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a b s t r a c t

Ethanol intake during pregnancy and lactation induces severe changes in brain and liver throughout
mechanisms involving growth factors. These are signaling molecules regulating survival, differentiation,
maintenance and connectivity of brain and liver cells. Ethanol is an element of red wine which contains
also compounds with antioxidant properties. Aim of the study was to investigate differences in hepa-
tocyte growth factor (HGF), vascular endothelial growth factor (VEGF), glial cell-derived neurotrophic
factor (GDNF) and nerve growth factor (NGF) in brain areas and liver by ELISA of 1-month-old male mice
exposed perinatally to ethanol at 11 vol.% or to red wine at same ethanol concentration. Ethanol was
administered before and during pregnancy up to pups’ weaning. Ethanol per se elevated HGF in liver and
GF
GF
EGF
DNF

cortex, potentiatied liver VEGF, reduced GDNF in the liver and decreased NGF content in hippocampus
and cortex in the offspring. We did not find changes in HGF or NGF due to red wine exposure. However, we
revealed elevation in VEGF levels in liver and reduced GDNF in the cortex of animals exposed to red wine
but the VEGF liver increase was more marked in animals exposed to ethanol only compared to the red
wine group. In conclusion the present findings in the mouse show differences in ethanol-induced toxicity

tered
red w
when ethanol is adminis
properties present in the

. Introduction

Growth factors are signaling molecules that are able to influence
urvival, differentiation, maintenance and connectivity of different
ells, including brain and liver cells (Allen and Dawbarn, 2006; Levi-
ontalcini, 1987; W. Sun et al., 2002). Prominent growth factors

laying critical roles in the physiopathology of brain and liver cells
re nerve growth factor (NGF) and hepatocyte growth factor (HGF).
ascular endothelial growth factor (VEGF) and glial cell-derived

eurotrophic factor (GDNF) have also been found to be produced
y and acting upon brain and liver cells (Burke, 2006; Maharaj et
l., 2006). Prenatal ethanol intake is known to cause a plethora of
ehavioral, biochemical and structural effects in postnatal life in

∗ Corresponding author at: Istituto di Neurobiologia e Medicina Molecolare, Con-
iglio Nazionale delle Ricerche (CNR), via del Fosso di Fiorano 64, 00143 Roma, Italy.
el.: +39 06501703239; fax: +39 06501703313.

E-mail address: mfiore@inmm.cnr.it (M. Fiore).
URL: http://www.marcofiore.com.

378-4274/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2009.04.013
alone or in red wine that may be related to compounds with antioxidant
ine.

© 2009 Elsevier Ireland Ltd. All rights reserved.

the liver and brain (Addolorato et al., 1997; Niccols, 2007). How-
ever, the mechanisms throughout which these deleterious effects
occur, as well as the effects induced in the constitutive concentra-
tion of these important signaling molecules are not known. It has
been shown that acute and chronic ethanol treatment enhances the
production of reactive oxygen species, lowers cellular antioxidant
levels, and increases oxidative stress in many tissues, especially the
liver and the brain. Ethanol-induced oxidative stress plays a major
role in the mechanisms by which ethanol produces liver and brain
injury (Dey and Cederbaum, 2006). Using a mouse model of early
ethanol administration (Fiore et al., 2009) the aim of the present
study was to investigate differences in toxicity due to early (pre-
natal and postnatal up to weaning) chronic ethanol or red wine
consumption (at same ethanol concentration, 11%) on the levels of
HGF, VEGF, NGF and GDNF in the liver, and brain.
2. Materials and methods

2.1. The mouse model of ethanol and red wine administration

CD-1 outbred female mice were housed singularly in Plexiglas cages
(33 cm × 13 cm × 14 cm) under standardized conditions with pellet food (enriched

