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Difluoromethylornithine Decreases Long-Lasting Protein
Oxidation Induced by Neonatal Ethanol Exposure in the

Hippocampus of Adolescent Rats

Carlos Fernando Mello, Maribel Antonello Rubin, Rukhsana Sultana, Susan Barron,
John Martin Littleton, and D. Allan Butterfield

Background: Ethanol exposure and withdrawal during central nervous system development can
cause oxidative stress and produce severe and long-lasting behavioral and morphological alterations
in which polyamines seem to play an important role. However, it is not known if early ethanol
exposure causes long-lasting protein oxidative damage and if polyamines play a role in such a
deleterious effect of ethanol.

Methods: In this study we investigated the effects of early ethanol exposure (6 g/kg/d, by gavage),
from postnatal day (PND) 1 to 8, and of the administration of difluoromethylornithine (DFMO, 500
mg/kg, i.p., on PND 8), a polyamine biosynthesis inhibitor, on the extent of oxidative modification of
proteins. Indices of oxidative modification of proteins included protein carbonyls, 3-nitrotyrosine
(3-NT), and protein bound 4-hydroxynonenal (HNE) in the hippocampus, cerebellum, hypothala-
mus, striatum, and cerebral cortex of Sprague—Dawley rats at PND 40.

Results: Both ethanol and DFMO administration alone increased protein carbonyl immuno-
reactivity in the hippocampus at PND 40, but the combination of DFMO and ethanol resulted in no
effect on protein carbonyl levels. No alterations in the content of protein-bound HNE, 3-NT, or
carbonyl were found in any other cerebral structure.

Conclusions: These results suggest that the hippocampus is selectively affected by early ethanol
exposure and by polyamine synthesis inhibition. In addition, the results suggest a role for polyamines

in the long-lasting increase of protein carbonyls induced by ethanol exposure and withdrawal.
Key Words: Alcohol, Oxidative Stress, Polyamines, NMDA, Protein Carbonyl.

RENATAL ETHANOL EXPOSURE disrupts cen-

tral nervous system (CNS) development, leading to
long-lasting cognitive and behavioral alterations in
humans (Mattson and Riley, 1998; Roebuck et al., 1998)
and rats (Barron et al., 1988). Ethanol most likely disrupts
CNS development via a variety of mechanisms, including
alterations in gene expression, cell adhesion molecule
interactions, neurotrophic support, and free radical
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production (Goodlett and Horn, 2001; West, 1994; West
et al., 1994).

One possible mechanism that contributes to fetal
alcohol effects is N-methyl-p-aspartate (NMDA) recep-
tor-mediated excitotoxicity, which occurs during periods
of ethanol withdrawal. Consistent with this hypothesis,
blocking NMDA receptors with a noncompetitive antag-
onist, MK-801, during withdrawal attenuates some of the
adverse effects of ethanol on behavioral and brain devel-
opment in a rat model of early developmental ethanol
exposure (Thomas et al., 1997) and in vitro (Prendergast
et al., 2000). Moreover, the beneficial effects of MK-801
are time dependent (Thomas et al., 2001), indicating that
NMDA receptor blockade is only effective during the
withdrawal phase. N-methyl-p-aspartate receptors are
comprised of an assembly of subunits (an NR1 subunit
plus at least 1 type of NR2 subunit) with a number of
modulatory sites, including a polyamine binding site,
which is present in the NR2B subunit (Chenard and
Menniti, 1999). The polyamine binding site of the NMDA
receptor seems to be particularly relevant, from the
pharmacological point of view, as it regulates important
CNS functions, such as learning and memory (Berlese
et al., 2005; Rubin et al., 2004) and alters the susceptibil-
ity to the neurotoxic effects of glutamate and ethanol
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(Cebere et al., 2002; Ferrani-Kile et al., 2003; Gibson et al.,
2003; Honse et al., 2003; Mayer et al., 2002; Mikolajczak
et al., 2003), Interestingly, eliprodil, which inhibits
NMDA receptor activity by interacting allosterically with
the polyamine modulatory site on NMDA receptors,
reduces the severity of learning deficits associated with
developmental alcohol exposure (Thomas et al., 2004). In
fact, in vitro studies have suggested a role for polyamines
in ethanol withdrawal-induced neurotoxicity, as not only
polyamine binding site antagonists, but also polyamine
synthesis inhibitors protect against ethanol withdrawal-
induced neurotoxicity (Gibson et al., 2003; Nagy et al.,
2004). Accordingly, it has been demonstrated that
polyamines and glutamate are released during ethanol
withdrawal (Gibson et al., 2003), and that agmatine, a
putative polyamine binding site ligand, reduces some
effects of alcohol exposure on the developing brain
(Littleton et al., 2001). Consistent with this view, eliprodil
blocks ethanol withdrawal seizures (Kotlinska and
Liljequist, 1996). Moreover, chronic ethanol exposure
increases the activity of ornithine decarboxylase (ODC),
the rate limiting enzyme for polyamine biosynthesis
(Davidson and Wilce, 1998), further supporting a role
for polyamines in ethanol-induced effects, and in its
withdrawal.

