42mapk may represent a secondary stress-induced

event by which the cells attempt to counteract the toxic e�ects
of ethanol. Caspase 3 (apopain) is derived from the proenzyme
CPP32 at the onset of apoptosis (Goldberg et al., 1996). Since
ethanol did not in¯uence the activity of caspase 3 we suggest
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that ethanol promotes necrosis of VSMCs which might be
mediated by a damage to plasma membranes.

We suppose that the activation of these signals re¯ects a cell

e�ort to protect itself from a toxic substance that mediates cell
death. Moreover, our results illustrate the need for a careful
interpretation of all data regarding the antiproliferative e�ect
of ethanol on di�erent cell types including VSMCs (Hen-

drickson et al., 1998; Liu et al., 1997), hepatocytes (Chen et al.,
1998; Tombes et al., 1998) and glia cells (Luo & Miller, 1997).

Furthermore since ethanol at concentrations greater than
0.1% stimulates early intracellular events normally induced by
growth factors, our results illustrate the need for a careful

interpretation of all data obtained in biomedical research by
the use of ethanol soluble agents. In order to avoid early
intracellular events induced by ethanol its ®nal concentration
should be lower than 0.1% ethanol (17 mM).
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