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Abstract
This study was performed to investigate the antioxidant mechanism of tomato wine with varying lycopene con-

tent in rats fed a high fat diet (HFD). Male Sprague-Dawley rats were randomly divided into five groups (n=10 
per group) and fed an HFD (35% of total energy from fat) plus ethanol (7.2% of total energy from alcohol), 
tomato wine with varying lycopene content (0.425 mg%, 1.140 mg% or 2.045 mg% lycopene) or an isocaloric 
control diet for 6 weeks. Mice fed HFD plus ethanol significantly increased erythrocyte hydrogen peroxide and 
thiobarbituric acid reactive substances (TBARS) levels with increases in activities of erythrocyte antioxidant en-
zymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and glutathione 
reductase (GR) compared to pair-fed rats. Supplementation of tomato wine with varying lycopene content de-
creased ethanol-mediated increases of erythrocyte lipid peroxidation and antioxidant enzyme activities in HFD-fed 
rats, and tomato wine with higher lycopene appeared to be more effective. Tomato wine also dose-dependently 
lowered TBARS levels with decreased pro-oxidant enzyme, xanthine oxidase (XOD) activity in plasma of HFD-fed 
rats. In contrast to erythrocytes, the inhibitory effects of tomato wine on hepatic lipid peroxidation were linked 
to increased hepatic antioxidant enzymes (SOD and CAT) and alcohol metabolizing enzyme (alcohol dehydrogen-
ase and aldehyde dehydrogenase) activities. There were no significant differences in hepatic XOD and cytochrome 
P450-2E1 activities among the groups. Together, our data suggest that tomato wine fortified with lycopene has 
the potential to protect against ethanol-induced oxidative stress via regulation of antioxidant or pro-oxidant en-
zymes and alcohol metabolizing enzyme activities in plasma, erythrocyte and liver.
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Fig. 1. Structure and numbering of lycopene. 

INTRODUCTION

Chronic consumption of alcoholic beverages is a ma-
jor cause of liver injury such as serious fatty liver, cir-
rhosis and cancer (1). Ethanol-induced oxidative stress 
is known to play a major role in the mechanisms by 
which ethanol produces liver injury (2,3). In particular, 
the combination of a high fat diet (HFD) and ethanol 
causes an increase in lipid peroxidation, most likely as 
a consequence of a decrease in antioxidant defense in-
duced by an HFD and an increase in reactive oxygen 
species (ROS) production induced by ethanol (4). 
However, epidemiological evidence suggests that some 
alcoholic beverages, such as red wine, reduce the risk 
of coronary heart disease and may have a protective ef-
fect on the liver (5,6).

It has been shown that dietary intake of tomatoes and 
tomato-based products such as tomato juice and tomato 

paste can decrease risk of chronic diseases such as car-
diovascular diseases and cancer (7), but there are no 
studies on the potential effects of tomato wine. The bene-
ficial properties of tomato appear to be related to the 
antioxidant content, particularly lycopene and β-carotene, 
which may play a role in inhibiting reactions mediated 
by ROS (8). Lycopene, a red carotenoid pigment found 
in tomatoes and other fruits or vegetables, is an isomer 
of β-carotene but does not have provitamin A activity. 
It is an acyclic, highly unsaturated, straight chain hydro-
carbon with thirteen double bonds (11 conjugated, 2 non- 
conjugated) (9,10) (Fig. 1). Because of its high number 
of conjugated double bonds, it is one of the most potent 
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antioxidants among dietary carotenoids. It is reported that 
lycopene exhibits higher singlet oxygen quenching abil-
ity than β-carotene or α-tocopherol (11) and it may re-
duce the risk of atherosclerosis and cancer by preventing 
the oxidative damage of biomolecules including lipids, 
proteins and DNA (12-16). 

