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Abstract
Background: The current study was undertaken to as-
sess the effects of oxidized sunflower oil ingestion (ob-
tained by heating at 98°C with air insufflation during
48 h and incorporated at 5% in a fat-free diet) on liver
and brain fatty acid composition, and some serum pa-
rameters and protective enzymes against peroxidation
(glutathione peroxidase, glutathione reductase, catalase
and glucose-6-phosphate dehydrogenase). Results: The
main results show that the oxidized oil contains 262
mmol/kg of hydroperoxides, 5.7% of the esters are oxi-
dized and 50.4% are polymerized. In the liver, we noticed
that oxidized oil exercises a toxic effect as confirmed by
the increase in the thiobarbituric acid reactive substance
(TBARS) concentration. In the same way, we noticed that
vitamin E exercises a favorable effect in the preservation
against free radicals and lipid peroxidation; however, it
cannot ensure this protection alone. In the liver, only glu-
tathione peroxidase and glutathione reductase activities

were positively correlated with the TBARS concentra-
tion. In the treated groups, we also noted changes in the
fatty acid profiles of liver and brain homogenates, essen-
tially by the appearance of trans fatty acid (18:1 trans)
and an increase in arachidonic acid content.

Copyright © 2002 S. Karger AG, Basel

Introduction

The successive cycles of heating to which oils are sub-
mitted during their use in deep frying provoke important
changes in the essential fatty acids, with regard to their
unsaturations. They are especially susceptible to deterio-
ration and rancidity, processes which are less important
under normal conditions of storage or culinary use. Many
derivatives are formed, some of which have known toxic
properties. Most of them are present in small amounts,
but monomeric, dimeric and polymeric compounds can
accumulate in thermally oxidized oils. These compounds
are able to disturb the main cellular structures and func-
tions, and some of these reactions could contribute to the
occurrence of degenerative diseases, cancers and the age-
ing process [1, 2].
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Although the cell possesses various systems of defense
against the propagation of peroxide, e.g. ·-tocopherol, and
enzymes (glutathione peroxidase (GPX), glutathione re-
ductase (GRD), and glucose-6-phosphate (G-6-P) dehydro-
genase), numerous studies on animals [3–6] showed re-
duced food intake, depressed growth, diarrhea, histopatho-
logical changes in various tissues and, in some cases, mor-
tality. Alterations in enzyme activities should be sensitive
criteria for assessing the mild toxicity of oxidized oils [7].

Therefore, to appreciate the activities of these protec-
tive enzymes in the presence of thermoxidized oils, we
undertook this study in order to determine the effects of
thermoxidized sunflower oil ingestion on the fatty acid
composition, GPX system and catalase activities of the
rat liver and brain in development.

Materials and Methods
All chemicals used were obtained from Sigma Chemical Co. All

solvents were of analytical grade.

Oil Oxidation Method

The oxidative method for oil deterioration is that used in acceler-
ated tests of oxidizability [8] and modified by Blanc-Gondardmary et
al. [9]. The oil is heated at 98 B 2°C with air insufflation (80 liters/h)
during 48 h. Global evaluation of the changes in oxidized oil status
was made using peroxide, iodine and acid values [10]. The polar and
polymerized products were monitored according to Perrin et al. [11].
The weighable dosage of polar glycerides was achieved by absorption
chromatography on a column of silica gel [12], and the polar and
polymerized esters were analyzed by gas phase chromatography
[13].

Animal Experiments

Experiments were performed on male weanling rats of the Wistar
strain weighing 40 B 5 g and purchased from the Pasteur Institute of
Algeria. Animals were randomly divided into 3 groups of 34 each and
maintained under controlled temperature (22 B 2°C) conditions
and relative humidity (70%) with a 12-hour light-dark cycle. The ani-
mals were fed ad libitum from day 21 to 90 with a semisynthetic rat
fat-free diet containing 5% fresh sunflower oil (FSO) or 5% oxidized
sunflower oil (OSO) or 5% of vitamin E-deficient oxidized sunflower
oil (EOSO), respectively. The composition of the diets and their lin-
oleic acid contents are presented in tables 1 and 2. The composition
(g/100 g) of the experimental diet was the same for all groups (FSO,
OSO, EOSO). The main difference between them being: for the FSO
group, we incorporated 5% of FSO; however, the OSO and EOSO
groups received 5% of oxidized sunflower oil each. Thus, the EOSO
group is vitamin E deficient.

Sample Collection

Animals were weighed and decapitated at 21 days and at the end
of the experimentation period (90 days). After overnight fasting, ani-
mals were anesthetized by diethyl ether inhalation and immediately
sacrificed. The liver and brain tissues were quickly removed, washed

Table 1. Composition (g/100 g) of the experimental diet

Ingredients Diets

FSO OSO EOSO

Casein 20 20 20
dl-Methionine 0.16 0.16 0.16
Agar-agar 2 2 2
Corn starch 44.90 44.90 44.90
Sucrose 21.94 21.94 21.94
FSO 5 – –
OSO – 5 5
Mineral mixture1 4 4 4
Vitamin mixture2 2 2 2 (without vit E)
Energy, kcal 392 392 392

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil;
EOSO = vitamin E-deficient oxidized sunflower oil.

1 Mineral composition of the mixture (mg/100 g): KH2PO4 20.0;
CaCO3 34.6; CaHPO4 26.55; NaCl 13.70; MgSO4 W7H2O 3.42;
CuSO4 W5H2O 0.042; MnSO4 WH2O 0.27; FeSO4 W7H2O 1.02;
ZnSO4 WH2O 0.15; CoCO3 0.0008, KI 0.0016.
2 Composition of vitamin supplement per kilogram of diet: Vit A
19,800 UI; D3 2,500; B1 20 mg; B2 15 mg; B3 70 mg; B6 10 mg; B7

150 mg; B12 0.05 mg; C 800 mg; E (dl-·-tocopherol acetate) 170 mg;
K3 40 mg; PP 100 mg; choline chloride 1,360 mg; folic acid 5 mg;
AcPAB 50 mg; biotin 0.3 mg; feed units per rat = 210.

Table 2. Linoleic acid content in different diets

Linoleic acid Fresh
sunflower oil

Oxidized
sunflower oil

% of total fatty acids 66.2 17.2
g/100 g of food 3.0 0.8
% energy 6.0 1.6

and minced finely with scissors and homogenized in a Potter-Elvej-
hem homogenizer (500 rpm for 1 min) with 10 vol of a buffer con-
taining 0.32 M sucrose, 0.05 M Tris-HCl buffer (pH 7.4) and 1 mM

MgCl2 at 4°C in a Potter-Elvejhem Teflon-glass homogenizer.

Serum Analysis

The lipid peroxidation, expressed as thiobarbituric acid reacting
substances (TBARS), was determined by the method of Draper et al.
[14]. The method of Lowry et al. [15], with bovine serum albumin as
standard, was used to determine the protein contents.

