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Ethanol consumption may be deleterious to the liver. However, alcoholic beverages contain, besides

ethanol (EtOH), complex chemical mixtures that can modify EtOH’s adverse effects. Red wine (RW)

is rich in polyphenolic antioxidants, often reported as hepatoprotective agents. This study aimed to

investigate the effects of 6 months of RW ingestion on hepatic oxidative stress and inflammation.

Six-month-old Wistar rats were treated with RW or EtOH; controls were pair-fed. EtOH increased

8-hydroxy-20-deoxyguanosine and decreased reduced and oxidized glutathione. These animals also

displayed stimulated superoxide dismutase, catalase, and glutathione reductase activities. RW

treatment decreased malondialdehyde and reduced glutathione levels. Glutathione-S-transferase

and selenium-dependent glutathione peroxidase activities were stimulated and glutathione reduc-

tase activity was inhibited by RW intake. No modifications were detected in nuclear factor-κ B or

alkaline phosphatase activities. EtOH consumption induced fibrosis in portal spaces and hepatocyte

lipid accumulation that were absent with RW treatment. This paper highlights the importance of RW

nonalcoholic components and the relevance of biological matrix in the study of EtOH oxidative

effects.
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INTRODUCTION

Moderate red wine consumption has been linked to a broad
spectrum of health-promoting effects (1). Several epidemiological
studies have related the moderate ingestion of red wine to the
reduction of cardiovascular disease risk (2,3), decreased incidence
of some types of cancer (4, 5), and prevention of dementia (6).
Most of the protective actions of red wine can be attributed to its
high content in polyphenols,which are extracted fromgrape seeds
and skins during winemaking (7-9). However, apart from these
antioxidant molecules, wine also contains a great amount of
ethanol (1), generating reasonable doubts and concerns as to
whether or not it could be considered a suitable polyphenol
source.

Ethanol metabolism takes place mostly in the liver, where it is
converted to acetaldehyde, a highly toxic metabolite, by three
enzymatic pathways: alcohol dehydrogenase, microsomal etha-
nol oxidizing system, and catalase (CAT) (10-13). Toxicity
resulting from ethanol consumption can be due to the direct
action of acetaldehyde or ethanol itself, but can also arise from
metabolic alterations with consequent modification of the
NADþ/NADHratio, productionof reactive oxygen and nitrogen

species, and occurrence of hypoxia, endotoxemia, and cytokine
release (11-15). Furthermore, ethanol can alter the levels of
several metals in the body, thereby facilitating reactive species
production thus favoring an oxidative environment (13, 15).
Some of these consequences of ethanol intake can translate into
changes in gene expression within the liver and contribute to the
progression of alcohol-induced hepatic injury (11-13, 15). Con-
sequently, reports regarding alterations in lipid accumulation,
inflammation, Kupffer and hepatic stellate cell activation, and
fibrosis have been related to ethanol ingestion (11-13, 15).
Moreover, ethanol has been shown to modulate hepatic levels
of alkaline phosphatase and antioxidant enzyme activities and to
alter pro- and antioxidant molecules in the liver in human or
experimental animal models (11-22).

Apparently controversial data exist regarding hepatic antiox-
idant and anti-inflammatory activities of red wine intake, due to
its relatively high ethanol content (1), and this issue requires
clarification, particularly concerning long-term consump-
tion (20, 22). Furthermore, most available studies have been
performed in young rodents (20,22), and there is no knowledge if
the putative protective effects of red wine are still observed in
more advanced ages. As a matter of fact, we began to approach
this issue in the central nervous system by treating 6-month-old
rats for 6 months with red wine. In those studies, we were able to
demonstrate decreased oxidative stress markers in comparison to
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ethanol-drinking animals, which were, in turn, accompanied by
functional improvements (7, 23). To further pursue the question
of whether or not red wine intake contributes to beneficial effects
on oxidative stress and overall health, we aimed to evaluate the
effects of prolonged red wine ingestion on hepatic oxidative stress
markers and inflammation and compare them to those observed
in control animals ingesting the same amount of ethanol and in
pair-fed controls.

