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Abstract The present study was performed to investigate the
protective effects of selenium (Se), vitamin E (Vit E) and
anthocyanins from purple carrots and their combination
against the oxidative stress induced by D-galactose in rats. A
total of 80 male rats were equally divided into 11 groups, one
of which acted as control (I) just receiving intraperitoneal
injections of physiological saline. The remaining ten groups
(II–XI) were intraperitoneally injected with D-galactose at a
dose of 400 mg kg−1 body weight (BW) per day for 42 con-
secutive days. Rats in groups III–XI were treated with antiox-
idants via gavage per day as follows: group III: Se-
methylselenocysteine (SeMSC), IV: Se as sodium selenite
(Na2SeO3), V: Se-enriched yeast (SeY), VI: Vit E as α-
tocopherol acetate, VII: anthocyanin from purple carrots
(APC), VIII: APC + Vit E, IX: SeMSC + APC+ Vit E, X:
Na2SeO3 + APC + Vit E, XI: SeY + Ant + Vit E. The results
showed that the rats treated with antioxidants (III–XI) showed
significant decreases in the levels of malondialdehyde (MDA)
and carbonyl protein (PCO) compared with the D-galactose-
treated group (II) in the heart, liver, kidneys, and blood.
Moreover, there were significant increases in the activities of
superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px), glutathione (GSH) concentration, and total antiox-
idant capacity (T-AOC) in the heart, liver, kidneys, and blood
of antioxidant-treated animals (III–XI) than those in control
group (I). In addition, the combined treatments of two or three

antioxidants showed greater antioxidant activities than those
of individual treatments, suggesting the synergistic antioxi-
dant effects of Se, Vit E, and APC. In conclusion, all the
antioxidants exhibited protective effects against D-galactose-
induced oxidative damage in rats, and these antioxidants
showed a synergistic effect.
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Introduction

Oxidative stress is a consequence of an imbalance between
prooxidants and antioxidants, and the imbalance could over-
produce the reactive oxygen species (ROS). Moreover, oxida-
tive stress and ROS have been proposed to be major causes of
aging [1]. The accumulated ROS may lead to the oxidative
modification of biomolecules such as lipids, proteins, and
nucleic acids [2]. It is widely accepted that consumption of
diets high in plant-based foods is associated with a decreased
risk of oxidative damage. Potential antioxidants in fruits and
vegetables include vitamins, minerals, and numerous phyto-
chemicals. It has been proven that antioxidants such as sele-
nium (Se), vitamin E (Vit E), and phytochemicals could ame-
liorate the oxidative damage induced by ROS. Se, an essential
micronutrient for human, has a strong ROS scavenging activ-
ity. It could protect the organs and tissues from oxidative dam-
age and improve the immune system of body [3, 4]. Se could
be decomposed to methylselenol in vivo, which is hypothe-
sized to be a critical Se metabolite for the anticancer activity,
and have different chemopreventive effects on some cancer-
ous and non-cancerous cells [5]. