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Basic nutritional investigation

Efficiency of apples, strawberries, and tomatoes for reduction of
oxidative stress in pigs as a model for humans

Tanja Pajk, Ph.D., Vida Rezar, Ph.D., Alenka Levart, Ph.D., and Janez Salobir, Ph.D.*
Institute of Nutrition, Biotechnical Faculty, University of Ljubljana, Domžale, Slovenia

Manuscript received February 25, 2005; accepted August 24, 2005.

bstract Objective: The present study investigated the potency of apples, strawberries, and tomatoes in
decreasing oxidative stress in pigs as a model for humans.
Methods: Forty-eight growing pigs were individually penned in metabolic cages and divided into
six groups. All groups received isocaloric daily rations composed of a basal diet supplemented with
starch, linseed oil, linseed oil and apples, linseed oil and strawberries, linseed oil and tomatoes, or
linseed oil, apples, strawberries and tomatoes. Oxidative stress was evaluated at the beginning and
at the end of the 22-d experimental period by measuring the degree of DNA damage in mononuclear
blood cells, the concentration of malondialdehyde (MDA) in plasma, the MDA excretion rate, the
concentration of tocopherols in plasma, plasma total antioxidant status, and erythrocyte glutathione
peroxidase concentration.
Results: The results confirmed that the linseed oil diet significantly increased MDA formation in
the body and DNA damage to mononuclear blood cells in comparison with the starch diet. Although
the MDA concentration in plasma was significantly decreased in all fruit groups, urine MDA
excretion rate was decreased only in the linseed oil/apple and linseed oil/apple/strawberry/tomato
groups. Supplementation with fruit significantly decreased DNA damage, was more pronounced in
the linseed oil/apple and linseed oil/apple/strawberry/tomato groups. Significantly lower glutathione
peroxidase concentrations were observed only in the linseed oil/strawberry group.
Conclusions: Our findings support the hypothesis that supplementation with apples, strawberries,
or tomatoes effectively decreases oxidative stress by decreasing MDA formation in the body and by
protecting mononuclear blood cells against increased DNA damage. This effect was particularly
pronounced in the group supplemented with a fruit mixture; among the single fruit supplements, the
most beneficial effect was obtained with apples. © 2006 Elsevier Inc. All rights reserved.
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A balance between oxidants and antioxidants sustains
ptimal physiologic conditions in the body. Overproduction
f oxidants can cause an imbalance that leads to oxidative
tress, which can result in cellular damage to cell constitu-
nts such as proteins, lipids, and DNA [1,2]. It has been
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cknowledged that a high intake of fruits and vegetables, the
ain sources of water- and lipid-soluble antioxidants in the

iet, could decrease the consequences of free radical attack
n cellular DNA, which may lead to mutations [1,3]. Daily
onsumption of at least five servings of fruit and vegetables
ay therefore inhibit or slow down degenerative diseases,

uch as several common cancers, cardiovascular disease,
nd cell damage connected with ischemia and reperfusion
4–6].

In the literature various data on the comparative in vitro
ntioxidative capacity of different fruits and vegetables are
vailable [7–13]. Some investigators have reported the ben-

ficial effects of a high intake of fruit and vegetables in
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eneral [3,14,15], but only limited information is known
bout the protective effects in vivo of single fruits or veg-
tables on DNA damage and on peroxidation of body lipids
16–18]. To the best of our knowledge, almost no results of
n vivo trials are available comparing mode of action and
otency of different kinds of fruit, except that of Pool-Zobel
t al. [19] who performed a human intervention trial with
arotenoid-rich foods (tomato juice, carrot juice, and dried
pinach powder).

The present research investigated and compared the an-
ioxidant potentials of apples, strawberries, and tomatoes to
ecrease oxidative stress induced by a large proportion of
olyunsaturated fatty acids (PUFAs) in the diet. The listed
ruits were selected because, compared with other kinds of
ruit in vitro, they exhibit higher antioxidative potential
12,13] and are frequently consumed. The hypothesis of the
resent research was that a high PUFA intake would in-
rease oxidative stress and that dietary supplementation
ith fruit would provide protection against the damaging

ffect of PUFAs. We assumed that the ability of different
ruits to lower oxidative stress, according to their different
mounts of various antioxidants, would not be the same. To
valuate oxidative stress, the following parameters were
easured: the degree of DNA damage in mononuclear

lood cells (MNBC), the concentration of malondialdehyde
MDA) in blood plasma, 24-h urine MDA excretion rate,
he concentration of tocopherols (� and � � �) in blood
lasma, plasma total antioxidant status (TAS), and erythro-
yte glutathione peroxidase (GSH-Px) concentration. In the
resent study pigs were chosen as the experimental model
or humans, not only because of similarities in digestion and
etabolism but also because pigs as omnivorous animals
ay consume the same diet as humans.