Furthermore, several studies suggest that lycopene can 
decrease alcohol-induced oxidative stress (17,18). Lycopene 
decreases alcohol-induced hydrogen peroxide and gluta-
thione levels in HepG2 cells overexpressing cytochrome 
P450-2E1 (CYP2E1) (17). An epidemiological study al-
so reported an inverse association between lycopene and 
alcohol-induced liver damage in moderate and heavy 
drinkers (>25 g of ethanol/day) (18). However, several 
studies showed the antioxidant and pro-oxidant proper-
ties of lycopene may be dose-dependent (19,20). Veer-
amachaneni (21) reported that supplementation of lyco-
pene at high dose (3.3 mg/kg BW/day), but not at lower 
dose (1.1 mg/kg BW/day), induced hepatic oxidative 
stress and inflammation in alcohol-fed rats. 

In light of these collective data, we hypothesized that 
tomato wine containing varying lycopene may protect 
or exacerbate oxidative stress induced by high fat and 
alcohol intake. Thus, we evaluated the effects of tomato 
wine containing low, medium and high lycopene content 
on oxidative stress and ethanol-induced hepatic bio-
markers in HFD-fed rats. 

MATERIALS AND METHODS

Materials
Tomatoes were purchased from a local market (Daegu, 

Korea). D,L-cystein, D,L-methionine, cholin bitrate, and 
xanthan gum were purchased from Sigma Chemical Co. 
(St. Louis, MI, USA).

Supplement preparation
Full-mature rasped tomato (1 kg) without stem was 

fortified with sugar to be 22oBrix, initial acidity was re-
vised to 0.45% by using tartaric acid, S. bayanus Lalvin 
EC-1118 (5%) was inoculated as starter and then static 
culture was cultivated in an incubator at 25oC for 3 days. 
After alcohol fermentation, the solution was filtered 
through non-woven fabric and centrifuged at 13,000 rpm 
for 5 min, which resulted in a supernatant of tomato 
wine with a low lycopene content (4.25 mg%). Tomato 
wine with medium and high lycopene contents (11.40 
mg% and 20.45 mg%, respectively) was made by adding 
either 10% (w/v) tomato puree for medium lycopene lev-
els or 20% (w/v) tomato puree for high lycopene levels. 
The three types of tomato wine with varying lycopene 
content were used for the dietary intervention.

Experimental animals
Fifty male Sprague-Dawley rats (4-week-old) weigh-

ing between 80 and 100 g were purchased from the 
Central Lab. Animal Inc. (Seoul, Korea). The animals 
were all individually housed in stainless steel cages in 
an air-conditioned room with controlled temperature (20 
～23oC) and automatic lighting (alternating a 12 hr peri-
od of light and dark). All of the rats were treated in 
strict accordance with the Kyungpook National University 
guidelines for the care and use of laboratory animals.

Experimental design
All rats were fed pellets of commercial chow for 1 

week after arrival. The rats were randomly divided into 
five groups (n=10 per group), which were assigned to 
one of five dietary categories; a high fat liquid diet (35% 
of total energy) plus ethanol (7.2% of total energy) 
(ethanol control, EC), a normal diet that includes the 
same amount of fat (35% of total energy) and energy 
as each ethanol group consumed in the previous day 
(pair-fed control, PC), a high fat liquid diet (35% of total 
energy) plus low lycopene (0.425 mg%) tomato wine 
(TW-LL, 7.2% of total energy), a high fat diet (35% of 
total energy) plus medium lycopene (1.140 mg%) tomato 
wine (TW-ML, 7.2% of total energy), a high fat diet 
(35% of total energy) plus high lycopene (2.045 mg%) 
tomato wine (TW-HL, 7.2% of total energy) for 6 wk. 
The composition of the experimental diet was based on 
the modified Liber-DeCarli liquid diet (22) as shown in 
Table 1. Each group was given the modified liquid diet 
(～100 mL/day). Ethanol was introduced gradually into 
the diet starting from 5% of energy during the first and 
second day, increasing to 6% of energy during the third 
and fourth day and was finally served to 7.2% (w/v) from 
the fifth day. The rats in the PC group received an etha-
nol-free normal liquid diet containing dextrin-maltose in-
stead of ethanol. 