The dosage of serum total lipids is based on the colorimetric reac-
tion of Zollner as cited by Devaux [16]. The triglyceride concentra-
tion of serum was determined using the Technicon-SMAC system
(Technicon, Tarrytown, N.Y.) according to the method of Bucolo
and David [17]. Serum cholesterol was determined with the Techni-
con-SMAC system according to the method of Lie et al. [18].
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Table 3. Characteristics of oils (values are the mean of 3 determina-
tions)

Fresh oil Oxidized oil

Aspect Liquid,
yellow

Thick, clear green,
faded flavor

Peroxide value, mmol/kg 1 262
Hydroperoxides, mmol/kg 9 235
Specific absorbance E, 1% 1 cm 1 34
Secondary products, DO 268 nm
(ethylenic diketones)

0.6 1.6

Iodine value 131 79
Acid value, KOH mg/g 0.3 2.5
Non-modified triglycerides, % 100 28.3
Polar triglycerides, % 71.7
Normal esters, % 71.7
Normal esters, % 49.3
Polar esters, % 50.7
Polymerized esters, % 50.4
Polar esters/polar glycerides 70.7
Polymerized esters/polar esters 99.0

Table 4. Fatty acid composition of fresh and oxidized sunflower oils
(expressed as a percent of the total identified fatty acids)

Fresh
sunflower oil

Oxidized
sunflower oil

Polar esters 0.0 50.5
Normal fatty acids 100 49.5
14:0 0.1 0.1
16:0 6.2 6.2
18:0 3.7 3.8
18:1ˆ9 23.5 18.6
18:2ˆ6 66.2 17.2
18:3ˆ3 0.2 0.1
20:0 0.1 0.3
20:1ˆ9 – 0.2
22:0 – 1.3
24:0 – 0.2
No identified FA, % – 1.5
™UFA 89.9 36.1

FA = Fatty acids; ™UFA = sum of unsaturated fatty acids.

Table 5. Body weights (g) and organ weights (g/100 g body weight) of rats fed different dietary fats (n = 6)

Age
days

FSO

body
weight

liver
weight

brain
weight

OSO

body
weight

liver
weight

brain
weight

EOSO

body
weight

liver
weight

brain
weight

21 46.0B9.8 5.9B0.5 1.8B0.2 46.0B9.8 5.9B0.5 1.8B0.2 46.0B9.8 5.9B0.5 1.8B0.2
90 246.9B3.6a 4.1B0.3a 0.7B0.1 165.7B0.3b 5.3B0.3b 0.8B0.0 247.3B9.5a, c 5.2B0.5a, b 0.7B0.0

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil; EOSO = vitamin E-deficient oxidized sunflower oil.
Values (means B SD) not bearing the same superscript letter are significantly different at p ! 0.05. If no superscript appears, values are not

significantly different.

Table 6. Serum parameter assessment according to age and diets

Age, days

FSO

21 90

OSO

21 90

EOSO

21 90

Triglycerides, mmol/l 1.54B0.08 1.56B0.06a 1.55B0.08 0.82B0.02b 1.54B0.10 0.50B0.01c

Cholesterol, mmol/l 1.00B0.05 1.47B0.10 1.02B0.07 1.13B0.06 1.04B0.02 1.05B0.01
Proteins, g/l 57.33B0.14 66.00B0.29 57.00B0.77 64.00B1.15 57.30B0.09 64.50B0.08
Total lipids, mmol/l 4.01B0.10 4.80B0.01a 4.00B0.22 3.50B0.00b 4.00B0.09 3.30B0.02b

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil; EOSO = vitamin E-deficient oxidized sunflower oil.
Values (means B SD) not bearing the same superscript letter are significantly different at p ! 0.05. If no superscript appears, values are not

significantly different.
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Tissues

Lipids were extracted from aliquots of liver and brain tissues of
each group by the method of Folch et al. [19]. The lipid extracts were
then interesterified [20]. After extraction with hexane, the fatty acid
methyl esters were analyzed by gas phase chromatography using a
Carlo Erba chromatograph with an automatic on-column injector, a
flame ionization detector and capillary-type Carbowax CP Wax 52
CB column (25 m length, 0.32 mm diameter). The data were pro-
cessed using a microcomputer, and fatty acid concentrations are
reported as the percent of the total fatty acid content.

Enzyme Activity Assays

GPX activity was determined using a modification of the method
of Paglia and Valentine [21]. The rate of t-butyl hydroperoxide oxi-
dation was measured indirectly by monitoring the oxidation of
NADPH at 340 nm.

GRD activity was assayed by the Goldberg and Spooner [22]
method while measuring the disappearance of NADPH to 339 nm.

Catalase activity was determined by a procedure proposed by
Chance and Herbert and cited by Bergmeyer [23] in which the rapid
decomposition of the H2O2 substrate was followed directly by the
decrease in absorbance at 240 nm.

G-6-P dehydrogenase catalyzes the conversion of G-6-P to 6-
phosphogluconate. The activity was measured by following the
appearance of NADPH at 339 nm [24].

Statistical Analysis

All results are expressed as means B SD. Statistical differences
were determined by a one-way analysis of variance and a Student-
Neuman-Keuls test. Estimation of the correlation coefficient was
determined by the regression test.

Results

Oxidized Sunflower Oil Status

The chemical features of oxidized oils are presented in
table 3. The fatty acid composition of fresh and oxidized
oil are given in table 4.

The mean body weights of rats fed oxidized sunflower
oil (OSO and EOSO) were significantly lower than those
of the corresponding control animals (FSO; table 5). In
the EOSO groups no significant differences were found
compared to the control group (FSO). Brain weight,
expressed as a percentage of body weight, was not signifi-
cantly different between the rats of the 3 groups, but the
liver weights tended to be higher in the OSO and EOSO
groups compared to controls (FSO).

Study of Some Serum Parameters

At the end of the experiment, we observed an impor-
tant reduction in serum triglycerides in the OSO and
EOSO groups compared to the FSO group (table 6). No
significant difference is noted in the cholesterol and total
lipid content between the 3 groups.

Table 7. Fatty acid composition of liver homogenates of rats fed
different dietary fats

Fatty acids FSO OSO EOSO

14:0 0.8B0.1 1.0B0.3 0.8B0.1
16:0 22.9B0.5 21.4B0.9 20.7B0.2
16:1ˆ9 0.2B0.0a 3.6B0.1b 3.4B0.2b, c

16:1ˆ7 2.9B0.1 2.3B0.2 2.3B0.0
17:0 0.4B0.1 0.4B0.0 0.6B0.1
18:0 18.6B0.5 19.8B0.2 19.9B2.0
18:1ˆ9 13.3B1.0 10.7B0.6 9.6B0.4
18:1 trans ND 1.1B0.0 2.0B0.1
18:1ˆ7 2.4B0.2 3.4B0.3 3.9B0.1
18:2ˆ6 8.5B0.7a 4.8B0.2b 5.0B0.2b, c

18:3ˆ3 0.8B0.1a 0.5B0.1b 0.3B0.0b, c

20:0 0.8B0.1 ND ND
20:1ˆ9 0.7B0.0 0.3B0.0 0.5B0.1
20:1ˆ7 1.6B0.2 1.5B0.1 0.7B0.1
20:4ˆ6 10.2B0.9a 15.1B0.5b 17.7B2.3b, c