aterials and methods

xperimental design and diets

The experiment was divided into two phases: an initial
-d adaptation period and a 22-d experimental period. Dur-
ng the adaptation period the animals adapted to the rearing
ystem and all received the same diet (CONT). Thereafter,
hey were randomly assigned into six experimental groups
n � 8). Animals from each group received isocaloric daily
ations that provided 2.3 times the maintenance requirement
20]. The rations were composed of the basal diet, which
as the same for all animals, supplemented according to the
ifferent dietary treatments with starch in the CONT group,
inseed oil in the OIL group, linseed oil and apples in the
PP group, linseed oil and strawberries in the STR group,

inseed oil and tomatoes in the TOM group, and linseed oil,
pples, strawberries, and tomatoes in the MIX group. All
iets were kept isocaloric by using different amounts of
tarch.
Diets were constituted according to dietary guidance c
roposed by the U.S. Department of Health and Human
ervices and U.S. Department of Agriculture [21], as spec-

fied in The Food Guide Pyramid. The composition of daily
ations in the different groups, calculated energy values, and
alculated composition of daily nutrients are presented in
able 1.

Rations were fed in the form of a feed mixture. All
ngredients of the mixture, except linseed oil and fruit, were
ixed together weekly. The linseed oil and fruit were added

nd mixed to the feed mixture of individual animals before
very feeding. Unpeeled fruits were cut to approximately 2-

2-cm pieces. Animals were fed twice daily. Water was
rovided ad libitum. At the beginning and at the end of the
xperimental period, the pigs were weighed.

nimals

Animals were the offspring of Duroc and large white
rossed with German Landrace pigs. Forty-eight 40-d-old
igs that weighed approximately 11 kg (lean body weight)
ere individually penned in metabolic cages to allow quan-

itative collection of urine. The animal ethics committee of
he Veterinary Administration of the Republic of Slovenia
pproved the study protocol.

ollection and preparation of blood samples

Fasting blood samples were collected at the beginning
nd at the end of the 22-d experimental period. Samples
ere collected by trained veterinary technicians from the

ugular vein. Blood samples for determination of damage to
NBC (mostly represented by lymphocytes) were collected

n tubes treated with ethylenediaminetetraacetic acid and K3

367654, Brand, Wertheim, Germany). To prevent further
NA damage, blood samples were kept in the dark and on

ce for a maximum of 1 h before the separation procedure.
NBC were isolated from the fresh blood samples accord-

ng to a modified procedure described by Singh [23]. His-
opaque-1077 (2.5 mL; H-8889, Sigma, Steinheim, Ger-
any) was added to a 14-mL Eppendorfer centrifuge tube

nd overlaid with an 8-mL solution of blood and RPMI-
640 medium (R-8758, Sigma), which was previously
ently mixed at a ratio of 1:1. Centrifugation (300g for 35
in at room temperature) followed. MNBC, as a white

ellet approximately 3 mm under the red cell pellet, were
ransferred to another centrifuge tube and washed twice in 5
L of sterile RPMI-1640 medium, followed by centrifuga-

ion (300g for 5 min at room temperature). The MNBC
ellet were finally mixed with 0.5 mL of RPMI-1640 me-
ium and used as isolate MNBC. The viability of the cells
as measured by the dye-exclusion test with 0.6% trypan blue

24] and was found to be about 95%. The final concentration
f the isolated MNBC was 6.2 � 105 cells/mL.

Blood samples for measuring MDA and vitamin E con-

entrations in blood plasma were collected in tubes contain-
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ng ethylenediaminetetraacetic acid and K3 (368457,
rand). Plasma was separated by centrifugation (400g for
0 min at 4°C), transferred to microcentrifuge tubes, and
tored at �70°C.

Blood samples for TAS and GSH-Px concentration anal-
sis were collected in evacuated tubes containing heparin
nticoagulant (367685, Brand). Fifty microliters of whole
lood for GSH-Px analysis was transferred to microcentri-
uge tubes and stored at �70°C. Blood for TAS was cen-
rifuged (3000g for 10 min at 4°C) and plasma was trans-
erred to microcentrifuge tubes and stored at �70°C.

ollection and preparation of urine samples

To be more representative, urine was collected for 48 h
t the beginning and at the end of the 22-d experimental
eriod. Volumes of total urine were measured and aliquots
ere filtered into test tubes (10 to 15 mL) through filter
aper (520 A, Schleicher & Schuell, Dassel, Germany),

able 1
omposition and calculated energy content of nutrients of daily rations

Group

CONT

asal diet
Wheat flour (g/d) 60
Wheat starch (g/d) 30
Skimmed milk powder (g/d) 36
Fish meal (g/d) 32
Powdered eggs (g/d) 4.3
Soybean meal (g/d) 26
Sugar (g/d) 10
Rapeseed oil (g/d) 27
Mineral/vitamin supplement* (g/d) 5

upplements
Maize starch (g/d) 184
Linseed oil (g/d) —
Apples (g/d) —
Strawberries (g/d) —
Tomatoes (g/d) —

otal daily feed intake (g/d) 414
ietary composition of nutrients and energy
Proteins (g/d) 58
Fats (g/d) 33
Carbohydrates (g/d) 245
Total dietary fiber (g/d) 24
Energy value† (kJ/d) 6418
Energy from proteins (%) 15
Energy from fats‡ (%) 20
Energy from PUFAs‡ (%) 5
Energy from carbohydrates (%) 64