Sample preparation
At the end of the experimental period, the rats were 

anesthetized with ketamin-HCL following a 12 hr fast. 
Blood was drawn from the inferior vena cava into hep-
arin-coated tubes to determine plasma biomarkers. The 
liver was removed, rinsed with physiological saline, and 
weighed immediately. All samples were stored at -70 
oC until biomarkers analysis.

The preparation of the enzyme source in the eryth-
rocytes was as follows: after the heparin treated blood 
samples were centrifuged at 1,000×g for 15 min at 4oC, 
the plasma and buffy coat were carefully removed. The 
separated cells were then washed three times by re-
suspension in a 0.9% NaCl solution and recentrifuged. 
The washed cells were lysed in an equal volume of water 
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Table 1. Composition of experimental and control diets1)

(g/L/1,000 cal)
Groups EC PC TW-LL TW-ML TW-HL
Casein
L-Cystein
D,L-Methionine
Corn oil
Olive oil
Dextrin maltose2)

Cholin bitartrate
Fiber
Xanthan gum
Vitamin mixture3)

Mineral mixture4)

Ethanol
TW-LL
TW-ML
TW-HL

41.4
 0.5
 0.3
 8.5
31.3
97.2
0.53
10.0
 3.0
2.55
 9.0
10.0
－
－
－

 41.4
  0.5
  0.3
  8.5
 31.3
115.2
 0.53
 10.0
  3.0
 2.55
  9.0
－
－
－
－

41.4
 0.5
 0.3
 8.5
31.3
97.2
0.53
10.0
 3.0
2.55
 9.0
－
100
－
－

41.4
 0.5
 0.3
 8.5
31.3
97.2
0.53
10.0
 3.0
2.55
 9.0
－
－
100

41.4
 0.5
 0.3
 8.5
31.3
97.2
0.53
10.0
 3.0
2.55
 9.0
－
－
－
100

1)The liquid diet was mixed in 1 L of distilled water.
2)The ethanol in the ethanol diet was replaced with additional 

dextrin maltose in the pair-fed group.
3)AIN-76 vitamin mixture.
4)AIN-76 mineral mixture.
EC, ethanol control; PC, pair-fed control; TW-LL, tomato wine 
with low lycopene content; TW-ML, tomato wine with me-
dium lycopene content; TW-HL, tomato wine with high lyco-
pene content.

and mixed thoroughly. The hemoglobin concentration 
was estimated in an aliquot of the hemolysate, using a 
commercial assay kit (No. 525-A, Sigma Chemical Co.). 
An appropriate dilution of the hemolysate was then pre-
pared from the erythrocytes suspension by the addition 
of distilled water to estimate catalase (CAT) and gluta-
thione peroxidase (GSH-Px) activities. Hemoglobin was 
removed by precipitation with chloroform : ethanol as 
follows (23): 0.2 mL of an ethanol : choloroform (3:5, 
v/v) mixture was added to an aliquot of the hemolysate 
cooled in ice. This mixture was stirred constantly for 
15 min and then diluted with water. After centrifugation 
for 10 min at 1,600×g, the pale yellow supernatant was 
separated from the protein precipitate and used to assay 
superoxide dismutase (SOD). 

The enzyme source fraction in the liver was prepared 
according to the method developed by Hulcher and 
Oleson (24), with slight modification. A 20% (w/v) ho-
mogenate was prepared in a buffer containing 0.1% M 
triethanolamine, 0.02 M EDTA and 2 mM dithiothreitol 
(pH 7.0). This homogenate was centrifuged at 600×g 
for 10 min to discard any cellular debris. The supernatant 
was then centrifuged at 10,000×g for 20 min to isolate 
the mitochondrial pellet. Subsequently, the supernatant 
was ultracentrifuged twice at 100,000×g for 60 min at 
4oC to obtain the cytosolic supernatant. The mitochon-
drial and microsomal pellets were then redissolved in 
800 µL of a homogenization buffer and their protein con-

tent was determined by the method of Bradford (25) us-
ing bovine serum albumin as the standard.

