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As we previously demonstrated in human hepatocellular carcinoma (HepG2) cells, ethanol at low concentration
triggers the Fas apoptotic pathway. However, its role in other intracellular signaling pathways remains unknown.
Therefore, the aim of the present study was to evaluate the role of low concentration of ethanol on different
intracellular si%naling pathways. For this purpose, HepG2 cells were treated with 1 mM ethanol for 10 min and
the phosphorylation state of protein kinases was determined. In addition, the mRNA levels of transcription

factors and genes associated with the Fas apoptotic pathway were determined. Our data demonstrate

that
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mechanisms in HepG2 cells. Pro-apoptosis resulted mainly from the strong inhibition of the G-protein couple
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1. Introduction

Apoptosis is a highly organized form of cell death
that takes place in normal physiological processes,
such as development, homeostasis, tissue turnover,
and immune response. Hereby, a balance between cell
survival and cell death (apoptosis and necrosis) is
mandatory. Apoptosis also plays an important role in
different pathological conditions (i.e. cancer,
autoimmune  disease and neurodegeneration)
including alcoholic liver disease (ALD) [1].

The toxic effect of ethanol in the liver has been
extensively demonstrated in several animal and
clinical studies [2-8]. The hepatotoxic effect of ethanol
directly correlates with time of exposure and the
applied concentration [2-5]. High concentrations of
ethanol lead to necrotic cell death [6]. This results from
induction of the cytochrome P4502E1 (CYP2E1) with
subsequent production of reactive oxygen species [5, 7,
8]. Interestingly, ethanol at low concentration causes
apoptosis  preferentially [9-11]. At such low
concentration, ethanol-induced apoptosis in human
hepatocellular carcinoma (HepG2) cells is triggered by
activation of the Fas receptor [12], a member of the
tumor necrosis family, with subsequent activation of

the intracellular adapter protein FADD (Fas
Associated Death Domain) and caspase-8 [13, 14].
Caspase-8 represents the key component of
ethanol-induced apoptosis when applied at low
concentration, as confirmed by completely
suppressing apoptosis after caspase-8 inhibition [12].

Fas receptor activation has been involved not
only with the apoptotic process, but also with
triggering of other intracellular signaling pathways [15,
16]. These include the mitogen-activated protein
kinase (MAPK) pathway [13, 17-19], and the
transcription factor NFxB signal cascade [20, 21].
However, the effect of low concentration of ethanol in
the intracellular signaling pathways activated by the
Fas receptor pathway has not been documented.
Therefore, the aim of the present study was to
determine the effect of ethanol exposure at low
concentration (1 mM) on protein kinases
phosphorylation in human hepatocellular carcinoma
(HepG2) cells. In addition, the effect of protein kinases
phosphorylation on the expression of transcription
factors and subsequent gene expression was
determined.

Low concentration of ethanol seems to have a
potential therapeutic effect for the treatment of human
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hepatocellular carcinoma; however, its mechanisms of
action remain to be determined. This work represent
the first step in our understanding of the
pathophysiological mechanisms associated with
ethanol exposure at low concentration, which are
needed to establish its use as a potential target for the
treatment of human hepatocellular carcinoma.

2. Methods

Human hepatocellular carcinoma (HepG2) cells

HepG2 cells, derived from human hepatocellular
carcinoma (obtained from Deutsches
Krebsforschungszentrum Heidelberg, Germany) were
seeded in 250 ml tissue culture flasks (Falcon-Becton
Dickinson, Heidelberg, Germany) at 1x105/ml
concentration in 10 ml RPMI-1640 medium
supplemented with 10% fetal bovine serum
(Boehringer Mannheim, Mannheim, Germany), 100
U/ml penicillin and 100 pg/ml streptomycin (ICN
Flow, Meckenheim, Germany) at 37°C in a humidified
atmosphere of 7.5% CO,. After 7 days of cell culture,
the cells were harvested with 0.05% trypsin / 0.02%
EDTA (Gibco BRL, Eggersheim, Germany). Cells were
seeded in 6-well plates (Falcon-Becton Dickinson,
Heidelberg, Germany) at concentrations of 1x105/ml.
Six sets of experiments were performed (n=6). Each set
consist of two groups as follow: HepG2 cells treated
with 1 mM ethanol and HepG2 cells without ethanol
treatment as a control.