APP, diet rich in linseed oil and apples; CONT, basal diet without linse
IL, diet rich linseed oil; PUFA, polyunsaturated fatty acid; STR, diet ric
* Calculated to meet nutritional requirements according to the Nation

alcium, 3.4 g of phosphorus, 0.15 g of sodium, 5500 IU of vitamin A, a
† The energy value of feedstuffs and diets was estimated according to t
‡ Estimated.
ransferred to microcentrifuge tubes, and stored at �70°C. w
eed analysis

The content of protein, fat, and fiber was determined by
tandard procedures published by Neumann and Bassler
25]. The fatty acid composition of diets was analyzed by a
as chromatographic method after transesterification of lip-
ds [26]. Daily ration composition analysis is presented in
able 2.

lasma and urine MDA concentration

The methodology of Wong et al. [27] as modified by
hirico [28] and Fukunaga et al. [29] was used to measure
oncentrations of MDA in blood plasma and urine by high-
erformance liquid chromatography using a Waters Sym-
etry C18 chromatographic column (5 �m, 4.6 � 150 mm)
tted with a Phenomenex Prodigy ODS C18 guard column
Phenomenex, Milford, MA, USA) (4 mm long � 3.0 mm
n inner diameter). A Waters Alliance 2690 apparatus
quipped with a Waters 474 scanning fluorescence detector

APP STR TOM MIX

0 60 60 60 60
0 30 30 30 30
6 36 36 36 36
2 32 32 32 32
4.3 4.3 4.3 4.3 4.3
6 26 26 26 26
0 10 10 10 10
7 27 27 27 27
5 5 5 5 5

0 14 51 89 51
5 25 25 25 25

690 — — 230
— 745 — 205
— — 615 248

5 956 1048 957 986

8 60 63 63 62
8 62 58 59 60
9 177 171 179 175
4 38 36 30 35
2 6418 6418 6418 6418
5 16 17 17 16
5 37 37 36 37
5 15 15 15 15
9 46 45 47 46

nd fruit; MIX, diet rich in linseed oil, apples, strawberries, and tomatoes;
seed oil and strawberries; TOM, diet rich in linseed oil and tomatoes
arch Council [20]. Mineral/vitamin supplement daily provided 2.0 g of
IU of vitamin E.
ellschaft für Ernährungs physiologie [22].
OIL

6
3
3
3

2
1
2
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2

—
—
—
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as applied. The results of the analysis were evaluated by
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he Millenium32 Chromatography Manager program (Mil-
enium, Torrance, CA, USA).

ononuclear cell DNA damage—comet assay

A partly modified procedure of Singh et al. [30], as de-
cribed previously [31], was implemented for the Comet assay.
n Olympus CH 50 epifluorescent microscope (Olympus,
okyo, Japan) at 200� magnification was used for examina-

ion of mononuclear nuclei in microgels (100-W Hg lamp,
xcitation filter of 480–550 nm, and barrier filter of 590 nm).
mages were captured by a digital camera (Hamamatsu Orca 1
CD; Hamamatsu, Japan) and analyzed, and nuclear DNA
amage was estimated by the Comet 5 dedicated computer
rogram (Single Cell Gel Electrophoresis, Kinetic Imaging
td. (Liverpool, England), 2000). For each treatment, two slides
ere prepared and 50 cells (total 100 cells) were examined.

etermination of vitamin E in plasma

Concentration of plasma vitamin E was measured ac-
ording to the methodology of Rupérez et al. [32] and Abidi
nd Mounts [33]. Samples were analyzed by high-perfor-
ance liquid chromatography (Waters Alliance, composed

f a Waters 2690 Separation module) using a Phenomenex
rodigy ODS2 column (250 � 4.6 mm inner diameter, 5
m). A Waters Dual � Absorbance Detector 2487 (� � 298
m) and a Waters Scanning Fluorescence Detector 474
excitation � � 280 nm, emission � � 330 nm) were used.

ethanol was used as mobile phase (2 mL/min).

AS of blood plasma and erythrocyte GSH-Px
oncentration

GSH-Px was determined by using a commercially avail-

able 2
nalysis of the content of nutrients of daily rations

Nutritive value Group

CONT OIL

ry matter (g/d) 370.99 316.88
rude proteins (g/d) 60.43 58.26
rude fats (g/d) 27.93 33.90
rude fiber (g/d) 7.34 7.37
otal dietary fiber (g/d) 39.68 35.41
oluble dietary fiber (g/d) 7.42 6.41
nsoluble dietary fiber (g/d) 32.27 29.00
oluble dietary fiber in all
dietary fiber (%)