Lipid peroxidation and hydrogen peroxide assay
Lipid peroxidation levels were measured using plas-

ma, erythrocyte (26) and hepatic thiobarbituric acid sub-
stances (TBARS) (27). Plasma and erythrocyte were 
mixed with 5% trichloroacetic acid (TCA) and 60 
mmol/L thiobarbituric acid (TBA). After incubation at 
80oC for 90 min, the supernatants were centrifuged at 
1000×g for 15 min at 4oC. The absorbance of the super-
natant was determined at 535 nm using tetramethoxypro-
pane (Sigma Chemical Co.) as the standard. Hepatic ho-
mogenates containing 8.1% sodium dodecyl sulfate were 
mixed with 20% (w/v) acetic acid (pH 3.5), distilled wa-
ter and 0.8% (w/v) TBA. The reaction mixture was heat-
ed at 95oC for 60 min. After cooling the mixture, n-buta-
nol:pyridine (15:1, v/v) was added and centrifuged at 
800×g for 15 min. The resulting colored layer was 
measured at 535 nm. The hydrogen peroxide levels in 
erythrocyte and liver were measured by Wolff’s method 
(28). FOX 1 (ferrous oxidation) reagent was prepared 
from 0.25 M H2SO4, 1 M sorbitol, 2.5 mM ammonium 
iron (II), 1 mM xylenol orange, and hydrogen peroxide 
levels were determined at 560 nm absorbance.

Enzyme assays
The SOD activity was measured according to the meth-

od of Marklund and Marklund (29) with a slight mod-
ification. One unit was determined as the amount of en-
zyme that inhibited the oxidation of pyrogallol by 50%. 
The CAT activity was measured using Aebi’s (30) meth-
od, in which the disappearance of hydrogen peroxide 
was monitored spectrophotometrically at 240 nm for 5 
min using a spectrophotometer. The GSH-Px activity 
was measured using the spectrophotometric assay, as de-
scribed previously by Paglia and Valentine’s (31) meth-
ods with a slight modification. The reaction mixture in-
cluded 30 mM glutathione, 6 mM NADPH and H2O2 
in a 0.1 M Tris-HCl (pH 7.2) buffer. The reaction was 
initiated by adding the enzyme source and the absorb-
ance was measured at 340 nm for 5 min. The glutathione 
reductase (GR) activity was measured by monitoring the 
oxidation of NADPH at 340 nm (32). Plasma paraoxonase 
(PON) activity was assayed using the methods described 
by Mackness et al. (33), which measured the increase 
in absorbance for 60 sec at 405 nm and 25oC. The alco-
hol dehydrogenase (ADH) activity was measured by 
monitoring the formation of NADH at 340 nm in the 
hepatic cytosol (34). The aldehyde dehydrogenase (ALDH) 
activity in the mitochondria of liver was assayed using 
Koivula and Koivusalo’s method (35). The activity of 
CYP2E1 was measured in microsome fraction of liver 
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Fig. 2. Effects of tomato wine containing low, medium and 
high lycopene content on TBARS and hydrogen peroxide lev-
els in plasma, erythrocyte and liver of HFD-fed rats. Values 
are mean±SE. a-cMeans not sharing a common letter are sig-
nificantly different among groups at p<0.05. EC, ethanol con-
trol; PC, pair-fed control; TW-LL, tomato wine with low lyco-
pene content; TW-ML, tomato wine with medium lycopene 
content; TW-HL, tomato wine with high lycopene content; 
H2O2, hydrogen peroxide; TBARS, thiobarbituric acid reactive 
substance.

by the formation of 4-nitrocatechol detected spectro-
photometically as previously described (36). The xan-
thine oxidase (XOD) activity was measured by monitor-
ing the production of uric acid at 290 nm in plasma 
and liver (37). 

Plasma ethanol concentration
Plasma ethanol concentration was determined using a 

commercial kit (ECET-100, BioAssay Systems, Hayward, 
CA, USA).

Statistical analysis
All data were presented as the mean±SE. Statistical 

analysis was carried out using SPSS statistical software 
(version 11.0, SPSS Inc., Chicago, IL, USA). Significant 
differences among the groups were determined by one- 
way ANOVA. Post-hoc Duncan’s multiple-range tests 

were performed when differences were identified be-
tween the groups. Significant differences were accepted 
at p<0.05.