MATERIALS AND METHODS

Chemicals and Enzymes. All chemical substances used in the experi-
ments were of analytical grade. Reduced (GSH) and oxidized glutathione
(GSSG), glutathione reductase (GR; EC 1.6.4.2), NADPH, 5,5-dithiobis-
(2-nitrobenzoic) acid (DTNB), 2-vinylpyridine, bovine serum albumin
(BSA), xanthine, xanthine oxidase (EC 1.17.3.2), 1-chloro-2,4-dinitroben-
zene, and nitroblue tetrazolium (NBT) for oxidative stress determinations
were purchased from Sigma-Aldrich (St. Louis, MO). Pentobarbital,
8-hydroxy-20-deoxyguanosine (8-OHdG), nuclease P1, p-nitrophenol
(p-NP), p-nitrophenylphosphate (p-NPP), levamisole, and L-phenylalanine
(L-Phe) were also obtained from Sigma. Ethanol for drinking solutions
and morphological methods, borax, propylene oxide, and sucrose were
obtained fromMerck (Darmstadt,Germany).Alkaline phosphatase (ALP;
EC 3.1.3.1) for determination of 8-OHdGwas purchased fromAppliChem
(Darmstadt, Germany). Glutaraldehyde, osmium tetroxide, and Epon 812
were purchased from TAAB Laboratories (Berkshire, U.K.). Toluidine
bluewas purchased fromDifco (VoigtGlobalDistribution, Lawrence,KS)
and cacodylate buffer from BDH Chemicals (Poole, U.K.).

Animals and Treatments. Studies were carried out in adult male
Wistar rats obtained fromCharles River Laboratories (Barcelona, Spain).
All animals were maintained on a daily photoperiod of 12 h lighting
schedule at constant room temperature (20-22 �C)with free access to food
and tap water. At 6 months of age (average body weight = 624 ( 24 g),
rats were individually housed and randomly assigned to one of the
following groups of six animals each: (1) ethanol (EtOH), (2) red wine
[RW; red tablewineproduced in 2004 containing 15%(v/v) ethanol], or (3)
pair-fed control (PFC). The first group of rats had unrestricted access to a
20% (v/v) aqueous ethanol solution as the only available liquid source,
beginning with a 5% (v/v) ethanol solution and progressively increasing
1% per day until the final concentration of 20% (v/v) that was achieved
15 days later. The second group of animals had free access to RW inwhich
theEtOHconcentrationwas increased from the original 15 to 20% (v/v) to
ensure that the liquid diets used in RW and EtOH groups had similar
content of EtOH. RW was also gradually introduced, starting with an
amount of RW that could supply 5% (v/v) EtOH at the beginning of
treatment and increasing progressively 1% per day until a final concen-
tration of 20% (v/v). RWwas supplied to the animals as the sole drinking
fluid in darkbottles to avoid degradationof polyphenolic compounds. The
third group of rats received a drinking solution inwhich sucrosewas added
to replace the isocaloric value of the ethanol and were staggered one day
behind and fed an amount equal to the average consumed in the previous
day by the EtOH and RW groups, taking into account that 1 g of sucrose
corresponds to 16.7 kJ and 1 g of ethanol to 29.3 kJ and that the density of
ethanol is 0.79 g/mL. EtOH and RW rats had unrestricted access to
standard laboratory pellet food (Letica, Barcelona, Spain), whereas PFC
animals, as described above, were staggered one day behind and received
the average amount of rat chow consumed by the former groups to obtain
similar caloric intakes among groups throughout the experiment. Animal
food supplied 15397 kJ/kg and was composed of 154 g of protein/kg (21%
of energy supplied), 29 g of fat/kg (7% of energy supplied), 41 g of
cellulose/kg, and 59 g of mineral salts/kg. Detailed RW polyphenol
composition was determined by HPLC after a prepurification of the wine
by chromatography using a Toyopearl gel, as previously described (7) and
is displayed in Table 1. Consumption of food and fluid was monitored
every other day, and rats were weighed weekly. The handling and care of
the animals were conducted in conformity with the European Community
Council guidelines for the use of experimental animals (86/609/EEC) and
Portuguese Act 129/92. Serum ethanol concentrations were measured in
all ethanol-ingesting animals, using blood samples collected from the
dorsal tail vein 2-4 h after the beginningof the darkperiod. Serum ethanol
levels were determinedweekly in the first month of treatment andmonthly

thereafter using a commercial enzymatic assay kit (Sigma-Aldrich, St.
Louis, MO) and are reported as grams per liter.

Collection of Samples. At the end of the experimental period, at 12
months of age, all rats were deeply anesthetizedwith sodiumpentobarbital
[80mg/kg of bodyweight (bw)]. Blood was collected from the left ventricle
to measure blood lipid profile [triglycerides, total cholesterol, and high-
density lipoprotein (HDL) cholesterol] through enzymatic colorimetric
tests, using commercially available kits (Cholesterol, Triglycerides, HDL
Cholesterol Direct, ABX Diagnostics, Northampton, U.K.), in an auto-
analyzer (Cobas Mira Plus, ABX Diagnostics). Animals were transcar-
diacally perfused with an ice-cold isotonic sodium chloride solution. After
perfusion, the liver was rapidly removed from the abdominal cavity,
washed in the same solution, and cut in several fragments. For biochemical
analyses, liver fragments were immersed in liquid nitrogen and stored at
-80 �C until biochemical processing. For assessment of oxidative stress,
hepatic tissue was sliced and homogenized in cold phosphate buffer
(pH 7.4) containing 0.1% Triton X-100 in a glass-Teflon homogenizer.
Homogenates were centrifuged (16000g, 10 min, 4 �C) and the super-
natants separated for the different biochemical assays of oxidative stress
(see details below). Liver fragments were stored at -80 �C for deter-
mination of DNA oxidative damage and ALP and nuclear factor-kappa
B (NF-κB) activities. For morphological evaluation, liver fragments were
immediately immersed in 3% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.3)without prior immersion in liquid nitrogen and then processed for
morphological evaluation.