The rationale for using a low concentration of
ethanol, namely 1 mM, was based on previous
reported studies in which the potential therapeutic
effect of such concentrations has been proposed [11]. In
addition, human hepatocellular carcinoma (HepG2)
cells were studied without comparing against normal
hepatocytes because of the way HepG2 cells
metabolize ethanol and because of the selective
induction of apoptosis without necrosis observed in
HepG2 cells exposed to 1 mM ethanol [9], which has
not been observed in normal hepatocytes.

Assessment of protein kinases phosphorylation

For protein kinase phosphorylation studies,
HepG2 cells were exposed to low ethanol
concentration (1 mM; Merck, Darmstadt, Germany) for
10 min. After treatment, total cell lysates were
prepared as described by Zhang et al. [22]. Briefly, cells
were washed twice with ice-cold phosphate-buffered
saline (PBS; Gibco BRL, Eggenstein, Germany);
scraped in lysis buffer (20 mM Tris, 20 mM
B-glycerophosphate, 150 mM NaCl, 3 mM EDTA, 3
mM EGTA, 1T mM NazVOy, 0.5% Nonidet P-40, and 1
mM dithiothreitol); supplemented with 1 mM
phenylmethanesulfonyl fluoride, 2 pg/ml leupeptin, 4
pg/ml aprotinin, and 1 pg/ml pepstatin A; and
sonicated for 15 sec. Cell debris was removed by
centrifugation at 1400 x g for 30 min at 4 °C. Protein
concentration was determined by the Bradford assay
[23]. Protein kinase phosphorylation state was
assessed using phospho-antibody screening KPKS-1.0
(Kinexus Bioinformatics Corporation, Vancouver,

161

Canada). For this, the Kinetikworks protocol was used
[24]. Briefly, 300 pg of total protein was blotted on a
13% single lane SDS-polyacrylamide gel and
transferred to nitrocellulose membrane. By using a
20-lane multiblotter from Bio-Rad (Munich, Germany),
the membrane was incubated with different mixtures
of up to three antibodies per lane that react with a 75
known phosphorylated cell signaling proteins of
distinct molecular masses. After further incubation
with a  mixture of relevant horseradish
peroxidase-conjugated secondary antibodies (Santa
Cruz Biotechnology, Heidelberg, Germany), the blots
were developed using ECL Plus reagent (Amersham
Biosciences, Freiburg, Germany), and signals were
quantified using Quantity One software (Bio-Rad). The
obtained values were normalized to untreated HepG2
cells and the phosphorylation change in percent was
calculated. All values showing an increase or decrease
equivalent to 25% or more were considered significant.

Assessment of ethanol-induced apoptosis by DNA
fragmentation after GPCR inhibition

Inhibition of G-protein coupled receptors (GPCR)
was performed using heparin (0.10 IU/ml) or pertussis
toxin (20 pM). All chemicals were purchased from
Sigma Aldrich (Seelze, Germany). HepG2 cells were
pre-treated for 30 min with GPRC inhibitors followed
by a washed step and incubated with ethanol (1 mM)
for 24 h. Then, ethanol-induced apoptosis was
analyzed by a double-fluorescence staining technique
with Hoechst 33342 (excitation 330-380 nm, emission
460 nm; Molecular Probes, MoBiTec, Gottingen,
Germany) and propidium iodide (excitation 590 nm
and emission 620 nm; Molecular Probes, MoBiTec,
Gottingen, Germany) as described previously [25].
Briefly, after 24 hours of ethanol incubation, 20 ng/ml
propidium iodide and 100 pg/ml Hoechst 33342 were
incubated for 15 min at 37°C in the dark. After staining,
the cells were immediately examined using a Leitz
DM-IRB fluorescence microscope. The numbers of cells
with apoptosis-associated alterations of the nuclei and
without membrane barrier dysfunction were
determined within a field of view at a magnification of
X400. A total of 10 randomly selected fields were
counted per well. The numbers of altered cells were
averaged an expressed as percentage of total cells.