RESULTS

Effects of tomato wine with lycopene on plasma, 
erythrocyte and hepatic hydrogen peroxide and lipid 
peroxidation levels

In rats fed HFD plus varying lycopene content, eryth-
rocyte and hepatic hydrogen peroxide level tended to be 
dose-dependently decreased compared to ethanol/ 
HFD-fed rats (Fig. 2). Plasma TBARS level was sig-
nificantly decreased by tomato wine with high lycopene 
content compared to ethanol plus HFD diet. Supplemen-
tation of tomato wine over 6 weeks also decreased eryth-
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Table 2. Effects of tomato wine containing low, medium and high lycopene content on antioxidant enzyme activities in plasma, 
erythrocyte and liver of HFD-fed rats

      Groups EC PC TW-LL TW-ML TW-HL
Liver
  SOD (unit/mg protein)
  CAT (μmol/min/mg protein)
  GSH-Px (nmol/min/mg protein)
  GR (nmol/min/mg protein)
Erythrocyte 
  SOD (unit/mg Hb)
  CAT (μmol/min/mg Hb)
  GSH-Px (nmol/min/mg Hb)
  GR (nmol/min/mg Hb)
Plasma
  PON (μmol/min/mL)

 24.73±1.21b

  2.79±0.67b

 17.07±0.81
 92.20±7.18

  0.29±0.02a

 0.182±0.015a

 55.51±3.54a

116.95±12.50a

 0.163±0.008a

 25.65±0.94b

  6.19±0.57a

 19.69±1.95
111.74±12.70

  0.23±0.02b

 0.108±0.014b

 34.66±2.32b

 90.29±12.83ab

 0.150±0.006ab

 24.77±3.17b

  5.93±0.63a

 18.13±1.14
 97.51±7.79

  0.26±0.02ab

 0.133±0.017b

 52.42±5.84a

108.56±15.56a

 0.137±0.014abc

32.13±0.81b

 5.94±0.50a

18.09±0.71
99.58±6.48

 0.24±0.02ab

0.132±0.014b

49.50±6.34ab

90.53±13.53ab

0.116±0.010c

 51.29±6.54a

  6.07±0.51a

 19.51±1.34
122.33±12.97

  0.21±0.01b

 0.108±0.008b

 35.56±2.34b

 52.30±8.81b

 0.128±0.006bc

Values are mean±SE.
a-cMeans not sharing a common letter in a row are significantly different among groups at p<0.05.
EC, ethanol control; PC, pair-fed control; TW-LL, tomato wine with low lycopene content; TW-ML, tomato wine with medium 
lycopene content; TW-HL, tomato wine with high lycopene content; SOD, superoxide dismutase; CAT, catalase; GSH-Px, gluta-
thion peroxidase; GR, glutathione reductase; PON, paraoxonase.

rocyte TBARS levels in HFD-fed rats compared to etha-
nol/HFD-fed rats, but not pair-fed rats. Notably, tomato 
wine with high lycopene content appeared to be more 
effective at suppression of plasma and erythrocyte 
TBARS than tomato wine with lower lycopene content. 
However, there was no dose dependent effect of lyco-
pene content on hepatic TBARS. Hepatic TBARS level 
was significantly lowered in tomato wine with low lyco-
pene content than in both ethanol/HFD-fed rats and 
pair-fed rats. 

Effects of tomato wine with lycopene on antioxidant 
and pro-oxidant enzyme activities

Next, we compared how the ethanol/HFD diet vs. the 
isocaloric control diet influences plasma, erythrocyte and 
hepatic antioxidant enzyme activities, and determined 
whether tomato wine with varying lycopene can regulate 
these antioxidant enzyme activities in plasma, eryth-
rocyte and liver of HFD-fed rats (Table 2). Supplementa-
tion of tomato wine in HFD-fed rats over 6 weeks effec-
tively increased hepatic SOD and CAT activities com-
pared to the ethanol/HFD control group. Among the to-
mato wines tested, high lycopene induced the strongest 
response by increasing hepatic SOD and CAT activities. 
There were no differences in the hepatic GSH-Px and 
GR activities among groups.