Assessment of Oxidative Stress Markers. Malondialdehyde
Levels. The extent of hepatic lipid peroxidation was estimated by
measuring the concentration of thiobarbituric acid-reactive substances
(TBARS) at 535 nm, as described elsewhere (24, 25). The results were
expressed as malondialdehyde (MDA) equivalents using a molar extinc-
tion coefficient (ε) of 1.56 � 105 mM-1 cm-1.

Oxidative Damage to DNA. Oxidative damage to cellular DNA
was determined through measuring 8-OHdG as a cellular marker. Liver
DNA was extracted, from liver fragments kept at -80 �C, using a
commercial extraction kit (V-gene, Bioron, Ludwigshafen, Germany)
according to the producer’s instructions, dissolved in water, and

Table 1. Catechins, Procyanidins, and Anthocyanins Present in Red Winea

polyphenol red wine (g/L)

monomeric catechins

(þ)-catechin 0.026

(-)-epicatechin 0.009

(-)-epicatechin gallate nd

oligomeric procyanidins (OPC)

B1 0.104

B2 0.027

B3 nd

B4 0.012

B5 nd

B6 nd

B7 nd

B8 nd

C1 0.003

B2-gallate 0.012

total catechins and OPC 0.193

polymeric procyanidins 1.530

anthocyanins

delphinidin-3-glucoside 0.009

petunidin-3-glucoside 0.024

peonidin-3-glucoside 0.005

malvidin-3-glucoside 0.361

petunidin-3-acetylglucoside nd

delphinidin-3-coumaroylglucoside nd

malvidin-3-acetylglucoside 0.159

peonidin-3-coumaroylglucoside nd

malvidin-3-coumaroylglucoside 0.090

total anthocyanins 0.648

a These results correspond to the mean of two replicate analyses. nd, not
detected.
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spectrophotometrically quantified at 260 nm. DNA samples were digested
with 8Uof nuclease P1 (prepared in 20mMsodiumacetate buffer, pH5.0)
at 37 �C for 30min. The solution was then incubated with 1.3 U of ALP at
37 �C for 1 h in 0.1 M tris(hydroxymethyl)aminomethane hydrochloride
buffer (pH 7.5) (26). For enzyme extraction, 50 μL of chloroform was
added, and samples were vortexed for 10 s and centrifuged at 5000g for 5
min (27). Supernatants were collected and analyzed by HPLC-EC (Gilson
302,GilsonMedicalElectronics,Villiers leBel, France) ona 25� 3.2mm i.
d., SuperspherRP18-4 End-cap column (HiCHROM,Merck, Darmstadt,
Germany), and electrochemical detection (Gilson 141) was carried out at
10 V. Solvent was 50 mM potassium phosphate buffer, 10% (v/v)
methanol (pH 5.5), at a flow rate of 0.5 mL/min. 8-OHdG concentration
was calculated from a calibration curve, using commercial 8-OHdG as
standard and normalized for the DNA concentration of each sample.

Glutathione Content. Glutathione was assessed in liver super-
natants as reported before (24) by measuring total glutathione (GSX)
andGSSG through theDTNB-GRrecycling assay.All samples, formerly
precipitated with perchloric acid, were neutralized with potassium bicar-
bonate, centrifuged, and kept on ice until transfer into a 96-well micro-
plate. Appropriate standards and blanks were accomplished for each
experiment receiving the same treatment as samples. For GSSG estima-
tion, samples were previously treated with 2-vinylpyridine to achieve GSH
derivatization. Both GSSG and GSX levels were measured by using the
same procedure from appropriate standard curves, and GSH content was
calculated by subtracting the double of GSSG from GSX content.

Antioxidant EnzymeActivities.Glutathione-S-transferase (GST;
EC 2.5.1.18) activity in the supernatant was determined according to the
method of Warholm et al. (28) using 1-chloro-2,4-dinitrobenzene as
substrate. GST activity was monitored at 340 nm, calculated with an ε
of 9.6 mM-1 cm-1 and expressed as nanomoles of S-2,4-dinitrophenyl-
glutathione per minute per milligram of protein. Selenium-dependent
glutathione peroxidase (Se-GPX; EC 1.11.1.9) activity was determined
in the supernatant by using the Flohé and G

::
unzler (29) method. The Se-

GPX assay is based on the oxidation ofNADPH toNADPþ, catalyzed by
a limiting concentration ofGR,withmaximumabsorbance at 340 nm.The
results were expressed as nanomoles of NADPH oxidized per minute per
milligram of protein (ε = 6.2 mM-1 cm-1). GR activity was measured
according to the method of Carlberg and Mannervik (30) by monitoring
the oxidation of NADPH at 340 nm. GR activity was expressed as
nanomoles of NADPH oxidized per minute per milligram of protein
using an ε of 6.2 mM-1 cm-1. CAT (EC 1.11.1.6) activity was determined
according to the method described by Aebi (31). CAT activity was
measured at 240 nm using an ε of 3.94 μM-1 cm-1 and expressed as units
per milligram of protein. One unit of CAT was defined as the amount of
enzyme that catalyzes the decomposition of 1 μmol of H2O2/min. Total
superoxide dismutase (SOD; EC 1.15.1.1) activity was determined in liver
homogenates as previously described (32). SOD assay is based on the
ability of SOD to inhibit the reduction of NBT by the xanthine-xanthine
oxidase system as a superoxide generator, with maximum absorbance at
560 nm. SOD activity was expressed as units per milligram of protein (one
unit is the amount of SOD inhibiting the reaction rate by 50% in the given
assay conditions).

Assessment of Inflammation Markers. ALP Activity. The
homogenization solution, composed of 4 volumes of phosphate-buffered
saline (PBS, pH 7.4) and 1 volume of 0.5% Triton X-100 solution, was
added to liver fragments (2 mL/g tissue), just before storage at-80 �C.On
the day of ALP quantification, tissue samples were homogenized (final
dilution 1:5) in homogenization solution and kept on ice. The reaction
mixture contained, in a final volume of 500 μL, 80 mM tris(hydroxy-
methyl)aminomethane free base (pH 10.4), 0.4 mM MgCl2, 0.376 mg
p-NPP, 60 μL of liver homogenate, and one of the two ALP classic inhibi-
tors to be tested: levamisole (0.1 or 0.5 mM, inhibitor of tissue nonspecific
ALP) or L-Phe (2, 5, or 10 mM, inhibitor of intestinal ALP). The reaction
was started by the addition of theALP substrate (p-NPP). Incubation took
place at 37 �C for 12min, and the reaction was stopped by adding 2 mL of
ice-cold 20 mM NaOH. ALP activity was determined by reading, at 405
nm, the absorbance of the p-NP produced. The effect of each ALP
inhibitor tested was determined as a percentage of the correspondent
ALP control activity. ALP activity was expressed in nanomoles of p-NP
produced per minute per milligram of protein. ALP activity assays were
carried out in triplicate, as previously described (33-35).

NF-κB Activity. Protein extraction from liver fragments was per-
formedusing theTripuremethod (RocheDiagnostics, Basel, Switzerland),
according to the manufacturer’s instructions. NF-κB activity evaluation
was performed using an ELISA kit from Active Motif (TransAM Flexi,
NF-κB Family Kit, Carlsbad, CA), according to the manufacturer’s
instructions. The NF-κB p50 antibody was used in a 1:1000 dilution,
and the colorimetric reaction took place for 3.5 min.

Protein Determination. Protein concentration for ALP activity
quantification was determined as described by Bradford (36). For assess-
ment of oxidative stress markers in liver homogenates and supernatants,
protein concentration was determined as described by Lowry et al. (37). In
both methods, BSA was used as standard. For NF-κB activity evaluation
protein concentration was determined using the bicinchoninic acid protein
assay kit (Pierce, Rockford, IL).

Morphological Evaluation. After perfusion, the liver fragments were
cut with a razor blade and kept in the described fixative for 90 min. The
tissueswere thenwashed overnight in cacodylate bufferwith 0.6M sucrose
at 4 �C,postfixed in a 2%solutionofosmium tetroxide in 0.1Mcacodylate
buffer (pH 7.3) at 4 �C for 1 h, dehydrated with ethanol and propylene
oxide and embedded in Epon 812. Semithin sections were obtained from
three blocks of each animal, taken at random, with an LKB Ultratome
(LKB, Bromma, Sweden), stained with 1% toluidine blue in 1% borax,
and examined using a light microscope (Laborlux K, Leitz, Wetzlar,
Germany) (38). A qualitative evaluation was blindly performed by two
independent observers. The existence of fibrosis in portal spaces and lipid
deposits was registered.

Statistical Analysis. The significance of differences among the groups
was evaluated using ANOVA followed by Newman-Keuls post hoc test
for multiple comparisons. Student’s t test was used to assess statistical
significance between two groupswhen appropriate. Statistical analysis was
performed using GraphPad Prism software (GraphPad version 3.0, La
Jolla, CA). Values are presented as mean ( standard deviation (SD).
Differences were considered to be significant when P < 0.05.