Although ethanol metabolism has been long known to
cause acute oxidative cell damage by generating acetalde-
hyde or free radicals (Guerri et al., 1994; Nakano et al.,
1995; Nakao et al., 2000) and to diminish antioxidant
defense systems (Sun et al., 2001; Zima et al., 2001), given
the above-mentioned role of NMDA receptor in ethanol
withdrawal and the well-established role of these receptors
in promoting oxidative stress, it is also possible that
polyamines, through NMDA-mediated mechanisms,
participate in the oxidative stress caused by alcohol with-
drawal (Tsai et al., 1998). However, it is important to point
out that polyamines have also been also reported to act as
antioxidants (von Deutsch et al., 2005; Yatin et al., 2001),
stabilize the DNA (Bachrach et al., 2001), modulate
calcium-activated potassium channels (Weiger et al.,
2002), stimulate tyrosine and mitogen-activated protein
kinases, and alter gene expression (Childs et al., 2003). The
antioxidant activity and the stabilization of DNA induced
by these compounds seem to confer a protective role for
these aliphatic amines with a polycationic structure
against apoptosis, for example (Huang et al., 2005; Liu
etal., 2005), and might contribute for some of the effects of
polyamines in vivo.

Ethanol increases protein carbonylation in the brain at
postnatal day (PND) 9 when administered between PND 8
and 9 in a model of Fetal Alcohol Syndrome (Marino
et al., 2004), and increases brain hydroxynonenal (HNE)
production in utero (Ramachandran et al., 2001). How-
ever, it is not known if early ethanol treatment causes
long-lasting alterations in the content of protein carbonyl,
3-nitrotyrosine (3-NT), and HNE content of the brain,
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when chronic regimens are used. In addition, early ethanol
exposure from PND 4 to 9 produces a long-lasting reduc-
tion in synaptic efficacy in the hippocampus of adolescent
rats (Bellinger et al., 1999), but it is not known whether
long-lasting oxidative protein modifications also occur in
this model, and whether inhibiting polyamine biosynthesis
protects rats from the long-term neurochemical conse-
quences of alcohol exposure and withdrawal in neonatal
life (PND 1-8). Therefore, in the present study we investi-
gated whether early ethanol exposure from PND 1 to
8 alters the content of HNE, 3NT, and protein carbonyls
in the cerebellum, striatum, hypothalamus, hippocampus,
and cerebral cortex of adolescent (PND 40) rats, and
whether inhibiting polyamine biosynthesis with the ODC
inhibitor, difluoromethylornithine (DFMO), on PND 8§
protects from the long-lasting early ethanol exposure-
induced alterations in the contents of HNE, 3-NT, and
protein carbonyls.

METHODS

All protocols involving animals were approved by the University
of Kentucky Institutional Animal Care and Use Committee. Male
Sprague—Dawley pups (at PND 1) were randomly assigned to each
of the 4 treatment groups in such a way that each litter (8 pups each)
contributed with no more than 1 animal for each treatment group.
Although male and female rats were available, because females were
reported to be less susceptible to the oxidative stress induced by
ethanol withdrawal, only males were used in this study (Jung et al.,
2005).

From PND 1 to 8, the animals were given 3 g/kg ethanol (in milk
formula) or maltose (milk formula plus maltose, isocaloric control)
by gavage (0.0278 mL/g bw, b.i.d., at 10:00 am and 2:00 pm) resulting
in 6 g/kg/d with a plastic PE-10 tubing, as previously described
(Gilbertson and Barron, 2005).

On PND 8, the animals were injected with DFMO [500 mg/kg,
subcutaneous (s.c.)] or 0.9% NaCl (5 mL/kg, s.c.) immediately after
the last gavage. The dose of DFMO used in this study effectively
inhibits ODC and reduces the severity of withdrawal behaviors
(Davidson and Wilce, 1998).