18.6 18.08

rude ash (g/d) 12.30 12.03
itrogen-free extract (g/d) 262.99 205.32
itamin E (mg/d)
�-Tocopherol 29.66 30.27
� � �-Tocopherol 22.21 23.96
�-Tocopherol 5.51 4.20

APP, diet rich in linseed oil and apples; CONT, basal diet without linse
IL, diet rich linseed oil; STR, diet rich in linseed oil and strawberries; T
ble GSH-Px kit (Randox, Crumlin, United Kingdom). TAS h
f plasma was measured with the iron/metmyoglobin ab-
orption method from Randox.

tatistical analysis

One-way analysis of variance (effect of dietary treat-
ent) was performed to compare multiple group means,

ollowed by the Scheffé’s test to determine statistically
ignificant differences across treatment groups. Differences
ere considered statistically significant at P � 0.05. All
ata are expressed as means � standard deviations. All
tatistical analyses were made with SAS for Windows (SAS
nstitute, Cary, NC, USA).

esults

The animals adapted well to the experimental conditions.
uring the experiment, the animals had no health or other
roblems, consumed feed without residues, and normal
ody weight gain for this level of feeding was observed in
ll groups (291 � 37 g/d). Some important statistical dif-
erences in the measured parameters (degree of DNA dam-
ge in MNBC, concentration of MDA in blood plasma, 24-h
rine MDA excretion rate, concentration of �-tocopherol in
lood plasma, TAS of blood plasma, and erythrocyte
SH-Px concentration) were found at the end of the exper-

mental period across dietary treatments.

lasma and urine MDA concentration

Table 3 demonstrates that animals from the OIL group
ompared with the CONT group had a statistically signifi-
ant higher concentration of MDA in blood plasma and a

APP STR TOM MIX

343.34 312.95 325.55 327.09
63.01 64.65 64.65 63.50
34.20 36.36 34.79 34.19
13.76 11.99 12.63 12.73

143.03 178.88 196.37 174.44
38.15 56.75 38.78 43.95

104.88 122.13 157.59 130.49
26.67 31.72 19.75 25.19

15.58 14.9 13.92 14.95
216.79 185.06 202.58 201.72

40.54 39.23 48.25 40.99
38.87 24.47 25.91 28.51

4.13 3.84 3.91 3.73

nd fruit; MIX, diet rich in linseed oil, apples, strawberries, and tomatoes;
iet rich in linseed oil and tomatoes
ed oil a
igher 24-h urine MDA excretion rate at the end of the
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xperimental period. The intake of all types of fruit signif-
cantly decreased plasma MDA concentration to the same
xtent. In contrast, in comparison with the OIL group, a
ignificant decrease in 24-h urine MDA excretion rate was
bserved only in the APP and MIX groups. In the latter, the
4-h urine MDA excretion rate was decreased to the level of
he CONT group. The APP group even had a numerically
ower MDA excretion rate than did the CONT group. The
rinary MDA excretion rate in the STR or TOM groups did
ot differ significantly from that in the OIL group.

NA damage to mononuclear cells

The DNA damage to MNBC found in the study is pre-
ented in Table 4 as a percentage of DNA in the head of the
omet and as olive tail moment [34], defined as the product
f the amount of DNA in the tail and the mean distance of
igration in the tail (higher values represent higher rates of
NA damage). The large proportion of PUFAs in the OIL
roup significantly increased the rate of DNA damage by
ecreasing the percentage of DNA in the head and by
ncreasing the olive tail moment when compared with the
ONT group. The results showed that, in comparison with

he OIL group, fruit supplementation in the APP, STR,
OM, and MIX groups significantly increased the percent-
ge of DNA in the head of the comets and decreased the

able 3
lasma MDA concentration and the amount of daily excreted MDA in ur

At the
beginning

At the end

Group

CONT OIL

DA in plasma
(nmol/mL)

0.342 � 0.101 0.340a � 0.151 0.577b � 0.13

DA urine
excretion
(nmol/24 h)

3083 � 1226 3924abc � 1338 5072d � 1325

APP, diet rich in linseed oil and apples; CONT, basal diet without lins
trawberries, and tomatoes; OIL, diet rich linseed oil; STR, diet rich in li

* Means with different superscripts in the same line differ significantly

able 4
ate of DNA damage in MNBC at the beginning and at the end of the ex

At the
beginning

At the end

Group

CONT OIL

NA in head of
comets in
MNBC (%)

91.36 � 1.53 93.37a � 0.46 84.41b � 1.0

TM 1.54 � 0.81 0.88a � 0.26 4.72b � 0.9

APP, diet rich in linseed oil and apples; CONT, basal diet without linse
IL, diet rich linseed oil; OTM, olive tail moment; MNBC, mononuclear b
il and tomatoes

* Means with different superscripts in the same line differ significantly at P �
live tail moment after 22 d of the experiment. Supplemen-
ation with a mixture of apples, strawberries, and apples
MIX) totally prevented the damage induced by linseed oil.