RESULTS

Animals and Treatments.Data concerning the amounts of food
and fluid ingestion by all groups of rats throughout the entire
experimental feeding period can be found in Table 2. There were
no significant differences in daily food and energy intakes among
PFC, EtOH, and RW groups. However, although similar be-
tween EtOH and RW animals, fluid intake was significantly
higher in PFC rats (P<0.001). Themean daily ethanol intake by
EtOH and RW animals was constant during the treatment and
did not differ significantly between the two groups. Likewise,
mean ethanol levels measured in blood samples collected from
both groups were similar during the experiment (0.45( 0.35 and
0.42 ( 0.28 g/L for EtOH- and RW-treated rats, respectively).
Furthermore, no differenceswere noted in the normal behavior of
the animals from the treatment groups in comparison to PFC
animals. The mean daily sucrose intake in the PFC animals was
8.55( 1.03 g/kg of bw. Body weight did not differ among groups
at the beginning of treatments and increased gradually through-
out the 6monthsof the experiment (Figure 1).After completionof
the protocol, no significant differences were observed when the
mean body weights of PFC (696( 33 g), EtOH (686( 30 g), and
RW (684 ( 28 g) rats were compared. Results from circulating

Table 2. Food and Fluid Intakesa

group

food

(g/day/kg of bw)

fluid

(mL/day/kg of bw)

ethanol

(g/day/kg of bw)

energy

(kJ/day/kg of bw)

PFC 32.60 ( 2.59 69.17( 6.52 644.43( 34.81

EtOH 31.93( 2.85 30.05( 3.42*** 4.75( 0.54 623.46( 38.82

RW 32.51( 1.57 31.44( 2.20*** 4.97( 0.35 645.50( 25.08

a Values represent mean ( SD. bw, body weight; PFC, pair-fed control; EtOH,
ethanol; RW, red wine. ***, P < 0.001 vs PFC; N = 6 in each group; Newman-Keuls
post hoc test.
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lipid profiles are shown in Table 3. No differences in triglycerides
and total cholesterol were observed among groups, but HDL-
cholesterol was increased by RW treatment when compared to
EtOH-treated rats.

Oxidative Stress Markers. Oxidative damage to lipids and
DNA in hepatic tissue is shown in Figure 2. Regarding lipid
peroxidation, it was found that MDA levels were not affected by
chronic EtOH treatment. However, prolonged RW ingestion
markedly decreased MDA equivalents in comparison to the
PFC and EtOH groups (P<0.001 for both). It must be empha-
sized that RW-treated rats presented only vestigial levels of this
lipid peroxidation product. Concerning oxidative damage to
DNA, analyses revealed that 8-OHdG levels were increased in
the liver of EtOH-treated animals when compared toRW-treated
and PFC animals (P<0.05 for both). In contrast, no significant
differences were found between PFC and RW groups.

The effect of treatments on hepatic glutathione levels can be
seen in Table 4. Chronic consumption of both EtOH and RW
resulted in a decrease of GSX as well as of GSH levels in liver
homogenates as compared to PFC animals (P<0.01 and P<
0.001, respectively). No differences were found between EtOH
and RW rats relative to the two latter parameters. EtOH treat-
ment also resulted in a significant reduction of GSSG levels in
comparison to the remaining treatments (P<0.05 for both),
whereas RW did not significantly change GSSG in relation to
PFC group.

Results concerning glutathione-related enzymes are illustrated
in Figure 3. The effect of EtOH onGRwas opposite that of RW,
the first having increased (P < 0.001) and the latter having
decreased (P<0.01) GR activity relative to controls. We also
found that the activities of GST and Se-GPX were significantly
enhanced by prolonged RW intake (P<0.01 and P<0.001, res-
pectively) and were not affected by EtOH exposure.

The activities of CAT and total SOD in the liver of PFC,
EtOH, and RW rats can be observed in Figure 4. CAT activity
was significantly increased after chronic EtOH ingestion when
compared to the other two experimental groups (P<0.001),

which presented very similar CAT activity values. SOD activity
also increased following EtOH ingestion when compared toRW-
treated and PFC animals (P< 0.01 and P< 0.05, respectively).

Inflammation Markers. No significant differences were de-
tected in mean liver ALP activity (nmol of p-NP produced/
min/mg of protein) among PFC (2.26 ( 0.40), EtOH (1.94 (
0.46), and RW (1.98( 0.43) rats. Also, taking into consideration
both the presence of the inhibitor and the three groups of animals,
there were no differences regarding levamisole and L-Phe effects
upon hepatic ALP activity (approximately to 50 and 10%,
respectively). Likewise, NF-κB activity was not significantly
different when the three groups of rats were compared (100.0 (
15.9, 92.4( 11.7, and 100.0( 8.8%of control in PFCandEtOH-
and RW-treated rats, respectively).