Quantitative real-time polymerase chain reaction

Quantitative real-time PCR was used to evaluate
the effect of ethanol on mRNA expression level of
different transcription factors as well as the expression
of genes of the Fas receptor signaling pathway,
including Fas receptor, Fas ligand, FADD and caspase
8. Total RNA was isolated from HepG2 cells using
RNAsy kit (Qiagen) and RNA quality was evaluated
using Agilent RNA 6000 Nano Chip Kit and
Bioanalyzer 2100 (Agilent, Bobligen, Germany).
Real-time RT-PCR was performed using the
QuantiTect SYBR green RT-PCR kit (Qiagen, Hilden,
Germany). Specific primers for transcription factor
(AP1, SRF, Elk1, Statl and NFxB) and members of the
Fas receptor signaling pathway (Fas receptor, Fas
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ligand, FADD and caspase 8) were used. Primer design
was performed with the Primer Express 2.0 software
from ABI Prism, Applied Biosystems (Darmstadt,
Germany) and obtained from MWG-Biotech AG
(Ebersberg, Germany). Fas receptor forward, 5-CTT
TTC GTG AGC TCG TCT CTG A-3’; Fas receptor
reverse, 5'-CTC CCC AGA AGC GTC TTT GA-3’; Fas
ligand forward, 5-CCA GCT TGC CTC CTC TTG
AG-3; Fas ligand reverse, 5-TCC TGT AGA GGC
TGA GGT GTC A-3; FAAD forward, 5-GGT GGA
GAA CTG GGA TIT GAA C-3; FAAD reverse,
5-CGC CAC AGT GGT TGA GCA T-3’; caspase 8
forward, 5-GCA AAA GCA CGG GAG AAA GT-3;
and caspase 8 reverse, 5-TGC ATC CAA GTG TGT
TCC ATT C-3’. Quantitative real-time PCR
determination using the Optical System Software (1Q5
version 1.0) provided with the BioRad iQ5 cycler
(BioRad, Munich, Germany) was performed.

Statistical Analysis

Data are expressed as mean values + standard
deviation (SD). Results from HepG2 cells treated with
1mM concentration of ethanol were compared to
non-treated HepG2 cells (control cells) using Student's
t-test. Statistical significance was assumed at p level
<0.05 level. SigmaPlot software version 8.02 (Systat
Software, Erkrath, Germany) was used for statistical
analysis.
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3. Results

Short exposure to 1 mM ethanol induces
phosphorylation of protein kinases

Table 1 shows the effect of 1 mM ethanol on
protein kinases phosphorylation in HepG2 cells after
10 min exposure time compared to untreated cells.
Ethanol caused a strong inhibition of the GPCR
signaling pathway as shown by phosphorylation of
GRK2 and PKCa; with values of 109% and 104%,
respectively, combined with dephosphorylation of
ROKa, PKCS and PKCp; with values of -56%, -44%
and -28% of control cells, respectively. These findings
resulted in a pro-apoptotic effect that was intensified
by a slight inhibition of the JNK and the NFxB
signaling pathway as demonstrated by a reduced
phosphorylation of MEK4, IKKa, JNK and MEK6; with
values of -36%, -33%, -27% and -26%, respectively. The
pro-apoptotic effect was also induced by a slight
activation of the cell death receptor signaling pathway
with increased phosphorylation of DAPK3 and
DAPKI1 equivalent to 56% and 38%, respectively. On
the other hand, an anti-apoptotic effect was also
activated, as shown by an increased phosphorylation
of members of the ERK and the CDK signaling
pathways, including ERK2, RSK2, CDK9, CDK6, CDK7
and RSK1 with values of 50%, 48%, 38%, 35%, 29%,
26% and 26 %, respectively.

Table 1 Effect of 1 mM ethanol on various signaling transduction pathways leading to apoptosis

Protein Abbreviation Type Phosphorylation Ethanol
% of control effect

G-protein coupled receptor signaling
G protein-coupled receptor kinase 2 GRK2 PSTK +109
Protein kinase C alpha PKCa PSTK +104 strong inhibition
RhoA kinase alpha ROKa PYK - 56 =
Protein kinase C delta PKCd PSTK - 44 pro-apoptotic
Protein kinase C mu PKCu PSTK - 28
Mitogen-activated protein Kinase signaiing
ERK signaling pathway
Extracellular regulated kinase 2 ERK2 PSTK + 50 slight activation
Ribosomal S6 kinase 2 RSK2 PSTK + 48 =
Extracellular regulated kinase 1 ERK1 PSTK + 26 anti-apoptotic
Ribosomal S6 kinase RSK1 PSTK + 26
JNK signaling pathway i .
MAP kinase kinase 4 MEK4 PTYK 36 slight inhibition
Stress-activated protein kinase (JNK) JNK (SAPK) PSTK - 27 = i
MAP kinase kinase 6 MEK6 PTYK - 26 pro-apoptotic
NFkB signaling } slight inhibition
Inhibitor of NFkB kinase alpha IKKa PSTK 33 = i

pro-apoptotic
Cyclin-dependent signaling
Cyclin-dependent kinase 9 CDK9 PSTK + 38 slight activation
Cyclin-dependent kinase 6 CDK6 PSTK + 35 =
Cyclin-dependent kinase 7 CDK7 PSTK + 29 anti-apoptotic
Cell death receptor signaling slight activation
Death associated protein kinase 3 DAPK3 PSTK + 56 =
Death associated protein kinase 1 DAPK1 PSTK + 38 pro-apoptotic

PSTK = protein-serine/threonine kinase -
PYK = protein-tyrosine kinase apoptotlc
PTYK = protein-threonine/tyrosine kinase
effect
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Neutralization of membrane receptors blocks ethanol-induced apoptosis

Based on the strong inhibition of the G-protein coupled receptor signaling pathway observed after ethanol
exposure, we analyzed further the role of this pathway in ethanol-induced apoptosis. For that purpose,
experiments with specific inhibitors with subsequent determination of the apoptotic rate were carried out. As
shown in Figure 1, we found that ethanol-induced apoptosis after ethanol exposure was increased by 33%
compared to control HepG2 cells (without ethanol exposure). In contrast, specific inhibitors of the G-protein
couple receptor, such as heparin and pertussis toxin, resulted in increased apoptosis with values of 45% and 70%,
respectively. These data confirm the role of G-protein coupled receptors as a regulatory mechanism of

ethanol-induced apoptosis.

Figure 1 Effect of inhibitors of G-protein 100 -
coupled receptors (GPCR) on
ethanol-induced apoptosis in HepG2 cells. U
Results are expressed as percent of control 80 -
HepG2 cells (without ethanol exposure).
Results are the mean of six different 35 | —
experiments (n=6). Error bars represents £
standard deviations. Significance is shownas 8 60 -
the difference between ethanol-treated and 5
control cells * p < 0.05. X 50
Y -
g 40-

Ethanol-induced protein kinases § 30 -
phosphorylation activates the expression <
of transcription factors 20 +

Figure 2 shows the effect of a 10 -
millimolar ethanol concentration on
mRNA levels of AP1, Elk1, Statl, SRF and 0 ﬁ 4
NFkB after 2, 4 and 6 hours of ethanol Ethanol Heparin Pertusssis toxin
exposure using relative quantitative real [1mM] (0.1 1U/mi] [20 pM]
time PCR. The transcription factor AP1 Ethanol Ethanol
did not reveal any significant difference [1mM] [1mM]

after 2, 4 and 6 hr ethanol exposure
compared to controls. The mRNA expression level of
Elk1 and Statl showed time dependent increases in
mRNA expression levels of approximately 1-fold after
2 h of ethanol exposure, and 2-fold after 6 hr exposure.
SRF was significantly increased after 2 hr by 7-fold
with subsequent decrease to about only 1-fold after 4
Figure 2 Time course changes in mRNA 14 -
levels of transcription factors in HepG2 cells
exposed to 1mM ethanol concentration
expressed as a relative fold change compared
to control HepG2 cells (not exposed to
ethanol). White, gray and black bars represent
2, 4 and 6 hr exposure times, respectively.
Results are the mean of six different
experiments (n=6). Error bars represents
standard deviations. Significance is shown as
the difference between ethanol-treated and
control cells at 2 h (* p < 0.05), 4 h (T p <
0.05), and 6 h (# p < 0.05).