20:5ˆ3 3.7B0.1 3.0B0.2 2.7B0.3
22:0 0.7B0.0 0.6B0.0 0.9B0.1
22:1ˆ9 0.9B0.0a 1.4B0.1b 1.5B0.0b, c

22:4ˆ6 0.7B0.1 ND ND
22:5ˆ6 0.3B0.0 ND ND
22:6ˆ3 0.8B0.2 0.9B0.1 0.8B0.0
24:0 0.3B0.0 0.3B0.1 0.7B0.2
24:1ˆ9 6.5B0.1a 4.7B0.1a, b 2.4B0.1c

24:1ˆ7 0.9B0.2 0.8B0.2 0.9B0.0
24:4ˆ6 0.8B0.1 0.7B0.3 0.8B0.1
™SFA 44.7B1.5 45.0B0.7 44.0B2.2
™MUFA 29.5B2.0 28.7B0.9 27.2B1.1
™PUFA 25.8B1.0 25.0B0.7 27.3B0.5

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil;
EOSO = vitamin E-deficient oxidized sunflower oil; ™SFA = sum

of saturated fatty acids; ™MUFA = sum of monounsaturated fatty
acids; ™PUFA = sum of polyunsaturated fatty acids; ND = Not
detectable.

Values (in area percentages, mean B SD of 6 rats) not bearing the
same superscript letter are significantly different at p ! 0.05. If no
superscript appears, values are not significantly different.

Fatty Acid Composition of Rat Liver and Brain

Homogenates

The fatty acid composition of liver homogenates from
rats aged 3 months is shown in table 7. Profiles show par-
tial destruction of the essential fatty acids by thermoxida-
tion of the sunflower oil. The linoleic acid (18:2ˆ6) con-
tent was 8.5, 4.5 and 5% for the FSO, OSO and EOSO
groups, respectively. On the contrary, the arachidonic
acid (20:4ˆ6) content increases mainly in treated groups
with regard to the control group, indeed it passes from
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Table 8. Total lipid fatty acid composition of brain homogenates of
rats fed different dietary fats

Fatty acids FSO OSO EOSO

14:0 0.2B0.0 1.0B0.2 0.8B0.1
16:0 21.5B0.7 21.4B1.0 20.7B0.4
16:1ˆ9 0.3B0.0a 3.6B0.2b 3.4B0.1b, c

16:1ˆ7 1.4B0.1 2.3B0.1 2.3B0.1
17:0 0.9B0.1 0.4B0.0 0.6B0.1
18:0 24.7B1.5 19.8B0.6 19.9B2.2
18:1ˆ9 15.9B1.2 10.7B0.3 9.6B0.3
18:1ˆ7 2.1B0.1 2.4B0.3 2.9B0.1
18:1 trans ND 1.8B0.1 2.0B0.2
18:2ˆ6 1.3B0.0a 0.9B0.2b 0.8B0.1b, c

18:3ˆ3 0.9B0.1a 0.3B0.1b –
20:0 0.4B0.1 0.6B0.2 0.5B0.2
20:1ˆ9 0.2B0.0 0.3B0.1 0.4B0.1
20:1ˆ7 0.4B0.2 0.4B0.1 0.4B0.1
20:4ˆ6 6.6B0.9a 7.0B0.5b 7.2B2.3b, c

20:5ˆ3 0.7B0.1 0.2B0.2 0.3B0.3
22:0 0.4B0.0 0.4B0.0 0.5B0.1
22:1ˆ9 0.7B0.0a 0.5B0.1b 0.3B0.0b, c

22:4ˆ6 3.0B0.1 3.3B0.4 3.1B0.3
22:5ˆ6 0.7B0.0 0.5B0.0 0.7B0.2
22:6ˆ3 12B0.2 11.4B0.1 11.9B0.0
24:0 0.8B0.0 0.9B0.1 0.8B0.2
24:1ˆ9 3.4B0.1a 3.7B0.1a, b 3.9B0.1c

24:1ˆ7 0.6B0.2 0.3B0.2 0.6B0.0
24:4ˆ6 0.5B0.1 – –
™SFA 49.3B1.2 50.8B1.0 50.1B0.8
™MUFA 25.0B0.3 25.0B0.5 25.2B1.0
™PUFA 25.7B0.5 23.8B0.5 23.8B0.2

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil;
EOSO = vitamin E-deficient oxidized sunflower oil; ™SFA = sum of
saturated fatty acids; ™MUFA = sum of monounsaturated fatty acids;
™PUFA = sum of polyunsaturated fatty acids: ND = not detectable.

Values (in area percentages, mean B SD of 6 rats) not bearing the
same superscript letter are significantly different at p ! 0.05. If no
superscript appears, values are not significantly different.

9.5% for the FSO group to 15.1 and 17.7% in the OSO
and EOSO groups, respectively.

The fatty acid composition of the brain homogenates
does not present an important variation compared to the
liver (table 8). The brain tends to maintain its fatty acid
composition to a much greater extent than the liver. It is
of course very probable that this reflects the ‘protective’
effect of the blood-brain barrier. However, we observed a
reduction in the linoleic acid content 18:2ˆ6 that passes
from 1.3% in the FSO group to 0.9 and 0.8% for the OSO
and EOSO groups, whereas the linolenic acid content
passes from 0.9% in the FSO group to 0.3% for the OSO

group and is not detectable in the EOSO group. We also
noted the presence of trans oleic acid, approximately 1.8
and 2%, in the OSO and EOSO groups, respectively.

Evolution of Rat Liver and Brain Enzyme Activities

The evolution of GPX, GRD, G-6-P dehydrogenase
and the catalase activities are shown in table 9. GPX can
use lipid peroxides as a substrate as shown in the rat liver
[25, 26]. Its importance is recognized in that it protects
cellular components from oxidative deterioration. It in-
creases with age and it is particularly more elevated in the
hepatic tissue of the treated groups than in the brain.

The activity of GRD was similarly affected by varia-
tion in dietary fats. In the same way, the activity of G-6-P
dehydrogenase, the key enzyme in the hexose monophos-
phate shunt, was enhanced with the presence of oxidized
oil. G-6-P dehydrogenase activity probably owes its im-
portance to the fact that it is implied in lipogenesis metab-
olism other than GSH regeneration [27].

Liver catalase activity was increased solely in the
treated groups, whereas the brain does not seem to be
affected. However, catalase may be more important than
the glutathione redox cycle in controlling peroxide levels
in the liver [28].

Evolution of the Malonaldehyde Concentration

According to Diet and Age

A significant increase in the malonaldehyde concentra-
tion in the EOSO group was observed in both brain and
liver tissues compared with the control group (table 10).
This implies that vitamin E plays a crucial role in the neu-
tralization of oxidized hydroperoxide oils. Otherwise, a
strong positive relationship was noted between the malon-
aldehyde concentration with GPX and GRD activities
(0.94 and 0.90, respectively) in liver tissue during the
treatment period in the EOSO group.