The animals (6 in each experimental group) were left undisturbed
until PND 40, when they were killed under thionembutal anesthesia
and their brains were removed and dissected on an inverted Petri
dish placed on ice. The samples were frozen immediately and kept
at — 80 °C until slot blot analysis.

Markers of Protein Oxidation

Protein Carbonyls. Protein carbonyls are markers of protein
oxidation and were assessed by following the standard protocol
described elsewhere (Butterfield and Stadtman, 1997). Samples
(5 uL), 12% sodium dodecyl sulfate (SDS) and 10 times diluted
2,4-dinitrophenylhydrazine (DNPH) (10 xL) from a 200 mM stock
solution were incubated at room temperature for 20 minutes. Sam-
ples were neutralized with 7.5 uL neutralization solution (2 M Tris in
30% glycerol). The resulting solution was loaded in each well on a
nitrocellulose membrane under vacuum using a slot blot apparatus.
The membrane was blocked in blocking buffer (3% bovine serum
albumin) for 1 hour and incubated with a 1:100 dilution of anti-DNP
polyclonal antibody in phosphate-buffered saline (PBS) containing
0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20 for 1 hour. The
membrane was washed 3 times in PBS and was incubated for 1 hour
with an antirabbit IgG alkaline phosphatase secondary antibody
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Fig. 1. Effect of early ethanol exposure [from postnatal days (PND) 1-8] and difluoromethylornithine (DFMO) (500 mg/kg, subcutaneous) administration in
PND 8 on (A) protein carbonyl (carbonyl), (B) 3-nitrotyrosine (3-NT), and (C) 4-hydroxynonenal (HNE) immunoreactivity in the hippocampus at PND 40.
*p<0.05 compared with maltose—saline group (control) by the Student—-Newman-Keuls test.

diluted in PBS in a 1:8,000 ratio. The membrane was washed 3 times
in PBS for 5 minutes and developed in Sigma Fast tablets (BCIP/
NBT substrate). Blots were dried, scanned with Adobe Photoshop,
and quantified with Scion Image (PC version of Macintosh compat-
ible NIH image).

4-Hydroxynonenal Bound to Proteins. Hydroxynonenal immuno-
reactivity was measured as previously described (Joshi et al., 2006).
Samples (5 uL) (normalized to 4 ug/mL), 5 uL of 12% SDS 5 uL of
modified Laemmli buffer containing 0.125 M Tris base pH 6.8, 4%
(v/v) SDS, and 20% (v/v) glycerol were incubated for 20 minutes at
room temperature. Samples (250 ng of protein) were loaded in each
well on a nitrocellulose membrane in a slot blot apparatus under
vacuum. The membrane was blocked as above and incubated with a
1:5,000 dilution of anti-HNE Michael adduct polyclonal antibody
in PBS for 1 hour 30 minutes. The membrane was developed as
described above.

3-Nitrotyrosine. 3-Nitrotyrosine immunoreactivity was measured
as previously described (Joshi et al., 2006). Sample (5 uL) (normal-
ized to 4 ug/mL), 5 uL of 12% SDS and 5 pL of modified Laemmli
buffer containing 0.125 M Tris base pH 6.8%, 4% (v/v) SDS, and
20% (v/v) glycerol were incubated for 20 minutes at room tempera-
ture, and the membranes were developed as described above except
a 1:2,000 dilution of anti-3-NT polyclonal antibody was used.
Previous studies demonstrated no nonspecific primary or secondary
antibody binding to the membrane (Sultana et al., 2004). The HNE
blot had a faint background that was corrected in image analysis.

Statistical Analyses. Carbonyl, 3-NT, and HNE immunoreactiv-
ities were analyzed by a MANOVA with treatment (maltose or
ethanol) and drug (saline or DFMO) as fixed factors and each
cerebral region (5 regions) and measures of oxidative damage
(3 measures) as repeated measures. Post hoc analyses were carried
out by follow-up ANOVAs, followed by the Student—-Newman—
Keuls test, by using the SPSS 12.0 program. p<0.05 was considered
significant.