Morphological Observations. Qualitative data concerning he-
paticmorphology can be seen inFigure 5. There were no apparent
morphological differences between the livers from PFC and RW-
treated animals (Figure 5A,C). However, in the livers of EtOH-
treated rats (Figure 5B) there were images of fibrosis in some
portal spaces and increased lipid accumulation. No fibrosis or
significant lipid deposits were observed in PFC and RW-treated
rats.

Figure 1. Time course of body weight (g) data of pair-fed control (PFC),
ethanol (EtOH), and red wine (RW) rats throughout the 6 months of
treatment. Results represent mean ( SD; N = 6 in each group.

Table 3. Circulating Lipid Profilesa

group triglycerides (mg/dL) total cholesterol (mg/dL) HDL-cholesterol (mg/dL)

PFC 160.4( 32.0 75.8( 9.7 14.0 ( 2.6

EtOH 181.5( 65.3 61.1( 19.4 12.1( 2.6

RW 203.3( 129.1 77.2( 26.3 16.8( 2.4*

a Values represent mean ( SD. HDL, high-density lipoprotein; PFC, pair-fed
control; EtOH, ethanol; RW, red wine. *, P < 0.05 vs EtOH. N = 6 in each group;
Newman-Keuls post hoc test.

Figure 2. Malondialdehyde (MDA) (A) and 8-hydroxy-20-deoxyguanosine
(8-OHdG) (B) levels in hepatic tissue of pair-fed control (PFC), ethanol
(EtOH), and red wine (RW) rats. Columns represent means, and vertical
bars correspond to one SD. *, P < 0.05 vs PFC and RW; ***, P < 0.001 vs
PFC and EtOH; N = 6 in each group; Newman-Keuls post hoc test.

Table 4. Concentration of Hepatic Glutathione Levelsa

group GSX GSH GSSG GSH/GSSG

PFC 37.02( 4.28 35.97( 3.98 0.48( 0.11 77.03( 13.45

EtOH 28.22 ( 3.27** 27.53( 3.30** 0.34 ( 0.07* 75.52( 14.26

RW 23.86( 5.57*** 22.78( 5.46*** 0.54( 0.12 43.03( 9.70†††

a Values are expressed as mean ( SD. PFC, pair-fed control; EtOH, ethanol;
RW, red wine; GSX, total glutathione; GSH, reduced glutathione; GSSG, oxidized
glutathione. Units: GSX, GSH and GSSG, nmol/mg protein. *, P < 0.05 vs PFC and
RW; **, P < 0.01 vs PFC; ***, P < 0.001 vs PFC; †††, P < 0.001 vs PFC and EtOH;N =
6 in each group; Newman-Keuls post hoc test.
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DISCUSSION

The large number of studies showing the deleterious effects of
ethanol consumption to hepatic functions (39-41) is being
currently confronted with growing evidence based on epidemio-
logical studies showing the beneficial effects of red wine to overall
health (1, 42). Moderate red wine ingestion is being linked to
improved metabolic and inflammatory profiles and redox status
in several organs, including the liver (20, 22, 43, 44). However,
long-term studies combining an evaluation of both oxidative
stress and inflammatory markers are scarce. In fact, to our
knowledge this is the first experimental study of 6 months of
ethanol or red wine ad libitum consumption that combines an
evaluationofMDA, 8-OHdG, glutathione, SOD,CAT,GST,Se-
GPX, GR, NF-κB, ALP, and liver morphology. Taking into
consideration the significant energy supplied by ethanol, the
control animals were pair-fed, adding energy to the diet in the
form of sucrose. Therefore, when the data obtained in treated
groups are analyzed in comparison to these PFC, three issues
should be kept in mind: (1) the different amount of liquid

ingestion in PFC when compared to the other groups, probably
related to the osmotic effect of sucrose; (2) the similarity ofMDA
levels found in PFC and EtOH groups; and (3) the similarity of
glutathione-related enzyme activities between PFC and EtOH
groups. Facing this parallelism, the results observed in RW-
treated rats are really impressive as oxidative stress marker
alterations accompanying PFC or EtOH treatments were not
visible in the RW-treated animals.

We foundno increase inTBARS in theEtOHgroup, as already
described (14, 16, 19). Together with the unchanged levels of
TBARS, we observed a reduction in total, reduced, and oxidized
glutathione contents in the EtOH group when compared to the
PFC group. Indeed, the role of glutathione as a free radical
scavenger (45-47) may help explain both the decrease of GSH
and the absence of alterations in TBARS. Thus, the observed
increase inGRactivitywould be determinant for the regeneration
of the cellular pool ofGSH fromGSSGand in themaintenance of
the GSH/GSSG ratio. No other changes were observed in the
enzymes using glutathione in these EtOH-treated animals.