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:mfiore@inmm.cnr.it
dx.doi.org/10.1016/j.toxlet.2009.04.013
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wine. In the liver and in the cortex, animals exposed to ethanol only
had highest values when compared to the red wine group or to con-
trols (ps < 0.05 in the ANOVA and post hoc). No differences between
groups were scored for the hippocampus.
M. Fiore et al. / Toxicolog

tandard diet purchased from Mucedola, Settimo Milanese, Italy). A 12L:12D lighting
egime was used. To fully mimic chronic ethanol exposure the liquid administration
tarted 60 days before pregnancy as previously shown (Fiore et al., 2009). Dams
ere divided in three groups: ethanol, red wine and sucrose (n = 6 for each group).
nimals of the ethanol group received ad libitum, as only source of liquid, ethanol

11 vol.%) dissolved in water (Carneiro et al., 2005; Dubois et al., 2006). Ethanol
sed for the preparation of the drinking solutions was obtained from Merck (Darm-
tadt, Germany) and was of analytical grade. Red wine ad libitum (11 vol.%, red wine
rom different grapes of different regions of center Italy) was the only source of liq-
id in the red wine group. The sucrose group received sucrose dissolved in water
t equivalent caloric intake of the ethanol group and was used as control group.
his treatment schedule ended at the time of pups weaning. This method of liquid
dministration was chosen to limit stress due to handling to pregnant mice. Fluid
ntake was measured regularly and the amounts consumed were calculated (Fiore
t al., 2009). All groups received pellet food ad libitum as above. Mating took place
ver a period of 2 days. The day of plug detection was designated as gestational
ay 0. At birth each litter was reduced to four males and four females when possi-
le to maintain a uniform sex ratio as previously shown (Cirulli et al., 1997). Pups
emained with their own mother. Only male mice were used. All efforts were made
o minimize and reduce animal suffering and for limiting the number of animals
sed. All animal experiments were carried out following the procedure described
y the guidelines of the European Community Council Directive of 24 November
986 (86/609/EEC).

The red wine used in the study (Vignetta, Caldirola, Italy) contains more than
00 total polyphenols expressed as gallic acid equivalents in mg/l of red wine. In
articular, anthocyanins values expressed as cyanidin chloride equivalents in mg/l
f red wine were more than 160 (Fiore et al., 2009).

.2. HGF, VEGF, GDNF and NGF determination

Growth factors were analyzed in the liver, frontal cortex and hippocampus
f 1-month-old mice with ELISA kits following the indication provided by the
anufacturer. Animals were sacrificed by CO2 exposure and the brain and liver
ere quickly removed. Brain areas were dissected according to the Mouse Brain
tlas (Franklin and Paxinos, 1997). The tissues were homogenized with ultra-
onication in extraction buffer (0.01 M Tris–HCl buffer, pH 7.4, containing 0.1 M
aCl, 1 mM EDTA, 1 mM EGTA 2 mM PMSF, 50 mM leupeptin, 100 �g/ml pep-

tatin, and 100 �g/ml aprotinin) and centrifuged at 4 ◦C for 10 min, 13,000 rpm
nd supernatants were recovered (EDTA, ethylenediamine-tetraacetic acid; EGTA,
thyleneglycol-tetraacetic acid; PMSF, phenylmethylsulfonyl fluoride). HGF evalu-
tion was carried out with the ELISA kit “mouse HGF DuoSet ELISA development
ystem catalog number DY2207” by R&D (Minneapolis, MN, USA). VEGF evalua-
ion was carried out with the ELISA kit “VEGF Duoset ELISA development system
atalog number DY493” by R&D (Minneapolis, MN, USA). GDNF evaluation was car-
ied out with ELISA kits “GDNF Emax ImmunoAssay System number G7621” by
romega (Madison, WI, USA). NGF was carried out with the ELISA kit “NGF Emaxtm
mmunoAssay System number G7631” and “BDNF Emaxtm ImmunoAssay System
umber G6891” by Promega (Madison, WI, USA). Data are represented as pg/�g
otal proteins and all assays were performed in duplicate (Di Fausto et al., 2007;
iore et al., 2008).

.3. Statistical analysis

Data were analyzed by ANOVA with ethanol, red wine and sucrose as main fac-
ors. A difference of 0.05 or less was considered statistically significant. Post hoc
omparisons were performed using the Tukey’s HSD test.

. Results

.1. The mouse model of early ethanol/red wine exposure

General data on the mouse model have been previously shown
Fiore et al., 2009) and revealed no differences between groups of
ams in pregnancy duration, neither in pups delivery, pups mor-
ality and sex ratio. Ethanol and red wine groups consumed less
iquid compared to controls, however, ethanol and red wine groups
onsumed equivalent amounts of liquid corresponding to the same
aloric intake since the red wine used in the present study had
05 kcal/l (from the indication provided by the wine producer,
ww.caldirola.it), energetic value deriving only from the alcohol

ontent of the wine. Data also showed that adult animals exposed

o only ethanol had disrupted levels of both NGF and BDNF in the
ippocampus and other brain areas associated with impaired ChAT

mmunopositivity in the septum and Nuclei Basalis and with altered
ognition and emotional behavior. However, mice exposed to red
ine had no change in the behavior or in ChAT immunopositiv-
ers 188 (2009) 208–213 209

ity but a decrease in hippocampal BDNF and a mild NGF decrease
in the cortex. Dams blood ethanol levels (Fiore et al., 2009) were
comparable between the red wine and the ethanol groups mea-
sured at gestational day 15. The blood ethanol levels (Fiore et al.,
2009) of 7-day-old offspring were also analogous between the two
groups.

3.2. HGF in the liver, cortex and hippocampus

Fig. 1 shows the results on the ELISA for HGF in the liver, cor-
tex and hippocampus of mice exposed to ethanol only and to red
Fig. 1. HGF levels expressed as pg/�g total proteins in the liver, frontal cortex and
hippocampus of 1-month-old mice exposed to ethanol, red wine and sucrose as
controls. Asterisks indicate significant differences between groups (*p < 0.05). The
vertical lines in the figure indicate pooled S.E.M. derived from appropriate error
mean square in the ANOVA.

http://www.caldirola.it/
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Fig. 2. VEGF levels expressed as pg/�g total proteins in the liver, frontal cortex and
hippocampus of 1-month-old mice exposed to ethanol, red wine and sucrose as
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Fig. 3. GDNF levels expressed as pg/�g total proteins in the liver, frontal cortex and

4. Discussion
ontrols. Asterisks indicate significant differences between groups (*p < 0.05). The
ertical lines in the figure indicate pooled S.E.M. derived from appropriate error
ean square in the ANOVA.

.3. VEGF in the liver, cortex and hippocampus

Data on VEGF are shown in Fig. 2. In the liver, ethanol admin-
stration induced an elevation in VEGF in both ethanol group and
ed wine group (p < 0.01 in the ANOVA). However, the liver of mice
xposed to ethanol only revealed highest levels of VEGF when com-
ared to the red wine group (p < 0.05 in post hoc) and to controls
p < 0.01 in post hoc comparison). No significant changes in VEGF
ere found in the cortex and hippocampus.

.4. GDNF in the liver, cortex and hippocampus

GDNF was affected by ethanol administration and these find-

ngs are shown in Fig. 3. In the liver, GDNF was reduced in animals
xposed to ethanol only (p < 0.05 in the ANOVA and post hoc) when
ompared to the other groups. In the cortex no changes were found
or the animals exposed to ethanol only, however, low GDNF values
hippocampus of 1-month-old mice exposed to ethanol, red wine and sucrose as
controls. Asterisks indicate significant differences between groups (*p < 0.05). The
vertical lines in the figure indicate pooled S.E.M. derived from appropriate error
mean square in the ANOVA.

(p < 0.05 in the ANOVA) were observed in the red wine group when
compared to the other groups (ps < 0.05 in post hoc). In the hip-
pocampus, no significant differences between groups were found.

3.5. NGF in the liver, cortex and hippocampus

Data on NGF are shown in Fig. 4. In the liver no changes were
found due to ethanol or red wine intake. In the cortex and hip-
pocampus, low levels of NGF were found in the ethanol group
(ps < 0.05 in the ANOVA) compared to both the remaining groups for
the cortex (ps < 0.05 in post hoc) or to controls for the hippocampus
(p < 0.05 in post hoc).
Two major questions were addressed in the present study. The
first one was to investigate whether four important growth fac-
tors present in the brain and in the liver are similarly or differently
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Fig. 4. NGF levels expressed as pg/�g total proteins in the liver, frontal cortex and
h
c
v
m

a
e
e
c
t
e
f
e
i
i
I
c
i
g

i
c

ippocampus of 1-month-old mice exposed to ethanol, red wine and sucrose as
ontrols. Asterisks indicate significant differences between groups (*p < 0.05). The
ertical lines in the figure indicate pooled S.E.M. derived from appropriate error
ean square in the ANOVA.

ffected by chronic consumption of ethanol. The rationale of this
xperimental approach is based on a number of well established
vidences showing that HGF, VEGF, NGF and GDNF may play a
rucial action on survival, differentiation and function of specific
issues, namely brain and liver, known to be severely affected by
thanol (Aloe, 2006; Lalani el et al., 2005; Tahara et al., 1999). We
ound a HGF potentiation in the liver and cortex and a liver VEGF
levation in the ethanol group. We have also shown an ethanol-
nduced GDNF decrease in the liver and a decreased NGF content
n the hippocampus and cortex in mice exposed to ethanol only.
t should be noted that we performed the study with an additional
ontrol group exposed to water only (Fiore et al., 2009) that was not

ncluded in the statistic since it had similar results to the sucrose
roup.

HGF regulates cell growth, cell motility, and morphogenesis,
s secreted by mesenchymal cells and acts as a multi-functional
ytokine on cells of mainly epithelial origin. Its ability to stimulate
ers 188 (2009) 208–213 211

mitogenesis, cell motility, and matrix invasion gives it a central role
in angiogenesis, tumorogenesis, and tissue regeneration. As for HGF
and liver, HGF expression is up-regulated in various forms of liver
injury including experimental alcoholic liver disease. HGF follow-
ing ethanol intoxication in the liver was found to be produced by
Kupffer cells and endothelial cells whereas its receptor c-Met was
seen only in hepatocytes. This occurred in the presence of ethanol-
induced necrosis and inflammation suggesting that HGF may be a
protection factor against liver injury or may contribute to accelerate
the regenerative process (Lalani el et al., 2005). Concurrently, HGF
elevation was observed in the cortex of mice exposed to ethanol
only and it has been hypothesized that HGF is involved in the devel-
opment and maintenance of cortical neurons during differentiation,
motogenesis, neuritogenesis and neuronal survival (W. Sun et al.,
2002). We also found that chronic ethanol exposure enhanced the
presence of VEGF in the liver suggestive of endothelial and vascular
cell response. VEGF is a mitogen that specifically acts on endothelial
cells and has various effects, including mediating increased vascular
permeability, inducing angiogenesis, vasculogenesis, endothelial
cell growth, promoting cell migration, and inhibiting apoptosis,
thus it is possible that chronic ethanol intake promotes liver neo-
vascularization and concurs to the liver tumorogenesis induced by
ethanol since ethanol intake can lead to development of liver neo-
plasy (Gu et al., 2005; Gu et al., 2001). VEGF has been extensively
investigated recently in various hepatic diseases such as primary
and secondary hepatocellular carcinoma, liver cirrhosis, hepatitis
and even benign tumors in liver (Furuse, 2008; Pang and Poon,
2007; Park et al., 2000). The protein of VEGF has an inclination to
increase in acute and chronic hepatitis and tends to decrease in
cirrhosis both in tissue expression and circulating levels (Bardag-
Gorce et al., 2002; Shi et al., 2001).

An additional novel finding of the present study indicates that
ethanol may affect GDNF levels in the liver with a decrease com-
pared to controls or red wine exposed animals. The functional
significance of this new finding is not known but it could be asso-
ciated with the altered liver dopamine content due to ethanol
intoxication (Burke, 2006; George et al., 2007). Indeed, the recom-
binant form of this protein was shown to promote the survival and
differentiation of dopaminergic neurons in culture, and was able to
prevent apoptosis of motor neurons induced by axotomy (McAlhany
et al., 2000). In addition, an excessive alcohol consumption may be
blocked by GDNF delivery in the ventral tegmental area in the rat
(Carnicella et al., 2009).