itamin E concentration in plasma

No significant differences in �-tocopherol concentration
n blood plasma between the OIL and other experimental
roups were found (Table 5). Some significant differences,
owever, were observed among the single-fruit–supple-
ented groups. Animals from the TOM group had a signif-

cantly higher concentration of �-tocopherol than did ani-
als from the APP group. No statistically significant effect
as observed on plasma � � �-tocopherol concentration

cross experimental groups on day 22 of the experiment
Table 5).

lasma TAS and erythrocyte GSH-Px concentration

As presented in Table 5, animals that were fed the straw-
erry supplement had a significantly higher plasma TAS
han did animals in all other groups. The erythrocyte
SH-Px concentration in the STR group was significantly

ower than that in all other groups.

e beginning and at the end of the experiment*

P STR TOM MIX

397a � 0.171 0.378a � 0.207 0.381a � 0.198 0.375a � 0.163

548a � 894 4526bcd � 1028 4905bd � 1129 3812ac � 791

and fruit; MDA, malondialdehyde; MIX, diet rich in linseed oil, apples,
il and strawberries; TOM, diet rich in linseed oil and tomatoes
0.05. Values represent mean � standard deviation (n � 8).

nt*

PP STR TOM MIX

1.33c � 0.34 87.93d � 1.46 88.31d � 1.35 93.12a � 0.87

1.68c � 0.37 3.16d � 0.81 2.89d � 0.62 1.08a � 0.52

nd fruit; MIX, diet rich in linseed oil, apples, strawberries, and tomatoes;
ls; STR, diet rich in linseed oil and strawberries; TOM, diet rich in linseed
ine at th

AP

7 0.

3

eed oil
nseed o
perime

A

1 9

6

ed oil a
lood cel
0.05. Values represent the mean � standard deviation (n � 8).
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iscussion

The influence of various fruits or vegetables on oxidative
tress formation is currently not well known. In particular,
he absolute role of a particular fruit in relation to a high
UFA content in the diet has not yet been elucidated. As far
s we know, this is the first study of the influence of
ndividual fruits on lowering oxidative stress caused by a
igh intake of PUFAs. Our previous studies and a number of
ther published results demonstrated the harmful effect of
UFAs on oxidative stress [31,35]. In the present investi-
ation, the in vivo comparative antioxidant potentials of
pples, strawberries, and tomatoes were studied in relation
o the oxidative stress induced by increasing the proportion
f the energy supply from fats from 20% to 35%, which is
he upper limit of recommended fat intake according to the

orld Health Organization (WHO) [36] and by selection of
inseed oil, which contains 73 wt% of PUFAs [31]. More-
ver, in comparison with the CONT group, the energy
upply from PUFAs in the groups that were supplemented
ith linseed oil was increased from 5% to 15% (Table 1),
hich is appreciably higher than the 6% to 10% level
roposed by the WHO [36] and the recommended dietary
llowance [37].

According to our expectations based on previous studies
31,38], the present results provided additional confirmation
hat a high intake of PUFAs in the OIL group significantly
ncreased peroxidation of body lipids as measured by the
oncentration of MDA in blood plasma and the urinary
DA excretion rate. According to Marnett [39] lipid per-

xidation must be considered a significant endogenous
ource of DNA damage and mutations that contribute to
uman genetic disease.

The results of this study confirmed this finding because
n increased degree of DNA damage in the MNBC was
bserved in the OIL group. The results obtained clearly
emonstrate the harmful effects of polyunsaturated fat in the
iet on the oxidative status of pigs, which in view of their

able 5
oncentration of plasma tocopherols, TAS, and erythrocyte GSH-Px conc

At the
beginning

At the end

Group

CONT OIL

-Tocopherol
(�g/mL)

1.78 � 0.36 2.58a � 0.59 2.24ab � 0.60

��-
Tocopherol
(�g/mL)

0.049 � 0.021 0.096 � 0.047 0.158 � 0.089

AS (mmol/L) 0.419 � 0.050 0.466a � 0.047 0.474a � 0.089
SH-Px (U/L) 17 789 � 4052 27 406a � 4702 28 144a � 2314

APP, diet rich in linseed oil and apples; CONT, basal diet without lins
pples, strawberries, and tomatoes; OIL, diet rich linseed oil; STR, diet ric
inseed oil and tomatoes

* Means with different superscripts in the same line differ significantly
etabolism and digestion, may serve as a good model for o
umans [40]. In the present study pigs were chosen as the
xperimental model for humans for several reasons. First,
igs as omnivorous animals have a very similar digestive
ract [40] and may consume the same diet as humans.
econd, comparison of dietary needs for humans [37] and
igs [20] shows a high correlation. Third, the similarities in
he function and size of their organs make it possible for
ransgenic pigs to serve as donors in human organ trans-
lantation (i.e., xenotransplantation) [41].

The Dietary Guidelines for Americans specifies that the
aily diet for children 2 to 6 y old, women, and some older
dults should include two to three servings of fruit and three
o five servings of vegetables [21]. High fruit and vegetable
ntakes are recommended not only because of their high
evel of antioxidants but also because fruit and vegetables
re low in fats, high in fiber, and good sources of vitamins
nd minerals [7]. There is increasing evidence that the
onsumption of fruit and vegetables is important in improv-
ng the antioxidant potential of the organism [17,42].