RESULTS

Figure 1A—1C shows the effects of early ethanol expos-
ure and the administration of DFMO on PND 8 on the

protein carbonyl, 3-NT, and HNE immunoreactivity in
the hippocampus on PND 40, respectively. The multivar-
iate analysis revealed a significant brain region by measure
of oxidative damage interaction: Wilk’s A =0.171,
F(8,13)=7.82, p=10.001, indicating that the pattern of
variation of the measures of oxidative damage varied
among brain regions. Follow-up univariate ANOVAs
revealed a significant effect of neonatal treatment (maltose
or ethanol) by drug (saline or DFMO) interaction
[F(1,20) = 11.57; p<0.005] for the content of protein car-
bonyl, only in the hippocampus. Post hoc analysis revealed
that ethanol administration from PND 1 to 8 and DFMO
administration on PND § increased carbonyl immuno-
reactivity on PND 40. When DFMO was administered
with ETOH on PND 8, protein carbonyl levels were
similar to control levels. A similar pattern of results was
observed for 3-NT immunoreactivity in the hippocampus,
but this trend was not statistically significant.

Early ethanol exposure from PND 1 to 8 and DFMO
administration on PND 8 did not alter carbonyl, 3-NT,
and HNE immunoreactivity in the cerebellum, striatum,
hypothalamus, or cerebral cortex on PND 40 (Table 1).

DISCUSSION

This study shows, for the first time, that early ethanol
exposure from PND 1 to 8 increases protein carbonylation
in the hippocampus at PND 40, but not in other cerebral
structures, including striatum, cerebellum, cerebral cortex,
and hypothalamus. In addition, we showed that the
administration of DFMO, an inhibitor of the synthesis of
polyamines, on PND 8§ increases protein carbonylation,
but prevents ethanol-induced protein carbonylation at
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Table 1. Early Ethanol Exposure (From PND 1-8) and DFMO (500 mg/kg, s.c.) Administration in PND 8 Have No Effect on Protein Carbonyl (Carbonyl),
3-Nitrotyrosine (3-NT), and 4-Hydroxynonenal (HNE) Immunoreactivity in the Striatum, Cerebellum, Hypothalamus, and Cerebral Cortex at PND 40

Carbonyl 3-NT HNE

Striatum

Maltose +saline 100.0+5.6 100.0+7.8 100.0+9.8

Maltose+DFMO 104.1+£5.0 96.8+9.9 96.9+9.1

Ethanol+saline 106.3+3.0 92.9+13.1 93.7+9.2

Ethanol+DFMO 100.0 + 6.3 91.8+7.7 95.7+5.9
Cerebellum

Maltose+Saline 100.0+4.7 100.0+4.1 100.0+3.5

Maltose+DFMO 91.5+4.8 102.2+3.9 100.2+3.1

Ethanol+Saline 98.1+8.0 102.3+4.3 102.4+4.1

Ethanol+DFMO 99.6 + 8.0 94.7+3.8 100.7+3.4
Hypothalamus

Maltose+Saline 100.0+5.6 100.0+7.8 100.04+12.1

Maltose+DFMO 106.5+8.2 104.1+£5.3 103.1+5.3

Ethanol+Saline 100.6+6.1 100.0+7.0 94.1+5.1

Ethanol+DFMO 96.6+4.9 96.5+6.3 98.9+6.3
Cerebral cortex

Maltose +Saline 100.0+4.7 100.0+6.5 100.0+2.7

Maltose+DFMO 92.8+4.1 103.0+4.1 100.5+3.1

Ethanol+Saline 98.6+8.0 107.9+3.2 104.7+3.2

Ethanol+DFMO 100.6+7.2 106.2+4.1 104.5+4.1

Data are expressed as mean percent of control (maltose+saline) £ SEM,

PND, postnatal day; DFMO, difluoromethylornithine; s.c., subcutaneous.

PND 40 in the hippocampus. Difluoromethylornithine did
not alter the immunoreactivity to HNE or 3-NT in any of
the other cerebral structures analyzed.

The bulk of evidence suggests a regional susceptibility to
the toxic effects of alcohol (Light et al., 1989; Nixon et al.,
2002), with well-defined temporal patterns of susceptibility
(Heaton et al., 2002). It is interesting that acute ethanol
exposure increases production of reactive oxygen species
(ROS) in the cerebellum on PND 4, but decreases it on
PND 7, suggesting that the ROS-producing effect of
ethanol depends on developmental factors (Heaton et al.,
2002), which may include the proteins Bax, Bcl-2, and Bad,
and protective factors that are increased after PND
7 (Heaton et al., 1999, 2003, 2006). Within these, the
Bax protein is particularly remarkable, as the loss of the
bax gene can prevent the ROS production that occurs as a
function of ethanol exposure (Heaton et al., 2006). There-
fore, as the ethanol treatment in our study spanned both
periods in which ethanol induces and inhibits ROS pro-
duction, it is possible that the expression of a protective
factor after PND 7 may have protected the cerebellum
from long-lasting oxidative modifications. To our knowl-
edge, it is not known whether the striatum, cerebral cortex,
or hypothalamus show similar developmental alterations
in protein expression that could render them more resist-
ant to ethanol-induced oxidative damage, compared with
the hippocampus. Consequently, this possibility cannot be
ruled out at the moment, and merits further investigation.