In contrast to hepatic antioxidant activities, ethanol/ 
HFD-fed rats showed higher activities of erythrocyte 
SOD, CAT, GSH-Px and GR compared to the pair-fed 
control group and tomato wine containing lycopene dose- 
dependently decreased these erythrocyte antioxidant en-
zyme activities compared to ethanol/HFD control group 
(Table 2). Plasma PON activity was also significantly 
lowered in rats fed tomato wine with medium or high 

lycopene content.
To further examine whether supplementation of toma-

to wine with lycopene inhibits pro-oxidant enzymes, we 
determined plasma and hepatic XOD activities (Fig. 3). 
The plasma XOD activity was increased in ethanol/ 
HFD-fed rats compared to pair-fed rats, whereas supple-
mentation of tomato wine with medium or high lycopene 
content appeared to significantly inhibit plasma XOD ac-
tivity compared to ethanol/HFD-fed rats. Hepatic XOD 
activity was not significantly different between pair-fed 
controls and HFD-fed rats regardless of the lycopene 
content of tomato-wine. 

Effects of tomato wine with lycopene on plasma 
ethanol concentration and hepatic alcohol-metabolizing 
enzyme activities

We next investigated the potential effects of tomato 
wine with lycopene on plasma ethanol concentration and 
hepatic alcohol-metabolizing enzyme activities in HFD- 
fed rats. Tomato wine with varying lycopene content 
dose-dependently lowered ethanol concentration in the 
plasma when compared among the ethanol-treated groups 
(Table 3). No ethanol was detected in the plasma from 
the pair-fed rats (Table 3). Hepatic ADH activity was 
not significantly different between ethanol/HFD rats and 
pair-fed controls, whereas hepatic ALDH activity was 
significantly higher in the ethanol/HFD-fed rats com-
pared to pair-fed controls (Table 3). Supplementation of 
tomato wine with varying doses of lycopene resulted in 
increases of hepatic ADH and ALDH activities com-
pared to ethanol/HFD-fed rats (Table 3). The activity 
of hepatic CYP2E1, another enzyme involved in ethanol 
metabolism, was not significantly different among groups 
(Fig. 3).
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Table 3. Effects of tomato wine containing low, medium and high lycopene content on plasma ethanol concentration and hepatic 
alcohol metabolizing enzyme activities in HFD-fed rats 

Groups
    EC      PC TW-LL TW-ML TW-HL

Ethanol (mg/dL)
Alcohol dehydrogenase (nmol/min/mg protein)
Aldehyde dehydrogenase (nmol/min/mg protein)

6.59±0.82a

6.85±0.11abc

1.16±0.36b

   －
6.25±0.59bc

5.21±0.89a

4.52±0.54ab

7.83±0.31ab

5.42±0.50a

3.35±0.94b

6.07±0.60c

6.31±1.93a

3.00±0.60b

8.19±0.88a

4.84±0.97a

Values are mean±SE.
a-cMeans not sharing a common letter in a row are significantly different among groups at p<0.05.
EC, ethanol control; PC, pair-fed control; TW-LL, tomato wine with low lycopene content; TW-ML, tomato wine with medium 
lycopene content; TW-HL, tomato wine with high lycopene content; ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase.
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Fig. 3. Effects of tomato wine containing low, medium and 
high lycopene content on XOD and CYP2E1 activities in plas-
ma and liver of HFD-fed rats. Values are mean±SE. a-cMeans 
not sharing a common letter are significantly different among 
groups at p<0.05. EC, ethanol control; PC, pair-fed control; 
TW-LL, tomato wine with low lycopene content; TW-ML, to-
mato wine with medium lycopene content; TW-HL, tomato 
wine with high lycopene content; XOD, xanthine oxidase; 
CYP2E1, cytochrome P450-2E1.