Several othermechanisms resulting in a decrease in glutathione
as a consequence of ethanol intake have been proposed: (a)
depletion of GSH levels via the generation of oxidants (13); (b)
impairment of glutathione synthesis (17); (c) alteration of cysteine
availability; (d) inactivation/reduced activity of methionine ade-
nosyltransferase and methionine synthase; (e) increased GSH
efflux (18); and (f) direct binding of glutathione to acetalde-
hyde (48). However, in certain experimental conditions, ethanol
has been demonstrated to increase liver GSH as a result of
rebound GSH synthesis due to oxidative stress and/or to an
efficient glutathione recycling (14, 19, 20).

The stimulation of hepatic antioxidant enzymes or molecules
as a protective mechanism against continuous oxidative insults,
including those caused by ethanol-induced free radicals, has
already been reported (14, 20, 21). Accordingly, CAT and SOD
were increased in EtOH-treated rats. CAT, an enzyme related to

Figure 3. Glutathione-related enzyme activities in the liver homogenates
of pair-fed control (PFC), ethanol (EtOH), and red wine (RW) rats.
Glutathione reductase (GR) (A), glutathione S-transferase (GST) (B),
and selenium-dependent glutathione peroxidase (Se-GPX) (C) activities
were significantly affected by chronic RWconsumption. Columns represent
means, and vertical bars correspond to one SD. **, P < 0.01 vs PFC; ***,
P < 0.001 vs PFC and RW; ††,P < 0.01 vs PFC and EtOH; †††, P < 0.001 vs
PFC and EtOH; N = 6 in each group; Newman-Keuls post hoc test.

Figure 4. Catalase (CAT) (A) and total superoxide dismutase (SOD) (B)
activities in the liver of pair-fed control (PFC), ethanol (EtOH), and red wine
(RW) rats. Columns represent means, and vertical bars correspond to one
SD. *, P < 0.05 vs PFC; **, P < 0.01 vs RW; ***, P < 0.001 vs PFC and RW;
N = 6 in each group; Newman-Keuls post hoc test.
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ethanolmetabolism, has been previously shown to be consistently
increased after ethanol intake in a variety of experimental para-
digms (14,20,21). The relevant role of SOD in protection against
ethanol-induced free radicals has been demonstrated with SOD-
1-knockout mice (49) and rats expressing recombinant adeno-
virus containing manganese-dependent SOD (50).

Oxidative damage to DNA, evaluated using 8-OHdG levels,
was not prevented in EtOH animals when compared to the PFC
group. In fact, it has been reported that ethanol intake is often
associated with impaired utilization and/or increased deposition
of iron in the liver (15). Consequently, hydroxyl radical produc-
tion would be more likely to occur in this cellular location due to
increased iron deposition in DNA/DNA-binding proteins, lead-
ing to enhanced 8-OHdG formation (51). However, direct DNA
damage resulting from the acetaldehyde generated during ethanol
metabolism, and the subsequent formation of adducts with
DNA, and inhibition of DNA repair systems may also take
place (48).

Morphological observations of liver sections revealed lipid
accumulation and fibrosis in EtOH-treated rats that were not
accompanied by inflammation or ALP activity alterations. ALP
activity is normally employed as amarker for hepatic lesions (52).
The progression of alcoholic liver injury is characterized by the
initial appearance of fatty liver, followed by inflammation,
necrosis, and apoptosis, culminating in fibrosis and, in some
cases, cirrhosis (12, 53). Interactions between lipid accumulation

and activation of inflammatory cells, in the liver, are likely
involved in exacerbating the early response of this organ to
ethanol, leading to injury during long-term exposures (12).

It is known that chronic ethanol consumption results in hepatic
lipid accumulation due to utilization of ethanol as the preferred
fuel instead of fat. Additionally, ethanol oxidation induces
alterations in the NADþ/NADH ratio that promote lipogenesis
through enhanced formation of acylglycerols (11-13). Oxidative
stress could also be involved in the regulation of lipid metabolism
by ethanol through regulatory molecules such as PPAR-R or
sterol regulatory element-binding protein 1 activation (54). Also,
alterations in the redox status, added to acetaldehyde, stimulate
collagen synthesis (11, 12). Activation of NF-κB and activator
protein-1 in Kupffer cells can trigger the transcriptional up-
regulation of genes encoding fibrogenic cytokines stimulating
hepatic stellate cells (15).