Discussion

On the basis of these results, we conclude that the oil
was deeply altered in spite of the percentage (50.7%) of
polar esters. Otherwise, the decrease in body weight in the
OSO group confirms that the diets given to rats produced
a typical essential fatty acid-deficient status during a peri-
od of 3 months. Hiroaki et al. [29] and Lopez-Varela et al.
[30] observed liver hypertrophy in rats fed oxidized sun-
flower oil, showing a degenerated central region. Hepato-
cytes increased in height and formed enriched vacuolar
cells surrounding other regenerated ones. At the same
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Table 9. Liver and brain enzyme activities

Liver

FSO

21 days 90 days

OSO

21 days 90 days

EOSO

21 days 90 days

Brain

FSO

21 days 90 days

OSO

21 days 90 days

EOSO

21 days 90 days

Glutathione
peroxidase1

16.2B2.3 26.0B1.1a 16.2B2.3 35.8B3.7b 16.2B23 29.7B4.2a 21.6B2.3 21.9B3.3a 21.6B2.3 29.1B3.0b 21.6B2.3 30.7B1.2b

Glutathione
reductase1

21.0B1.9 25.0B2.8a 21.0B1.9 35.0B1.5b 21.0B1.9 31.4B2.0b 20.1B0.8 21.2B1.5a 20.1B0.8 7.5B1.5b 20.1B0.8 27.5B2.2b

G-6-P dehy-
drogenase2

1.10B0.5 1.20B0.2 1.10B0.051.93B1.0 1.10B0.05 1.75B0.06 0.22B0.01 0.31B0.06 0.22B0.01 0.35B0.0 0.22B0.01 0.38B0.1

Catalase3 64.3B3.9 44.3B2.2a 64.3B3.0 75.4B6.5b 64.3B5.5 83.4B9.1b 1.21B0.02 1.13B0.0 1.21B0.02 1.24B0.1 1.21B0.02 1.35B0.2

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil; EOSO = vitamin E-deficient oxidized sunflower oil.
Values (mean B SD) not bearing the same superscript letter are significantly different at p ! 0.05.
If no superscript appears, values are not significantly different.

1 nmol NADPH oxidized/min/mg protein.
2 nmol NADP+ reduced/min/mg protein.
3 Ìmol H2O2 decomposed/min/mg protein.

Table 10. Liver and brain concentrations
of malonaldehyde (nmol/g proteins) FSO

21 days 90 days

OSO

21 days 90 days

EOSO

21 days 90 days

Liver 31.8B3.7 26.5B2.2a 31.8B3.7 28.0B3.0a 31.8B3.7 37.1B1.9b

Brain 91.0B7.8 72.5B5.0a 91.0B7.8 95.3B10.1b 91.0B7.8 113.1B6.1c

FSO = Fresh sunflower oil; OSO = oxidized sunflower oil; EOSO = vitamin E-deficient
oxidized sunflower oil.

Values (means B SD) not bearing the same superscript letter are significantly different at
p ! 0.05. If no superscript appears, values are not significantly different.

time they observed a relative diminution in liver weight
according to age, similar to that of the control group.

We conclude that there may be an adaptive mecha-
nism, but the damage caused is often irreversible after
chronic ingestion of altered oil. In return, the brain
remains highly protected by the blood-brain barrier.

The decrease in triglyceride and cholesterol contents,
reflecting a decrease in the total lipid content of the exper-
imental groups, can be interpreted as a reduction in lipid
absorption owing to the presence of a high rate of oxidized
esters formed during oil oxidation and to a disturbance in
constitution and commencement of micelles [31]. The
diminishing serum cholesterol concentration can be due
to a reduction in cholesterol biosynthesis in the liver
resulting in the decrease in the lecithin cholesterol acyl-
transferase activity, and probably a reduction in the bio-
synthesis and secretion of hepatic VLDL. Other authors

[32] explain that the decrease in cholesterol content is
only the activation of ·-hydroxylase, an enzyme responsi-
ble for the transformation of cholesterol in biliary acids. It
should also be noted that vitamin C acts as a powerful
antioxidant on biologic hydrophobic compartments and
represents an important antioxidant in plasma. There-
fore, this vitamin should have intervened in the detoxifi-
cation process and should have attenuated the effect of
vitamin E-deficient oxidized oil.

The substantial decline in the relative amounts of lin-
oleic and linolenic acids in the liver and brain fat reflects
the lower levels in the heated dietary fat, and also indi-
cates that the oxidative influences of unstable derivatives
at the cellular level promote loss of these essential nu-
trients. These results are in good agreement with those
reported by many authors [3, 33, 34]. The increase in ara-
chidonic acid content accompanied by the linoleic acid
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reduction may be the consequence of cellular protection
with a view to maintaining a normal physiological state.
In another hypothesis by Blanc-Gondardmary [9], it is
expressed by a toxic effect acting as a byproduct of the
oxidized oil on the system of arachidonic acid use. Also
the increase in arachidonic acid content could be the con-
sequence of a defect in its utilization, following clamping
of eicosanoide synthesis enzymes by the oxidized esters
ingested. Giani et al. [34] observed an increase in platelet
thromboxanes (TBX2) after ingestion of frying oil con-
taining 13% polar compounds with an altered triglycer-
ide/no altered triglyceride ratio of 0.63.

Otherwise, the statistical study showed the existence of
a positive relationship in the liver between the malonalde-
hyde concentration with GPX and GRD activities during
treatment of the EOSO group. These results corroborate
those of many authors [35, 36]. They show that the activi-
ty of the GPX in plasma decreases when rats are fed a
vitamin E-deficient diet, but increases when the diet con-
tains oxidized oil. In the same way, they observed that the
GPX activity of the control group was significantly higher
than the vitamin E-deficient group over a period of 6
months. They suggested that this weak activity of GPX
can be induced by the defaulting vitamin E. Our results
support the observations of Barga et al. [37] who have
shown a significant increase in liver lipoperoxides in rats
fed a vitamin E-deficient diet. In the same way Csallany et
al. [38] observed an increase in hepatic lipofuscin in rats
fed a vitamin E-deficient diet for 8 weeks.

From these results it appears that the oxidized oil real-
ly has a toxic effect, which is confirmed by the increase in
the liver malonaldehyde concentration and also by a dis-
turbance in enzymatic activities, implying a detoxication
mechanism with changes in the metabolic regulation sys-
tem of the fatty acid synthesis.

According to some authors [39, 40], the effects of trans

fatty acids in lipid tissues can induce trouble in mem-
brane fluidity which provokes enzymatic and reactional
disorders in cells.

The degraded sunflower oil given to rats was more or
less tolerated in spite of its considerable alteration. The
decrease in serum triglycerides and the hepatic hypertro-
phy reflected an effect on the VLDL synthesis resulting in
an alteration in lipid metabolism that is the consequence
of oxidized ester toxicity.

The important variation in the reactive product con-
tent with the thiobarbituric acid in the liver tissue reflects
the presence of these compounds in the oxidized oil,
which is more marked in the treated OSO and EOSO
groups, thus proving the protective role of vitamin E

against lipid peroxides. Thus, the role of peroxidation in
various physiological and pathological mechanisms ap-
pears more and more suspicious, indeed it has been estab-
lished that the slowing of LDL purification leads to pro-
gressive oxidization of their lipids. Among other mecha-
nisms this oxidation could result in a prolonged contact of
LDL with smooth muscular and endothelial cells. The
TBARS and/or the 4-OH nonenal formed react with some
amino acids (lysine) of Apo-B. It prevents the recognition
and therefore the purification of these receptor molecules
that would have preserved their structural and functional
integrity, which is an important factor of hypercholester-
olemia.