The mechanisms by which early ethanol exposure
caused a selective increase of protein carbonylation in the
hippocampus at PND 40 are still unknown, but the recur-
rent association in the literature between chronic ethanol
exposure, NMDA receptor activation, and reactive species

n= 6 for all groups.

production (see the introduction) tempt us to speculate
about the subject.

Some authors point out that some neurochemical
features may render the hippocampus more sensitive to
the effects of polyamines and of ethanol (Allgaier, 2002;
Randoll et al., 1996; Sultana and Babu, 2003). One of these
could be the increased expression of the NR2B subunit,
which is the subunit to which polyamines bind to modulate
NMDA receptor function. This view is supported by the
findings that ethanol sensitivity to NMDA receptor corre-
lates with its sensitivity to ifenprodil, a noncompetitive
NMDA receptor antagonist preferential to the NR2B
polyamine binding site (Allgaier, 2002). In fact, ethanol
increases mMRNA of the NR2B subunit in the hippocampus
of adult rats (Follesa and Ticku, 1995), but results con-
cerning the effect of early postnatal alcohol exposure on
the expression of the NMDA receptor subunits are not
conclusive. Ethanol administration from PND 4 to
9 increases NR2A subunit levels by 60% at PND 21 in
the cerebral cortex, but not in the hippocampus (Nixon
et al., 2002). The same study identified a 50% increase in
subunit NR2B levels and a 70% increase in NR1 levels
in the cerebral cortex, which did not achieve statistical sig-
nificance, but no alterations on hippocampal NR2B levels
were found. No differences in the expression of NMDA
receptor subunits in the hippocampus or cerebral cortex at
day 21 were noticed when ethanol exposure occurred dur-
ing both the gestational (G12—-G18) and early postnatal
phases (PND 4-9) (Nixon et al., 2004). However, an
increase in the polypeptide levels of NR1 and NR2B
subunits of NMDA receptors was identified after ethanol
exposure in vitro (Harris et al., 2003). Therefore, it is not
established whether an increase in the NR2B expression in
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the hippocampus contributes for the currently described
selective increase in protein carbonylation in the hippo-
campus in this model. However, it is worth noting that no
study has addressed the effect of early ethanol exposure
from PND 1 to 8 on the expression of NMDA receptor
subunits at day 40, the time at which we performed the
neurochemical analysis.

One must also consider that changes in the concen-
tration of modulators of the NMDA receptor, such as
polyamines, may be related to the well-known increase of
NMDA receptor activity due to ethanol exposure in the
hippocampus (Grant et al., 1990; Sanna et al., 1993). It is
particularly interesting that chronic ethanol exposure
increases both the production of polyamines in vitro and
in vivo and the activity of ODC, a key regulatory enzyme
for polyamines biosynthesis (Davidson and Wilce, 1998),
particularly immediately after ethanol withdrawal
(Thadani et al., 1977). These results suggest that increased
NMDA receptor sensitivity may be due to a transient
increase in polyamine production and release during early
ethanol exposure and its withdrawal. Our results support
this view, as DFMO, at a dose previously reported as
effective to inhibit ODC and reduce the severity of with-
drawal behaviors (Davidson and Wilce, 1998), prevented
the effect of ethanol on protein carbonylation at PND 40
in the hippocampus, in our model. However, although this
dose of DFMO has been reported to inhibit ODC, it is
possible that a wider range of doses of DFMO might alter
the currently reported regional differences and/or the
interaction between ethanol and DFMO.