DISCUSSION

Oxidative stress is characterized by an imbalance be-
tween ROS generation and antioxidant capacity. ROS are 
naturally generated in small amounts through normal 
metabolic reactions and are constantly produced and 
eliminated, since cells have endogenous antioxidant 
capacity. However, overproduction of ROS can cause 
damage to lipids, proteins and DNA, which can then 
induce pathological events leading to hepatic steatosis, 
cardiovascular diseases and cancer. It is well known that 
chronic and excessive alcohol consumption can promote 
the generation of ROS through the various pathways re-
lated to ethanol metabolism. Ethanol is extensively oxi-
dized into acetaldehyde by the ADH and then into ace-
tate by ALDH in the liver. Acetaldehyde is a highly toxic 
metabolite of ethanol and the accumulation of acetalde-
hyde in the liver after chronic alcohol consumption has 
been implicated in the pathogenesis of alcoholic liver 
disease (3). In the current study, alcohol feeding led to 
inhibition of hepatic ALDH, but not ADH, compared 
to pair-fed rats. This result indicates that moderate alco-
hol intake in combination with an HFD over 6 weeks 
can be efficiently converted into acetaldehyde by normal 
ADH activity but the subsequent conversion of acetalde-
hyde into acetate can be delayed due to low ALDH 
activity. Interestingly, supplementation of tomato wine 
with lycopene effectively activated both ADH and ALDH 
activities in HFD-fed rats, thereby enabling the con-
version of ethanol into acetate via acetaldehyde and con-
tributing to a lower plasma ethanol concentration. 

Acetaldehyde is also oxidized into acetate by XOD 
in liver, producing superoxide and hydrogen peroxide 
(38,39). However, others have previously demonstrated 
that XOD does not play a major role in oxygen radical 
production in the liver during acute alcohol intoxication 
(40). Our present study also showed that hepatic XOD 
activity was not significantly different between pair-fed 
controls and alcohol-fed rats regardless of lycopene con-
tent of tomato-wine. Furthermore, we observed no effect 
of moderate alcohol consumption in HFD-fed rats on 
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hepatic CYP2E1 activity, which also helps oxidize etha-
nol particularly following chronic alcohol intake (41,42), 
compared to pair-fed controls and tomato wine with ly-
copene-supplemented groups. An in vitro study showed 
that lycopene attenuated alcoholic induced-oxidative 
stress and apoptosis in HepG2 cells overexpressing 
CYP2E1 (17). In contrast, in vivo supplementation of 
lycopene at a high dose (3.3 mg/kg BW/day), but not 
lower dose (1.1 mg/kg BW/day) is reported to sig-
nificantly induce hepatic CYP2E1 levels and inflammation 
in alcohol-fed rats (21), suggesting a need for caution 
among individuals consuming high amounts of both al-
cohol and lycopene. Some variation among published re-
ports regarding the potency of lycopene on CYP2E1- 
related oxidative stress may be due to many factors such 
as species, dietary intervention period, lycopene source 
and amount of alcohol.

On the other hand, alcohol feeding over 6 weeks re-
sulted in significantly lowered activity of hepatic CAT, 
antioxidant enzyme, compared to pair-fed group in the 
present study as previously observed by others (40). In 
contrast, supplementation of tomato wine containing ly-
copene appeared to effectively activate hepatic SOD and 
CAT activities compared to ethanol plus HFD group. 
Furthermore, we observed a trend of decreased hepatic 
lipid peroxidation with tomato wine containing lycopene 
in HFD-fed rats. Antioxidant enzymes such as SOD, 
CAT and GSH-Px are important in protecting cells from 
oxidative damage. SOD converts superoxide radicals in-
to hydrogen peroxide, which is then further metabolized 
by CAT, which catalyzes the conversion of hydrogen 
peroxide to water and oxygen. If CAT activity is not 
sufficiently enhanced to metabolize hydrogen peroxide, 
this can lead to increased hydrogen peroxide and TBARS 
levels (43). Our results are consistent with the study by 
Hsu et al. (44), who demonstrated that supplementation 
with tomato paste containing lycopene for 8 weeks in-
creased hepatic SOD, CAT and GSH-Px activities and 
decreased lipid peroxidation in cholesterol-fed hamsters. 
However, in the current study, there were no dose-de-
pendent effects of lycopene content on TBARS levels 
in liver, suggesting that the low dose of lycopene con-
tained in tomato wine was sufficient to suppress hepatic 
lipid TBARS levels. Taken together, our findings in-
dicate that tomato wine and lycopene supplementation 
may suppress hepatic lipid peroxidation by activating an-
tioxidant enzymes as well as by suppressing pro-oxidant 
enzymes such as ADH and ALDH in liver of HFD-fed 
rats. 