From the issue of this work, several questions remain
and various orientations can be envisaged.

Among the protective enzymes, superoxide dismutase
activity needs to be studied under the same conditions,
with regard to the fact that it largely intervenes in free
radical detoxification.

The hepatic mixed-function oxidase system must be
assessed owing to its important function in the metabo-
lism of various xenobiotics and endogenous substrate.

It seems to us that a lot of work must be done on the
real impact of trans fatty acids before we can know exactly
the physiopathologic effects of these compounds. Long-
term epidemiologic studies in man might bring further
information to this field.
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Abstract: This study highlighted the pro-oxidative functions of -tocopherol ( T) on the heart antioxi-
dant system and tissue histopathology of oxidized sunflower oil (OSO)-exposed rats.
Four groups of male Wistar rats were fed with different diets: 1) control diet containing FSO (fresh 
sunflower oil); 2) diet containing 5 % OSO; 3) diet containing 5 % OSO, supplemented with 600 mg  

T kg–1; and 4) diet containing 5 % OSO, supplemented with 1200 mg T kg–1. The hearts were then 
isolated, and the antioxidant enzymatic activities were assessed. Body weight and catalase (CAT), 
glutathione peroxidase (GPx) activities significantly decreased in groups fed with OSO, while the lipid 
peroxidation (LPO) level significantly increased. Administration of OSO with T (600 mg · kg–1) retur-
ned the body weight values and LPO levels to similar values as the control group. The CAT and GPx 
activities increased but remained significantly lower compared to the control group. In the OSO group 
with T (1200 mg · kg–1), the CAT and GPx activities also decreased, while LPO significantly increased. 
Heart tissue sections obtained from the groups revealed the presence of large areas of necrosis. This 
study suggested that OSO induced oxidative stress and that administration of a moderate dose of T 
restored the antioxidant balance, but that high levels of T supplementation result in a pro-oxidant effect.

Key words: oxidized sunflower oil, toxicity, heart, rat, α-tocopherol, histopathology

Introduction

Sunflower oil contains a relatively high concentration 
of polyunsaturated fatty acids. Due to the high levels 
of unsaturation, these lipids are highly susceptible to 

free radical oxidative reactions, which result in lipid 
peroxidation (LPO).

Excessive reactive oxygen species (ROS) genera-
tion results in oxidative stress and damage to cellular 
macromolecules (proteins, lipids, and nucleic acids), 
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which have been hypothesized to be a major contribu-
tor to the aging process and many diseases, such as 
cardiovascular diseases and cancers [1, 2]. In particu-
lar, LPO is considered a major phenomenon by which 
ROS can cause tissue damage, resulting in impaired 
cellular function and alterations in the physicochemi-
cal properties of cell membranes, which can disrupt 
vital functions [3]. Antioxidant enzymes are an impor-
tant protective mechanism against ROS, and similar 
to many other biochemical systems, their effectiveness 
may vary with the stage of development and other 
physiological aspects of the organism [4]. The most im-
portant antioxidant enzymes are superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase 
(GPx). The incidence of LPO may be dependent on 
both the levels of antioxidant enzymes and fatty acid 
composition in organisms, the latter of which may also 
be dependent on the animal’s physiology, including 
development, age, and sex.

Vitamin E is an essential nutrient for all animal spe-
cies. As a fat-soluble vitamin, it is the most effective 
chain-breaking, lipid-soluble antioxidant in biological 
membranes, where it contributes to membrane sta-
bility. Vitamin E protects critical cellular structures 
against damage from oxygen free radicals and reactive 
products of LPO. Vitamin E occurs in several natural 
forms; among them, αT exhibits the highest biological 
activity [5]. A number of studies have demonstrated 
the potential effects of vitamin E on the activities of 
antioxidant enzymes, fatty acid composition, and LPO 
[6, 7]. However, the ability of αT to act as a pro-oxi-
dant and to increase the peroxidation of lipids is well 
known in vitro [8]. Increased DNA damage, attributed 
to α-tocopherol, in cultured cells has been reported 
following an insult capable of generating ROS [9]. 
Moreover, a meta-analysis suggested an increased risk 
of all-cause mortality from vitamin E supplementation 
[10]. Thus, the present study was performed to investi-
gate (1) cardiotoxicity induced by oxidized sunflower 
oil (OSO) administered via the diet in male Wistar rats, 
(2) the protective role of αT in alleviating the negative 
effects of OSO in the heart, and (3) the effect of high αT 
supplementation on myocardial oxidative stress mark-
ers and associated histopathological changes in rats.

Materials and methods

Chemicals

Compounds used for diet formulations were obtained 
from Sigma Chemical Co., St Louis, MO, USA. Vita-

min (AIN-76) mix, mineral (AIN-76) mix, and micro-
pulverized vitamin-free casein were purchased from 
ICN Biomedicals; other chemicals and reagents were 
purchased from Boehringer Mannheim (Germany) 
and Merck (Darmstadt, Germany). Ultra-filtered wa-
ter was used for all biochemical assays.

Animals and diets

Fresh sunflower oil (FSO) was obtained from 
NCF(National Company of Fat, Algeria). It was con-
tinuously heated at 98 ± 2 °C for 46 hours with air insuf-
flations (40 L · hour–1); acceleration of oxidation was 
achieved by vigorous mixing of the heated sample with 
oxygen at atmospheric pressure [11]. The heated oil was 
stored at 4 °C in the dark until it was used in the diet 
preparations. Forty male Wistar rats weighing between 
65 and 75 g were obtained from the Pasteur Institute 
of Algeria. The rats were divided into four groups, and 
over the course of 12 weeks, they were administered 
the formulated diets illustrated in Table I: first treat-
ment (control), diet containing 5 % weight/weight FSO; 
second treatment, diet containing 5 % sunflower oil 
heated as previously described (OSO); third treatment, 
diet containing 5 % heated sunflower oil supplemented 
with αT (600 mg · kg–1, OSOE1); and fourth treatment, 
diet containing 5 % heated sunflower oil supplemented 
with αT (1200 mg · kg–1, OSOE2). The animals were 
placed in individual cages under controlled conditions 
of light (12 hours light-12 hours dark) and temperature 
(25 ± 1 °C). All rats had free access to food and water 
throughout the experiment. Body weight (BW) was 
determined weekly. At the end of the experiment, the 
rats were fasted overnight, anesthetized with 10 % chlo-
ral hydrate (3 mL · kg–1 BW), and then euthanized with 
overdose. Next, the hearts were removed, washed with 
ice-cold normal saline, and dipped in liquid nitrogen 
and stored at – 70 °C for estimation of oxidative stress 
markers and histological examination. All animals used 
in this study were treated with humane care accord-
ing to the Guide for the Care and Use of Laboratory 
Animals and its updated issue [12, 13].