NGF levels were also affected by early ethanol administration
with a decrease in the hippocampus and cortex, data in line with
studies on chronic exposure to ethanol in the rat (Miller and
Mooney, 2004). It has also been shown that aged rats chronically
exposed to ethanol had a marked but transient elevation in brain
NGF levels (Gericke et al., 2006) and temporary neurotrophins ele-
vation has been found in rats prenatally exposed to ethanol for a
few days (Heaton et al., 2000). Evidences reported recently indi-
cate that HGF is present in the CNS and similarly to NGF possesses
neurotrophic activity (Koyama et al., 2003; Niimura et al., 2006;
Sofroniew et al., 2001). However, whether NGF and HGF have over-
lapping or distinct effects on brain and liver cells is not known.
Our findings suggest that following chronic ethanol intake, NGF-
producing and HGF-producing cells are differently affected. While
the mechanisms implicated in the marked alteration of these pro-
teins have not been yet delineated, it is known by previous studies
that NGF or HGF administration may have neuroprotective, hepato-
protective and vascular-protective effects (Chao et al., 2006; Kaido

and Imamura, 2001; Niimura et al., 2006).

The second question addressed in this study was to examine
the effects induced by chronic red wine intake since recent works
consider red wine administration with positive nutritional prop-
erties for the presence of chemicals with protective characteristics
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ig. 5. Schematic representation of HGF, VEGF and GDNF mouse liver response fol-
owing early ethanol damage. The elevation in oxidative stress may be counteracted
y the polyphenols content of the red wine.

Mattivi et al., 2002; Opie and Lecour, 2007). Quite interestingly,
n the present experiment we found no changes in HGF or NGF
ue to red wine exposure, but elevated VEGF levels in the liver and
educed GDNF in the cortex. However, the VEGF liver increase was
uch more marked in animals exposed to ethanol only compared

o the red wine group suggestive of differences in liver toxicity lev-
ls between the ethanol only group and the red wine group. The
ata obtained show also that red wine consumption may affect the
resence of GDNF in the CNS. At the present time it is not known
he functional significance or the physiological consequences of this
nding. In the rat it has been shown that postnatal ethanol-induced
eduction of GDNF mRNA in cortex but not in the hippocampus or
o GDNF changes at all (Okamoto et al., 2006; Tsuji et al., 2008).
owever, the GDNF changes we found in the cortex of mice exposed

o red wine could be related to compounds present in the red wine
nd not to ethanol per se or to a combination of both (Cho et al.,
008; Dulak, 2005). Data to support this hypothesis illustrate a role
layed by red wine ingestion in dopamine turnover (de la Torre et
l., 2006) or protection following dopaminergic damage (Blanchet
t al., 2008; Gursoy and Buyukuysal, 2008).

Our mouse study reveals also marked differences in ethanol-
nduced toxicity when ethanol is administered as ethanol only or
ombined to red wine. These differences in brain and liver toxicity
ould be related to compounds with putative antioxidant properties
resent in the red wine (see Fig. 5) as the polyphenols (Das and Das,
007; Sang et al., 2005; A.Y. Sun et al., 2002) or to the role played by
olyphenols in modulating cell functions. Indeed polyphenols tar-
et many components of intracellular signaling pathways including
ro-inflammatory mediators, regulators of cell survival and apopto-
is, and tumor angiogenic and metastatic switches by modulating a
istinct set of upstream kinases, transcription factors and their reg-
lators (Kundu and Surh, 2008; Shankar et al., 2007). In addition, an
ltered presence of growth factors in the liver due to ethanol may
epresent also an early harmful event for the brain. In conclusion
hese data show marked differences in ethanol-induced toxicity
hen ethanol is administered alone or in the red wine that may

e related to the antioxidant properties of the red wine.
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