It is important to emphasize that polyamines have other
actions, as main inducers of eukaryotic cell growth and
proliferation (Janne et al., 2005) and as putative antioxi-
dant agents. In fact, while increasing polyamine synthesis
protects against UV radiation-induced cell damage, the
inhibition of polyamine synthesis increases cell damage in
vitro (von Deutsch et al., 2005). Accordingly, free radical
scavenging activity has been described for these
compounds, although they may paradoxically increase
oxidative damage induced by p-amyloid peptide (Yatin
et al., 2001), one of whose mechanisms of neurotoxicity
may involve activation of the NMDA receptor (Harkany
et al., 1999). These conflicting data fit well with the view
that polyamines may contribute to both the survival
(through its antioxidant action) and death (through exces-
sive NMDA receptor activation), and that the final result
depends on the pathways activated in the target cell, as
well as on the intensity of the cellular response elicited. If
the target cell expresses NR2B subunits, for example, it
may be a natural target for the neurotoxic effect of
increased levels of polyamines. Conversely, the transient
lack of effect of polyamines (presumably caused by
DFMO) may also alter normal polyaminergic functions
in those animals that did not receive ethanol, rendering
these animals more susceptible to oxidative damage.
Therefore, it is possible that the currently described

891

increased carbonylation at PND 40 in the hippocampus
of maltose-treated and DFMO-treated animals is due to
the inhibition of a basal polyaminergic activity, necessary
for tissue proliferation and cytoprotection.

Finally, we would like to point out that the markers of
oxidative modification of proteins assessed in the current
study, namely protein carbonyls, 3-NT, and protein bound
4-HNE, are preferentially formed by different neurochem-
ical mechanisms. Proteins or peptides containing reactive
carbonyls groups can be generated by: (1) direct reactions
of proteins with ROS; (2) secondary reactions of primary
amino groups of lysine residues to proteins with reducing
sugars or their oxidation products and Michael-addition
reactions of histidine, lysine, or cysteine residues with
o,f-unsaturated aldehydes formed during the peroxidation
of polyunsaturated fatty acids. In view of the fact that the
formation of protein carbonyl groups is orders of magni-
tude greater than other oxidative modifications, the level
of protein carbonyl groups has become the most widely
used marker of protein oxidation during oxidative stress,
aging, and diseases (for reviews, see Butterfield and
Stadtman, 1997; Stadtman and Levine, 2003). This is also
probably one of the reasons why we identified a selective
increase in protein carbonyls due to early ethanol exposure
in this study.

Reaction of NO with O, leads to formation of
peroxynitrite (ONOO ~), which, following protonation,
generates cytotoxic species that oxidize and nitrate
proteins (Beckman, 1996). The more common amino
acidic target of nitration is tyrosine (Souza et al., 2001).
In particular, nitration of tyrosine residues is a formal
oxidation (Butterfield and Stadtman, 1997), and the chem-
istry of nitration has been extensively studied (Greenacre
and Ischiropoulos, 2001), showing that increased nitration
is related to an increased production of NO.

4-Hydroxynonenal is an aldehyde product of lipid per-
oxidation that reacts with cysteine, lysine, and histidine
residues of proteins, leading to protein oxidation and
dysfunction. Accumulating evidence suggests that there is
a direct correlation between the adduction of HNE to a
glutamate transporter and loss of glutamate transporter
function (Keller et al., 1997). In addition, formation of
HNE adducts has been also associated to CNS dysfunc-
tion in SAMPS mice (Poon et al., 2004), further supporting
a deleterious role for HNE in neurodegenerative processes.

Therefore, one might conclude, based on the lack of
effect of ethanol on the content of 3-NT and HNE adducts
in the current study, that NO and HNE do not significant-
ly contribute for ethanol-induced protein oxidation in this
model. However, one also must be aware that, as we meas-
ured total 3-NT and HNE protein adducts, we cannot rule
out that only selected 3-NT and HNE protein adducts,
potentially relevant for the deleterious effects of early
ethanol exposure, were formed. If this were the case,
formation of 3-NT and HNE adducts would be important
for the deleterious effects ethanol, but no increase in the
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total nitration or HNE adducts would be found. In this
context, it is worth remarking that, in some cases, such as
Alzheimer’s disease, only selected proteins are oxidized
(Castegna et al., 2002a, 2002b, 2003).

In summary, this study reports a long-lasting effect of
ethanol on a measure of oxidative damage. While the
mechanisms by which ethanol causes such a long-lasting
effect and how long it remains are not defined, the fact that
the administration of the ODC inhibitor, DFMO,
inhibited this effect of ethanol indicates that it may involve
overproduction of endogenous polyamines. In addition, it
may indicate that the currently reported increased carbon-
ylation is related to the withdrawal of ethanol, as the
animals received DFMO only in the day of alcohol with-
drawal. If the increased carbonylation were due to the
chronic exposition to ethanol, the administration of a
single dose of DFMO would probably not revert the
oxidative damage caused in the previous 7 days. However,
further studies have to be conducted to clarify this point.
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