Analysis of oil

Lipid oxidation and α-tocopherol content of tested oils

Lipid oxidation products, including conjugated dienes 
and peroxides, iodine and acid values, ethylenic dik-
etones, and αT were measured in FSO and OSO. Con-
jugated dienes were assessed at 234 nm in a hexane so-
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lution of the oils, and the molar absorption coefficient 
for conjugated dienes (29500 L · mol–1 · cm–1) was used 
to calculate the diene content (µmol · kg–1). The perox-
ides, iodine, and acid values were determined accord-
ing to AFNOR [14]. The αT content of the tested oils 
was measured using reverse-phase high-performance 
liquid chromatography as previously described [15].

Fatty acid determination

Analysis of fatty acids was performed using gas chro-
matography. Oil samples were saponified for 30 min-
utes at 60 °C with 40 mL·g–1 0.5 M NaOH in methanol 
and then methylated with the boron trifluoride-meth-
anol complex to achieve a complete conversion to 
methyl esters. Tricosanoic acid was employed as an in-
ternal standard. The esters were extracted into hexane, 
freed of moisture over anhydrous sodium sulfate, and 
dried under nitrogen. The fatty acid content of the oil 
was analyzed in a Hewlett–Packard 5890 Series II gas 
chromatograph (Palo Alto, CA) equipped with a flame 
ionization detector and a 50 m, i.d. 0.22-mm capillary 
column (BPX70) with 0.25-mm film thickness (SGE, 
Austin, Texas, USA). Three samples obtained from 
fresh and heated oil were analyzed. The total altered 
fatty acid content in oil was calculated taking into ac-
count the amount of chromatographed fatty acids [16].

In vivo study

Lipid peroxidation assay

The extent of LPO in the heart was determined using 
the thiobarbituric acid reactive substances (TBARS) 
assay and expressed as the quantity of malondialdehyde 
(MDA) production [17]. The samples were suspended 
in phosphate-buffered saline (pH 7.4), mixed with bu-
tylated hydroxytoluene BHT-TCA solution (1 % w/v 
BHT dissolved in 20 % TCA), and centrifuged at 1000 
× g for 10 minutes. The supernatant was subsequently 
mixed with 0.5 N HCl and 120 mM 2-thiobarbituric 
acid (TBA) in 26 mM Tris and heated in a water bath 
at 80 °C for 15 minutes. After cooling, the absorbance 
of the resulting chromospheres was determined at 
532 nm using a BIORAD UV-visible spectrophotom-
eter (Smart Spec 3000), and MDA production was 
determined using an extinction coefficient of 1.56.105 
M–1 · cm–1 and expressed in nmol MDA · mg–1 of protein.

Measurement of enzymatic antioxidant activity

GPx (E.C.1.11.1.9) level assessment in the heart 
was based on the method of Paglia and Valentine 
[18]. After the addition of cumene hydroperoxide, 
NADPH was converted to NADP+ by glutathione 

Table I: Composition of each experimental diet.

Ingredients Diet

FSO OSO OSOE1 OSOE2

                       (g · kg–1 diet)

Casein 200 200 200 200

dl-Methionine 1.6 1.6 1.6 1.6

Agar-agar  20 20 20 20

Corn 449 449 449 449

Sucrose    219.4 219.4 219.4 219.4

FSO   50 / / /

OSO / 50 50 50

Mineral mixturea             40 40 40 40

Vitamin mixtureb             20 20 20 20

Energy (kcal)         3920 3920 3920 3920

1
–1

2, OSO 
–1).

a
2PO4 3 4 4 

2 4 2 4 2 4 2 4 2 3 

0.0016 mg.
b 

3 1 2 3 6  12 
dl 3
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reductase (GR) and the generated oxidized gluta-
thione was continuously monitored spectrophoto-
metrically at 340 nm for 2 minutes. GPx activity was 
expressed in nanomoles of GSH oxidized per minute 
and per milligram of protein. SOD (E.C.1.15.1.1) ac-
tivity, expressed as units per milligram of protein, is 
based on the inhibition of superoxide radical reaction 
with pyrogallol [19]. SOD activity was determined 
by measuring the velocity of oxidized pyrogallol for-
mation. The reaction medium contained Tris buffer 
(50 mmol · L–1, pH 8.2), pyrogallol (24 mmol · L–1), and 
CAT (30 mmol · L–1). The absorbance changes were 
observed at 420 nm for 2 minutes. CAT (E.C.1.11.1.6) 
activity was assayed using the method described by 
Aebi [20], which is based on the disappearance of H2O2 
at 240 nm. One unit of enzyme is defined as 1 µmol 
of hydrogen peroxide consumed per minute, and the 
specific activity was reported as micromoles of H2O2 
decomposed per mg of protein. GR (E.C.1.6.4.2) activ-
ity was assayed at 37 °C and 340 nm according to the 
oxidation of NADPH by glutathione disulfide (GSSG) 
[21]. One EU was defined as the enzyme oxidation of 
1 mole of NADPH per minute at 25 °C and at optimal 
pH (pH 8.0). Glucose-6-phosphate dehydrogenase 
(G6PDH) (E.C.1.1.1.49) catalyzes the conversion of 
G-6-P to 6-phosphogluconate. Its activity was assayed 
by measuring the rate of formation of NADH, which 
was examined spectrophotometrically at 340 nm [22].

Protein determination

The protein content of supernatants was spectropho-
tometrically estimated according to the method de-
scribed by Lowry using bovine serum albumin as a 
standard [23]. The αT level was estimated as previously 
described [24] and expressed as µg · mg–1 of protein.

Histopathological studies

The isolated hearts were washed immediately with 
saline and then stored in 10 % buffered formalin. The 
hearts were embedded in paraffin, sectioned into 5-µm 
tissue sections and stained with haematoxylin and eo-
sin (H&E). These sections were then examined using 
light microscopy for histological changes.

Statistical analysis

The normality of the data distributions and homoge-
neity of variances were tested using the Kolmogorov-

Smirnov and Levene tests, respectively. The mean 
parameters of the different groups were compared 
to those of the control group using Student’s t-tests. 
In addition, when assumptions of normality or homo-
geneity of variances were violated, Mann-Whitney 
U-tests were performed. The results are expressed 
as the mean±SE and were considered significant at 
p < 0.05. Statistical analyses were established using 
Statistica 7.0, Statsoft Inc. (Tulsa, USA).

Results

Fresh and oxidized oil status

The chemical features of fresh and oxidized oil are 
presented in Tables II and III. Heating FSO caused its 
alteration as observed by the depletion of αT and the in-
crease in peroxide and hydroperoxide values (Table II). 
The fatty acid composition was also affected by heating, 
where the polyunsaturated fraction (mainly C18 : 2) was 
oxidized and its proportion was reduced by two-thirds. 
Polar esters appeared in the OSO (Table III).

Body and heart weights

The effects of OSO and αT on the body and heart 
weights are summarized in Figures 1 A and 1B. Com-
pared to the FSO group, the body weight of the OSO 
group decreased significantly (p = 0.0009). At either 
a low or high dose, αT supplementation restored the 
body weight of OSO-fed rats. Thus, increasing the 
amount of supplemented αT to 1200 mg · kg–1 did not 
improve rat heart growth.

No significant decrease in heart weight was ob-
served for the OSO-fed group, and there was no effect 
on heart weight with αT supplementation.

Table II:  Lipid oxidation markers and αT content of 
tested oils.