The fact that this is a long-term studymay justify the absence of
alterations in ALP and NF-κB activities. We verified that,
although there are structural changes in the liver, no alterations
were found in these inflammatorymarkers. As in the initial stages
of ethanol exposure its metabolism via alcohol dehydrogenase
results in a shift of the hepatocyte redox state and accumulationof
fatty acids, it is plausible to expect alterations ofALP andNF-κB.
However, due to possible adaptation to the chronic presence of
ethanol, the redox state of the hepatocyte probably changed to a
new steady state (12). In other words, we can hypothesize that the
earlier stages of the inflammatory processmay have been resolved
and homeostatic mechanisms may have shifted the balance to a
new point. The existence of this new balance is consistent with the
adaptations in enzyme activities and the unchanged levels of lipid
peroxidation products and GSH/GSSG ratio observed. Never-
theless, it is important to stress that liver fibrosis can also be
present in alcoholic liver diseases without accompanying inflam-
mation, and both acetaldehyde and transforming growth factor
have been described to be involved in this process (12, 13, 55).

The most interesting findings of the present study were
observed in RW-treated rats as we failed to observe the changes
in lipid peroxidation, CAT, SOD, and livermorphology thatwere
present in EtOH-treated animals. More importantly, the levels of
8-OHdGwere not increased andMDAwas fairly reduced byRW
treatment in comparison to PFC. Red wine is a rich source of
polyphenols well-known for their antioxidant properties (1),
possessing a plethora of other biological activities, namely,
anti-inflammatory properties and the ability to interfere with
lipid metabolism and absorption (56). Moreover, the iron-chelat-
ing and radical-scavenging properties of polyphenols present in
red wine have been reported to protect against oxidative damage
of DNA and lipids (57-59) and may be implicated in the
improvement of hepatic oxidative status of RW-treated rats.
Therefore, the reduced TBARS and the unaltered 8-OHdG,
SOD, and CAT seen in this group of animals confirm the
assumption of the protective role mediated by polyphenols.
Additionally, the nonalcoholic components of red wine attenuate
the ethanol-induced enhancement ofCYP2E1 activity, contribut-
ing to a decrease in oxidative stress (22).

The activation of GST and Se-GPX by RW treatment may
have contributed to the marked reduction of MDA levels
observed in these animals in comparison to the other groups.
The absence of such an effect in the EtOH group reinforces the
modulation of these enzymes by the polyphenols present in
RW (45). Also, the observed increase in GST and Se-GPX
activities along with the decrease in GR activity can justify the
decrease in hepatic GSX and GSH without alterations in GSSG
levels producing the reduction in the GSH/GSSG ratio observed
only in RW-treated animals. Hepatic conjugation of red wine

Figure 5. Micrographs of hepatic tissue obtained from pair-fed control (A),
ethanol (B), and red wine (C) rats. The hepatocytes in B presented
abundant lipid deposits (arrows), and portal spaces present fibrosis
(arrowheads). In A and C the lipid deposition in hepatocytes was smaller
and fibrosis in portal spaces was not visible. Scale bar, 10 μm.
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polyphenols with GSH (47) could additionally contribute to the
lower hepatic content of GSH found in RW-treated rats.

The absence of morphological alterations in the liver of RW-
treated animals further supports the protective role of nonalco-
holic components of RW from ethanol-induced deleterious
events. As the few available studies regarding the modulation
by polyphenols of collagen and lipid hepatic accumulation reveal
a decrease or prevention of the disturbing events (60-62), we can
hypothesize that there were no transient changes in the inflam-
matory markers NF-κB and ALP in the initial periods of ethanol
consumption. With regard to lipid accumulation, polyphenols
have been described to possess a strong anti-hyperlipidemic effect
through AMP-activated protein kinase, pointing to a novel
mechanism leading to a decrease in lipid accumulation. However,
wemust bear inmind thatwine consumption can induce cirrhosis,
most particularly when associated with deficient nutrient in-
take (10).

The present results show noticeable improvements of several
hepatic parameters following prolonged red wine consumption in
contrast with the animals with similar ethanol intake. This
striking difference may be related to the nonalcoholic compo-
nents of red wine and highlights the paramount importance of
considering the biological matrix when evaluating the effects of
alcoholic beverage intake. Interestingly, a protective effect of
modest wine drinking against nonalcoholic fatty liver disease in
humans has recently been published (63).

ABBREVIATIONS USED

8-OHdG, 8-hydroxy-20-deoxyguanosine; ALP, alkaline phos-
phatase; BSA, bovine serum albumin; bw, body weight; CAT,
catalase; DTNB, 5,5-dithiobis(2-nitrobenzoic) acid; EtOH, etha-
nol; GR, glutathione reductase; GSH, reduced glutathione;
GSSG, oxidized glutathione; GST, glutathione-S-transferase;
GSX, total glutathione; L-Phe, L-phenylalanine; MDA, malon-
dialdehyde; NBT, nitroblue tetrazolium; NF-κB, nuclear factor-
kappa B; PFC, pair-fed control; p-NP, p-nitrophenol; p-NPP,
p-nitrophenylphosphate; RW, red wine; Se-GPX, selenium-de-
pendent glutathione peroxidase; SOD, superoxide dismutase;
TBARS, thiobarbituric acid-reactive substances.
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