12 4

10 4

Ethanol regulates the expression of genes
of the Fas signaling cascade

To further investigate the role of
ethanol-induced apoptosis on gene
expression, the mRNA level of Fas
receptor, Fas ligand, FADD, and caspase 8, 0

Relative fold change compared to control

hr and 6 hr. In contrast, NFxB was significantly
increased after 2 hr of ethanol exposure with a
maximal effect seen after 6 hr, representing increases
of 1- and 12-fold, respectively. These data confirm the
effect of ethanol on intracellular signal transduction
resulting in increased expression of transcription
factors.

were examined using relative quantitative
real time PCR. As shown in Figure 3,

AP1 Elk1 Stat1 SRF NF«xB

Transcription factors
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HepG2 cells exposed to ethanol for 6 h showed
significantly increased mRNA expression levels for Fas
receptor, Fas ligand, FADD and caspase 8; equivalent
to 1.3, 1.8, 3.7 and 7.3-fold, respectively, when
compared to cells non treated with ethanol. Fas
receptor expression was similar after 6 and 24 hr, while
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Fas ligand expression significantly increased by
2.7-fold after 24 hr of ethanol exposure. In contrast,
mRNA expression of FADD and caspase 8 were
significantly decreased by 2.2 and 5.6, respectively,
after 24 hr exposure of ethanol.

Figure 3 mRNA expression levels of members of the Fas signaling cascade in HepG2 cells exposed to 1mM ethanol
concentration expressed as a relative fold change compared to control HepG2 cells (not exposed to ethanol). White and
black bars represent 6 and 24 hr exposure times, respectively. Results are the mean of six different experiments (n=6). Error
bars represents standard deviations. Significance is shown as the difference between ethanol-treated and control cells at 6 h

(* p<0.05) and 24 h (t p < 0.05).
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4. Discussion

The working hypothesis of the present study was
that apoptosis induced by low concentration of ethanol
(namely 1 mM) in HepG2 cells is regulated through the
interaction of both pro-apoptotic and anti-apoptotic
signaling pathways. The pro-apoptotic effect induced
by ethanol was demonstrated by a strong inhibition of
GPCR signaling pathway in association with a slight
inhibition of JNK and NFxB signaling in association
with a slight activation of the cell death receptor
signaling. In addition, ethanol also phosphorylated
protein kinases belonging to signal transduction
pathways with an anti-apoptotic effect such as ERK
and CDK. These data, corroborate that
ethanol-induced phosphorylation of protein kinases
modulates both anti-apoptotic and pro-apoptotic
mechanisms, and suggests that ethanol at low
concentration shifts the balance into the apoptotic
direction after its initial effect on protein kinases
phosphorylation.

The most strikingly and novel finding obtained
hereby was the strong inhibition of the GPCR signaling
pathway induced mainly by increased
phosphorylation of GRK2. This finding suggests an
important regulatory role of ethanol-induced
apoptosis through early phosphorylation of GRK2.
Our data correlates with the reported involvement of
this protein kinase in the regulation of signal

transduction initiated through the GPCR [26, 27].
Furthermore, the regulatory mechanism of
ethanol-induced apoptosis through the GPCR
signaling pathway was also confirmed by the
increased apoptotic rate observed after neutralization
of GPCR. These findings provide a novel insight into
the molecular mechanism of action exerted by the
exposure of 1 mM ethanol concentration in human
hepatocellular HepG2 cells.

We found that ethanol-induced phosphorylation
of protein kinases lead to an increased expression of
transcription factors (AP1, Elk1, Statl, SRF and NFxB).
This finding correlates with the reported activation of
transcriptions factors through the different signaling
pathways [28-32]. In addition, the observed increased
expression of transcription factors subsequently
resulted in an induction of gene expression, which
seems to be also regulated through the interaction of
various intracellular signaling pathways. It has been
reported that MAPK signal cascade induces Fas ligand
expression as well as Fas ligand promoter activation in
T lymphocytes [33]. Our data confirmed the increased
expression of genes associated with the Fas-signaling
cascade (including Fas receptor, Fas ligand, FADD and
caspase 8).