Parameters FO OO

Iodine value       130 82

Acid value (KOH mg · g–1)                           0.1 4.2

Peroxides value (mmol · kg–1) 1 258

Hydroperoxides (mmol · kg–1) 10 232

Ethylenic diketones 0.6 2.8

α-tocopherol (µg · mL–1)                               2 0

FO: Fresh oil; OO: Oxidized oil
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Vitamin E, lipid peroxidation,  
and antioxidant enzyme activities

Vitamin E

The level of αT was significantly reduced in the heart 
tissue of OSO and OSOE2 rats compared to the con-
trol group (p = 0.0015 and p = 0.0004, respectively, Fig-
ure 2), whereas no significant difference was observed 
between the FSO and OSOE1 groups. However, 
supplementation with αT (600 mg · kg–1) in the diet 
maintained the levels of this antioxidant comparable 
to those of the control group.

Lipid peroxidation

Compared to control rats (FSO), the level of LPO was 
significantly higher in rats fed with OSO (p = 0.019; 
Figure 3). Supplementation with αT (OSOE1 group) 
provided protection against OSO-induced LPO in the 
rat heart, as demonstrated by the significant decrease 
in LPO formation. Increasing the concentration of αT 
to 1200 mg · kg–1 (OSOE2 group) did not enhance the 
protection against LPO; in contrast, the level of LPO 
increased significantly (p = 0.027) and returned to the 
level of the oxidized group (OSO).

Table III:  Fatty acids composition of tested oils expressed 
as the percentage of total fatty acids content.

Parameters FO OO

Polar esters (%) 0.0 43.3

Non-altered fatty acids (%) 100.0 56.7

14 : 00 0.05 nd

16 : 00 5.62 5.62

18 : 00 3.57 4.32

18 : 1 ω9                                               27.48 25.52

18 : 2 ω6                                               61.56 19.85

18 : 3 ω3                                                 0.19 0.25

20 : 00 0.23 0.11

Saturated fatty acids 9.48 10.05

Monounsaturated fatty acids 27.48 25.52

Polyunsaturated fatty acids 61.76 20.09

FO: Fresh oil; OO: Oxidized oil 
nd: not detected Figure 1: Effect of supplementation of αT on OSO induced 

changes in the body and heart weight of adult male rats. Each 
value represents mean ± SE (*p < 0.05, **p < 0.01, ***p < 0.001 
between control and treatment groups).

Figure 2: Effect of supplementation of αT (600 and 
1200 mg · kg–1) in diet on its level in the heart of OSO-treated 
rats. Each value represents mean ± SE (*p < 0.05, **p < 0.01, 
***p < 0.001 between control and treatment groups).

Figure 3: Effect of supplementation of αT (600 and 
1200 mg · kg–1) in diet on the generation of LPO in the heart of 
OSO-treated rats. Each value represents mean ± SE (*p < 0.05, 
**p < 0.01, ***p < 0.001 between control and treatment groups).
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Antioxidant enzyme activities

The evolution of antioxidant enzyme activities, name-
ly SOD, CAT, GPx, GR, and G6PDH, in the hearts 
of experimental animals are shown in Figure 4 (A to 
E). No significant decrease in the activity of SOD but 
highly significant increases in the activities of CAT and 
GPx were observed for the OSO-fed rats compared 
to the control group (p < 0.0001 for CAT and GPx). 
Upon simultaneous administration of OSO and αT 
(600 mg · kg–1), the activities of the antioxidant en-
zymes CAT and GPx increased (very highly for CAT) 
but remained significantly lower compared to those 

Figure 4: Effect of supplementation of αT (600 and 
1200 mg · kg–1) in diet on the enzymatic antioxidant activi-
ties in the heart of OSO-treated rats. Each value represents 
mean ± SE (*p < 0.05, **p < 0.01, ***p < 0.001 between control 
and treatment groups).

Figure 5: Light micrograph of rat heart (10 ×, H&E) show-
ing: (a) normal architecture in FSO group, (b) myocardial 
edema in OSO group, (c) no evidence of myocardial edema 
in OSOE1 group (αT at 600 mg · kg–1), (d) myocardial edema 
in OSOE2 group (αT at 1200 mg · kg–1). N: nucleus, M: cardiac 
muscle, Nc: necrotic cells, Oe: edema.
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of the control group (p = 0.033 and p = 0.0007, respec-
tively).

Next, with treatment of OSO and αT (1200 mg · kg–1),  
the activities of CAT and GPx significantly decreased 
(p = 0.001 and p < 0.0001, respectively). The activity 
of SOD decreased, but no significant difference was 
observed in the OSOE1 group.

The GR activity (Figure 4D) was slightly decreased 
for the OSO group, and the OSOE2 group exhibited 
less activity for this enzyme among all of the experi-
mental groups, although these differences were not 
statistically significant.

The G6PDH activity (Figure 4E) was significantly 
reduced in the OSO group (p = 0.032) and was signifi-
cantly increased in rats fed with the OSO diet supple-
mented with αT, reaching levels that were comparable 
to that of the control group (FSO).

Histopathological changes

A light micrograph of a heart from an FSO group rat 
with normal architecture is shown in Figure 5a, but 
the OSO group revealed extensive myofibrillar de-
generation, which was related to infiltration and inter-
stitial edema (Figure 5b). Nevertheless, hearts from 
rats fed OSO supplemented with αT (600 mg · kg–1)  
retained their normal histology, demonstrating 
normal myofibrillar structure with a branched ap-
pearance and continuity with adjacent myofibrils 
(Figure 5c). Heart sections from rats receiving the 
highest dose of αT (1200 mg · kg–1) demonstrated 
changes in cellular morphology, with the presence 
of large areas of necrosis with interstitial edema  
(Figure 5d).

Discussion

One of the major causes of ischemic heart disease 
and heart failure is an imbalance between oxidants 
and antioxidant defenses. Thus, it is possible to limit 
oxidative stress-induced tissue damage by favoring 
the balance towards lower oxidative stress [25]. In-
deed, vitamins directly scavenge ROS and regulate 
the activities of antioxidant enzymes. Among these 
vitamins, vitamin E has been recognized as one of the 
most important antioxidants [26]. However, it may 
still be associated with adverse effects [27], including 
pro-oxidant effects at high doses [28, 29], which may 
work against the plausible benefits of antioxidants. In 
the present study, 5 % OSO was incorporated into the 

diet of Wistar rats over 12 weeks, which resulted in a 
significant decrease in their body weight. This weight 
loss may be due to the cellular damage caused by the 
elevated levels of LPO. It has been reported that rats 
fed thermally oxidized oil had significantly lower gains 
in body weight [30]. However, administration of αT 
(600 mg · kg–1) with OSO prevented weight loss by 
protecting the organs against damage caused by free 
radicals and reactive products of LPO. Furthermore, 
αT inhibits the peroxidation of membrane lipids by 
scavenging lipid peroxyl radicals and is converted to 
α-tocopheroxyl radical as a consequence [31]. No ad-
ditional improvements in rat body growth with higher 
amounts of supplemented αT (1200 mg · kg–1) were 
observed, which confirmed findings that no difference 
occurred in the weight gain of fish fed diets containing 
either fish oil or swine fat and supplemented with 500 
or 1500 mg α-tocopheryl acetate per kg of diet [7].