In the present study, as hypothesized, supplementation of
he oil-supplemented diet with various kinds of fruit proved
o be beneficial in the reduction of oxidative stress induced
y the high fat intake in terms of peroxidation of body lipids
nd in terms of the genotoxicity of oxidative stress to
NBC. The efficacy of various fruits was somewhat dif-

erent.
On day 22 of the experimental period, animals from the

ruit-supplemented groups when compared with the OIL
roup had statistically significantly lower DNA damage to
NBC and a lower concentration of MDA in blood plasma,
hereas the 24-h urine MDA excretion rate was statistically

ignificantly lower only in the APP and MIX groups. How-
ver, there are still doubts about the specificity of the assay
nd an additional problem in the instability of MDA [43].
ate in the literature suggest that measurement of plasma
DA is a less reliable indicator of oxidative stress than

aily excreted urinary MDA [27,31,44,45]. Among the
roups with a single fruit supplement, the best results were

n at the beginning and at the end of the experiment*

P STR TOM MIX

.86b � 0.59 2.20ab � 0.44 2.47a � 0.36 2.02ab � 0.46

.152 � 0.074 0.159 � 0.059 0.124 � 0.041 0.124 � 0.032

485a � 0.074 0.559b � 0.059 0.487a � 0.041 0.511a � 0.032
195a � 2374 21 654b � 7189 28 460a � 8563 32 520a � 7155

and fruit; GSH-Px, glutathione peroxidase; MIX, diet rich in linseed oil,
seed oil and strawberries; TAS, total antioxidant status; TOM, diet rich in

0.05. Values represent the mean � standard deviation (n � 8).
entratio

AP

1

0

0.
27

eed oil
h in lin
btained in the APP group. However, significantly better
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esults were observed in the MIX group, which was sup-
lemented with a mixture of apples, strawberries, and to-
atoes. Only in this group were the DNA damage to MNBC

nd the 24-h urine MDA excretion rate decreased to the
evel of the CONT group. A possible explanation for the
ost effective reduction of DNA damage to MNBC in the
IX group may be found in the synergistic activity of

ifferent water- and lipid-soluble natural antioxidants and in
he good combination of their antioxidants and that there-
ore may be more effective than supplementation with any
ne type of fruit or vegetable. According to data in the
iterature apples contain more phenols, strawberries more
itamin C, and tomatoes more lycopene and other carote-
oids. This finding is in accordance with that of previous
tudies in which different fruits and vegetables were found
o decrease DNA damage [19,46]. For example, Pool-Zobel
t al. [19] reported that consumption of tomato juice (rich in
ycopene), carrot juice (rich in �- and �-carotene), and dried
pinach powder (rich in lutein) protect against endogenous
NA damage to lymphocytes in non-smoking males 27 to
0 y old.

Tomatoes and strawberries were proved to be somewhat
ess effective in decreasing DNA damage to MNBC and in
ecreasing the degree of peroxidation of body lipids. The
nfluence of tomatoes in lowering oxidative stress likely
ould be greater if they were given in the form of paste or

auce because lycopene, the main antioxidant in tomatoes,
s better absorbed from heat-processed foods than from
nprocessed sources [47,48].

In comparison with apples and tomatoes, strawberries
ontain more water-soluble antioxidants and have a higher
ntioxidant capacity in vitro [7–13]. In accordance with
hese observations, our in vivo study showed a significantly
igher TAS of blood plasma from the STR animals than
rom animals in the other groups. The STR group also
howed a significantly lower concentration of GSH-Px.
owever, other measured parameters did not demonstrate a

ignificantly better effect of strawberries in lowering oxida-
ive stress in comparison with apples, tomatoes, or their
ixture. This is most likely due to the fact that analytical
ethods for measuring TAS in vitro are in most cases more

ppropriate for assessing water-soluble antioxidants than
ipid-soluble ones [7,8,9,49,50]. The present results do not
orrelate with the study by Inal et al. [51] who found with
espect to aging a positive correlation between MDA con-
entrations and GSH-Px. However, it is important to note
hat the results may not be totally comparable because our
rial was performed in pigs and oxidative stress was induced
y addition of PUFA-rich linseed oil. Pallegrini et al. [50]
bserved a significant increase in plasma lycopene and
-carotene concentrations in subjects (n � 11) supple-
ented with 25 g of tomato puree for 14 d, whereas total

lasma antioxidant capacity values did not change signifi-
antly. Netzel et al. [16] found that a single dose of 400 mL
f antioxidant fruit juice (containing 30% white grape, 25%

lack grape, 15% elderberry, 10% sour cherry, and 10%
lackberry in 10% aronia) induced a significant decrease in
lasma MDA in vivo and a significant increase in plasma
ntioxidant capacity.