The NFxB signaling pathway is known to be one
of the key regulators of anti-apoptotic processes
observed in human hepatocytes derived cell lines [34,
35]. Studies performed in T cells have demonstrated
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that the NFxB signaling pathway mediates cell growth
and protection against apoptotic cell death [36]. The
kinase IKKa plays a key step in the activation of NFxB
[37]. Our data demonstrated that ethanol inhibits the
anti-apoptotic effect of the NFxB signaling pathway by
reducing the phosphorylation of IKKa. Moreover, the
increased expression of mRNA levels of NFxB after 6
hr of ethanol exposure, suggests a regulatory role of
this pathway in ethanol-induced apoptosis.

Taking these data together, we propose a
regulatory mechanism of ethanol-induced apoptosis in
HepG2 cells (as described in Figure 4 and 5). This
regulatory mechanism results from the balanced
interaction between pro-apoptotic and anti-apoptotic
effects of various intracellular signaling pathways.
Specifically, ethanol at low concentration induced a
biphasic effect in HepG2 cells, characterized by a rapid
transient effect on protein kinases, after 10 min
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exposure, followed by increased expression of
transcription factors up to 6 hr (early events phase)
and a second persistent activation of gene expression
that began after 6 hr and persisted for more than 24 hr
(late events phase). The early events phase was
characterized by significant change in the
phosphorylation state of protein kinases with
subsequent induction of transcription factors. Such
changes were associated with either inhibition or
activation of various intracellular signaling pathways
leading to a pro-apoptotic effect. These findings
suggest that low concentration of ethanol shifts the
balance into the apoptotic direction after its initial
effect on protein kinases. The second phase or late
events, between 6 and 24 hr is characterized by
expression of Fas-associated genes (including Fas
receptor, Fas ligand, FADD and caspase 8).

Figure 4 Regulatory mechanism of low concentration of ethanol resulting from the balanced interaction between
pro-apoptotic and anti-apoptotic effects of various intracellular signaling pathways.

Ethanol
[1 mM]
|
GPCR MEK NFKB DAPK ERK CDK
signaling signaling signaling signaling signaling signaling
pro-apoptotic anti-apoptotic
effect effect
Ethanol-induced
Apoptosis
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Figure 5 Proposed model of the regulatory mechanisms associated with ethanol-induced apoptosis in HepG2 cells exposed

to 1mM ethanol concentration.

Ethanol

10 min 2 hr 6 hr

[1mM]
12 hr
Protein kinases Transcription factors Gene Gene
phosphorylation activation expression expression
Caspase §
Activation
(s ee ref. 14)

24 hr

< <]

Early events phase

=

Late events phase

In this study, treatment with 1mM ethanol
concentration induced up-regulation of caspase 8§,
which is the key molecule of ethanol-induced
apoptosis through Fas receptor activation. These data
corroborate the increased activity of caspase 8
previously reported after 12 hr of ethanol exposure
[12]. This finding suggests that low concentration of
ethanol plays a very important role in the modulation
of ethanol-induced apoptosis through simultaneous
induction of anti- and pro-apoptotic events. Thus,
apoptosis induced by a low concentration of ethanol
seems to be regulated by protective mechanisms
resulting from activation of anti-apoptotic pathways.
Moreover, the interaction between both pro- and
anti-apoptotic processes, induced by short-term
exposure of ethanol at low concentration, does
represent an important new mechanism to consider in
the pathophysiology of ethanol-induced effects on
HepG2 cells.

In conclusion, the data obtained in the present
study support our working hypothesis and confirm a
balance between pro- and anti-apoptotic effects.
Ultimately, the fine balance between these two
processes would lead to a controlled regulation of
ethanol-induced apoptosis in HepG2 cells exposed to
low concentrations of ethanol. The findings of the
present study provide new evidence that ethanol at
low concentration is not simply an activator of Fas
receptor-induced apoptosis. This model represents the
basis  for  further studies addressing the
pathophysiological mechanisms of exposure to low
concentration of ethanol in HepG2 cells, and provides
information about potential targets for the treatment
strategies of human hepatocellular carcinoma.
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