The OSO group also showed no significant decrease 
in heart weight. A reduction in organ weights, includ-
ing the heart, was observed in rats fed oxidized palm 
oil [32]. This decrease in heart weight persisted af-
ter αT supplementation and remained nonsignificant 
compared to the control group.

Antioxidant markers (GPx, SOD, CAT, GR, and 
α-tocopherol) and LPO were assessed to evaluate the 
extent of oxidative stress. In this study, LPO, which 
has been suggested to be due to enhanced oxidative 
stress (Figure 3), significantly increased in the OSO 
group. This result was associated with a significant 
reduction of αT levels, an altered membrane struc-
ture (Figure 5b), and enzyme inactivation (Figure 4). 
Moreover, it is an indication of the severity of OSO-
induced necrotic damage of the heart. LPO, in vivo, 
has been identified as one of the basic deteriorative 
reactions in cellular mechanisms during myocardial 
ischemia [33]. The decrease in αT may be due to the 
participation of αT in the scavenging of ROS formed 
by oxidized oil and could result in the reduction of αT 
levels [34, 35], as observed in the testes and ventral 
prostate.

Histopathologically stained heart sections from rats 
that received OSO revealed the presence of large ar-
eas of necrosis (Figure 5b), suggesting that oxidized 
sunflower oil caused extensive damage to the heart.

The primary site of free radical damage in the heart 
cell is in the mitochondria. Indeed, extensive free radi-
cal attack contributes to DNA damage in the mito-
chondria, which cannot perform well, thus causing the 
cells to die [36]. GPx activity was significantly reduced 
in the heart tissue of OSO rats compared to the control 
group (Figure 4C). This reduction might be due to a 
decreased availability of its substrate, glutathione. 
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Inhibition of this enzyme results in the accumulation of 
these oxidants and makes myocardial cell membranes 
more susceptible to oxidative damage [37].

The activities of SOD and CAT decreased in the 
heart tissue of rats fed an OSO diet compared to the 
untreated group, although there was no significant 
change for SOD (Figures 4 A and 4B).

The reduction in CAT activity may reflect an in-
ability of heart cells to eliminate hydrogen peroxide 
production stimulated by OSO ingestion, or a failure 
in the enzyme defense system caused by excess ROS 
production in heart cells.

Reciprocally, SOD protects CAT against inhibi-
tion by superoxide anion [30]. GR activity (Figure 4D) 
slightly decreased, suggesting inadequate levels of re-
ducing equivalents (NADPH), and the significantly 
reduced activity of G6PDH (Figure 4E) indicates a 
failure to maintain GSH levels. The decrease in enzyme 
activity suggests potential damage to the heart as a con-
sequence of free radical-mediated oxidative stress [31].

Supplementation with αT (600 mg · kg–1, OSOE1 
group) increased the activities of antioxidant enzymes 
and αT levels and significantly reduced LPO, demon-
strating the stress-stabilizing activity of αT in the rat 
heart when administered at a moderate concentration. 
αT increased the antioxidant enzymes’ availability and 
was actively involved in the free radical scavenging 
mechanism.  However, heart sections obtained from 
animals fed with FSO and OSO supplemented with αT 
(600 mg · kg–1) retained their normal histology, show-
ing normal myofibrillar structure with branched ap-
pearance and continuity with adjacent myofibrils (Fig-
ures 5a and 5c) and suggesting non-toxic properties 
of OSO if a moderate dose of αT was incorporated 
into the diet. It was assumed in this study that αT 
(600 mg · kg–1) incorporated in the diet protected the 
rats against the deleterious effects of OSO. The main 
function of αT was to prevent the peroxidation of 
membrane phospholipids and to prevent cell mem-
brane damage via antioxidant activity [30]. Thus, the 
antioxidant activity of vitamin E has the ability to 
prevent chronic diseases, particularly those believed 
to have an oxidative stress component, such as cardio-
vascular diseases, atherosclerosis, and cancer [38, 39].

Furthermore, supplementation of the OSO group 
with αT (1200 mg · kg–1, OSOE2 group) induced a sig-
nificant increase in LPO and nearly always resulted 
in a nonsignificant decrease in SOD that was signifi-
cant for αT, CAT, and GPx activities. Higher doses 
of αT for longer periods of time increased the level 
of LPO and attenuated the activity of antioxidant en-
zymes [40]. Upon encountering ROS, αT within lipids 
becomes oxidized, forming a tocopherol radical. If 

the tocopherol radical is not eliminated, then there is 
an increase in LPO, a process known as tocopherol-
mediated peroxidation [41].

The significant decrease in α-tocopherol can also be 
explained by 2,5,7,8-tetramethyl-2(29-carboxyethyl)-
6-hydroxychroman (α-CEHC), which is another 
metabolite of α-tocopherol. Its excretion increased 
when a specific plasma level of RRR-α-tocopherol 
was exceeded. The intact chromatin structure of this 
metabolite indicated that α-CEHC is derived from 
α-tocopherol, which does not react as an antioxidant. 
Thus, excretion of α-CEHC may be used as an indica-
tor of an adequate or excess α-tocopherol supply [42]. 
Importantly, when the administered dose increases, 
the rate of α-tocopherol degradation decreases [43, 
44], and absorption is a function of the ingested dose, 
with a decrease in the efficiency of absorption of high-
er intakes in humans and rats.

 Although, supplementation with αT (1200 mg · kg–

1) resulted in more severe morphological changes than 
OSO alone, it caused significant changes in the nucleus 
and cellular morphology.

In this study, supplementation with α T  
(1200 mg · kg–1) corrupted the heart tissue structure, 
although the cell changes and nuclear damage suggest 
a pro-oxidant effect of α-tocopherol.

Vitamin E, as any redox-active compound, may 
exert anti- and pro-oxidative effects depending on 
the reaction partners present in the environment. In 

vitro studies have shown that vitamin E may have pro-
oxidant effects at high doses [28]. In in vitro models, 
the pro-oxidant effect of vitamin E on low-density 
lipoprotein (LDL) was correlated with the production 
of the α-tocopheroxyl radical [45]. Pro-oxidative func-
tions of αT have been demonstrated in LDL isolated 
from healthy volunteers and from a patient with a 
defect in the α-tocopherol transfer protein (α-TTP) 
gene [35]. Kiron [7] demonstrated that high levels 
of vitamin E (1000 mg · kg–1 tocopheryl acetate) no 
longer served as an antioxidant but as a pro-oxidant 
in rainbow trout (Oncorhynchus mykiss) grown under 
a mild oxidative stress.

In conclusion, OSO ingestion increased LPO and 
decreased the specific activities of antioxidant en-
zymes in rat heart cells, indicating an imbalance of the 
pro-oxidant/antioxidant system, resulting in oxidative 
stress that is efficiently reversed by αT supplementa-
tion. Thus, a moderate dose of dietary αT restored 
the activities of antioxidant enzymes under oxidative 
stress. However, increasing the amount of dietary αT 
reversed its activity, resulting in a pro-oxidant effect. 
Taken together, these results demonstrate that high vi-
tamin E supplementation is a risk factor for the heart.
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