Determination of �- and � � �-tocopherols in plasma
ay contribute information on the antioxidant status of

n individual and may be useful for evaluation of their
utritional status and risk of degenerative diseases [52].
t is known from other investigations [53] that as a
onsequence of increased oxidative load a decrease in the
oncentration of antioxidative substances in the blood
ccurs. On that account it was expected that the concen-
ration of �-tocopherol in plasma would decrease in the
IL group, but only a non-significant decrease in �-to-

opherol was observed. The reason for this might be the
ow �-tocopherol concentration of the basal diet calcu-
ated according to the National Research Council [20].
nimals from the groups supplemented with linseed oil,
ue to their high intake of PUFAs, would have to con-
ume an extra 42 mg of vitamin E daily [54]. However,
his extra dose would influence the reduction of oxidative
tress parameters and the differences between the influ-
nces of fruit on oxidative stress would hardly be observ-
ble. Because linseed oil, according to our analysis, is a
oor source of �-tocopherol (8.6 mg/100 g) and a good
ource of � � �-tocopherol (106.9 mg/100 g), an in-
rease in plasma � � �-tocopherol concentration in the
IL group was expected but was non-significant. The

esults of the present study showed that the OIL group
id not differ in plasma �-tocopherol concentration from
he APP, TOM, and MIX groups. Animals from the TOM
roup had the highest plasma �-tocopherol concentration
ut this was statistically different only from the APP
roup. This result may be due to the daily intake of
-tocopherol from tomatoes (20.42 mg), which was the
ighest compared with daily intake from apples (8.76
g), strawberries (8.21 mg), and the mixture of apples,

trawberries, and tomatoes (13.59 mg).

eferences

[1] Liu RH. Health benefits of fruit and vegetables are from additive and
synergistic combinations of phytochemicals. Am J Clin Nutr 2003;
78:520–47.

[2] Ahn HS, Jeon TII, Lee JY, Hwang SG, Lim Y, Park D. Antioxidative
activity of persimmon and grape seed extract: in vitro and in vivo.
Nutr Res 2002;22:1265–73.

[3] Smith MJ, Inserra PF, Watson RR, Wise JA, O’Neill KL. Suplemen-
tation with fruit and vegetable extract may decrease DNA damage in
the peripheral lymphocytes of an elderly population. Nutr Res 1999;
19:1507–18.

[4] Dragsted LO, Pedersen A, Hermetter A, Basu S, Hansen M, Haren
GR, et al. The 6-a day study: effects of fruit and vegetables on
markers of oxidative stress and antioxidative defence in healthy
nonsmokers. Am J Clin Nutr 2004;79:1060–72.

[5] Sesso HD, Buring JE, Norkus EP, Gaziano JM. Plasma lycopene,
other carotenoids, and retinol and the risk of cardiovascular disease in

women. Am J Clin Nutr 2004;79:47–53.



[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

383T. Pajk et al. / Nutrition 22 (2006) 376–384
[6] Prior RL. Fruits and vegetables in the prevention of cellular oxidative
damage. Am J Clin Nutr 2003;78:570–8.

[7] Rice-Evans C, Miller NJ. Antioxidants—the case for fruit and vege-
tables in the diet. Br Food J 1995;9:35–40.

[8] Omaye ST, Zhang P. Phytochemical interactions: �-carotene, toco-
pherols and askorbic acid. In: Bidlack WR, Omaye ST, Meskin MS,
Jahner D, editors. Phytochemicals: a new paradigm. Lancaster: Tech-
nocomic Publishing Company; 1998, p. 53–76.

[9] Bramley PM. Is lycopene beneficial to human health? Phytochemistry
2000;54:233–6.

10] Wang H, Cao G, Prior RL. Total antioxidant capacity of fruit. J Agric
Food Chem 1996;44:701–5.

11] MacLean DD, Murr DP, DeEll JR. A modified total oxyradical
scavenging capacity assay for antioxidants in plant tissues. Posthar-
vest Biol Technol 2003;29(2):183–94.

12] Garcia-Alonso M, de Pascual-Teresa S, Santos-Buelga C, Rivas-
Gonzalo JC. Evaluation of the antioxidant properties of fruits. Food
Chem 2004;84:13–8.

13] Leong L.P, Shui G. An investigation of antioxidant capacity of fruits
in Singapore markets. Food Chem 2002;76:69–75.

14] Freese R, Alfthan G, Jauhiainen M, Basu S, Erlund I, Salminen I, et
al. High intakes of vegetables, berries, and apples combined with a
high intake of linoleic or oleic acid only slightly affect markers of
lipid peroxidation and lipoprotein metabolism in healthy subjects.
Am J Clin Nutr 2002;76:950–60.

15] Smith-Warner SA, Elmer PJ, Tharp TM, Fosdick L, Randall B, Gross
M, et al. Increasing vegetable and fruit intake: randomized interven-
tion and monitoring in an at-risk polulation. Cancer Epidemiol Bi-
omarkers Prev 2000;9:307–17.