Erythrocytes are also susceptible to lipid peroxidation 
due to alcohol consumption (45), and we found that alco-
hol feeding significantly increased erythrocyte TBARS 

and hydrogen peroxide levels concomitant with in-
creased activities of hepatic antioxidant enzymes like 
SOD, CAT, GSH-Px and GR compared to pair-fed rats. 
Accordingly, our study suggests that the combination of 
alcohol and an HFD may result in overproduction of 
ROS-stimulating antioxidant enzyme activity to cope 
with the increased lipid peroxidation in erythrocytes. 
Interestingly, the erythrocyte lipid peroxidation and anti-
oxidant enzyme activities were recovered to the normal 
level in all mice on tomato wine with lycopene. Notably, 
tomato wine with high lycopene content appeared to be 
the most effective at suppressing the increase in eryth-
rocyte lipid peroxidation and antioxidant enzyme activ-
ities in HFD fed rats, suggesting that the lycopene con-
tent, rather than other functional components in tomato 
wine, was primarily responsible for suppression of oxi-
dative stress induced by ethanol. Bose and Agrawal (46- 
48) also showed that tomato or lycopene decreased er-
ythrocyte lipid peroxidation levels in patients with car-
diovascular disease and type 2 diabetes. 

Zima et al. (49) reported that ethanol significantly in-
creases plasma XOD activity in both rats and hamsters, 
suggesting that plasma XOD may be a sensitive marker 
of liver damage. In our study, we found that plasma 
XOD activity was higher in alcohol-fed group compared 
to pair-fed group, whereas all mice on tomato wine with 
varying lycopene content markedly decreased the activ-
ity of plasma XOD. Furthermore, tomato wine with lyco-
pene effectively suppressed plasma lipid peroxidation 
levels, indicated by significantly lower plasma TBARS 
in these rats. Previous studies also supported a role for 
tomato products in the prevention of plasma lipid perox-
idation (50,51). Plasma PON, an HDL-associated anti-
oxidant enzyme (52), protects against plasma lipid oxi-
dation (53). In general, PON activity was suggested to 
be inversely associated with oxidative stress in plasma 
(54) and antioxidants can increase PON activity (55). 
However, two previous studies reported that a high in-
take of vegetables rich in vitamins E and C was neg-
atively correlated with serum PON activity in Finnish 
populations (56,57). We also showed that tomato wine 
and lycopene supplementation in HFD-fed rats resulted 
in lower plasma PON activity compared to ethanol/ 
HFD-fed rats. There was no effect of ethanol on plasma 
PON activity compared to the pair-fed group. This find-
ing is in accordance with previous experimental data 
showing no association between alcohol consumption 
and serum PON activity in healthy men (58). 

In conclusion, the present study suggests that supple-
mentation of tomato wine with varying lycopene content 
protects against alcohol-induced oxidative stress in 
HFD-fed rats. Tomato wine with high lycopene content 
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appeared to be more effective than tomato wine with 
lower lycopene content for suppressing lipid perox-
idation. The beneficial effects of tomato wine appear to 
be partly mediated through regulation of pro-oxidant and 
antioxidant enzyme activity in plasma, erythrocyte and 
liver. Thus, supplementation of tomato wine fortified 
with lycopene could prove promising in decreasing alco-
hol-induced hepatic steatosis and cardiovascular disease. 

ABBREVIATIONS

ADH, alcohol dehydrogenase; ALDH, aldehyde de-
hydrogenase; CAT, catalase; CYP2E1, cytochrome P450- 
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