16] Netzel M, Strass G, Kaul C, Bitsch I, Dietrich H, Britisch R. In vivo
antioxidative capacity of a composite berry juice. Food Res Int
2002;35:213–6.

17] Riso P, Pinder A, Santangelo A, Porrini M. Does tomato consumpa-
tion effectively increase the resistance of lymphocyte DNA to oxi-
dative damage? Am J Clin Nutr 1999;69:712–8.

18] Rehman A, Bourne LC, Halliwell B, Rice-Evans CA. Tomato con-
sumption modulates oxidative DNA damage in humans. Biochem
Biochys Res Commun 1999;262:828–31.

19] Pool-Zobel B L, Bub A, Müller H, Wollowski I, Rechkemmer G.
Consumption of vegetables reduces genetic damage in humans: first
results of a human intervention trial with carotenoid-rich foods. Car-
cinogenesis 1997;9:1847–50.

20] National Research Council. Nutrient requirement of swine. 10th ed.
Washington, DC: National Academy Press; 1998, p. 189.

21] Nutrition and your health: dietary guidelines for Americans. 5th ed.
Washington, DC: United States Department of Agriculture, United
States Deparment of Health and Human Services. Available at: http://
www.usda.gov/cnpp/DietGd.pdf. Accessed February 15, 2002.

22] Gesellschaft für Ernährungsphysiologie. Energie- und Nährstoffbe-
darf landwirtschaftlicher Nutztiere. Frankfurt am Main: DLG-Verlag;
1988, p. 23–4.

23] Singh NP. Sodium ascorbate induces DNA single-strand breaks in
human cells in vitro. Mutat Res 1997;375:195–203.

24] Wilson AP. Citoxicity and viability assays. In: Freshney RI, editor.
Animal cell culture. Washington, DC: IRL Press; 1986, p. 183–215.

25] Naumann C, Bassler R, editors. Methodenbuch. Die chemische Un-
tersuchung von Futtermitteln, 4. Ergänzungslieferung. Darmstadt:
VDLUFA-Verlag; 1997.

26] Fidler N, Salobir K, Stibilj V. Fatty acid composition of human milk
in different regions of Slovenia. Ann Nutr Metab 2000;44:187–93.

27] Wong SHY, Knight JA, Hopfer SM, Zaharia O, Leach CN, Sunder-
man FWJ. Lipoperoxides in plasma as measured by liquid-chromato-
graphic separation of malondialdehyde-thiobarbituric acid adduct.
Clin Chem 1987;33:214–20.

28] Chirico S. High-performance liquid chromatography-based thiobar-

bituric acid tests. In: Packer L, editor. Oxygen radicals in biological
systems. Methods in enzymology. 1st ed. San Diego: Academic
Press; 1994, p. 314–8.

29] Fukunaga K, Takama K, Suzuki T. High-performance liquid chro-
matographic determination of plasma malondialdehyde level without
a solvent extraction procedure. Anal Biochem 1995;230:20–3.

30] Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique
for quantitation of low levels of DNA damage in individual cells. Exp
Cell Res 1988;175:184–91.

31] Rezar V, Pajk T, Marinšek Logar R. Wheat bran and oat bran
effectively reduce oxidative stress induced by high-fat diets in pigs.
Ann Nutr Metab 2003;47:78–84.

32] Rupérez FJ, Martín D, Herrera E, Barbas C. Chromatographic anal-
ysis of alpha-tocopherol and related compounds in various matrices.
J Chromatogr A 2001;935:45–69.

33] Abidi SL, Mounts TL. Reversed-phase high-performance liquid chro-
matographic separations of tocopherols. J Chromatogr A 1997;782:
25–32.

34] Olive PL, Wlodek D, Durand RE, Banath JP. Factors influencing
DNA migration from individual cells subjected to gel-electrophoresis.
Exp Cell Res 1992;198:259–67.

35] Dhanakoti SN, Draper HH. Response of urinary malondialdehyde
to factors that stimulate lipid peroxidation in vivo. Lipids 1987;
2:643– 6.

36] Diet, nutrition and the prevention of chronic disease. WHO technical
report 916. Geneva: World Health Organisation; 2003, p. 54–60.

37] Recommended dietary allowances. 10th ed. Washington, DC: Na-
tional Academy Press; 1989, p. 99–105.

38] Jenkinson AMcE, Collins AR, Duthie SJ, Wahle KWJ, Duthie GG.
The effect of increased intakes of polyunsaturated fatty acids and
vitamin E on DNA damage in human lymphocytes. FASEB J 1999;
13:2138–42.

39] Marnett LJ. Oxy radicals, lipid peroxidation and DNA damage. Tox-
icology 2002;181–2:2219–22.

40] Niemann H., Kues WA. Application of transgenesis in livestock for
agriculture and biomedicine. Anim Reprod Sci 2003;79:291–317.

41] Darcy-Vrillon B, Morel MT, Cherbuy C, Bernard F, Posho L,
Blachier F, et al. Metabolic characteristic of pig colonocites after
adaptation to a high fiber diet. Diet J Nutr 1993;123:234–43.
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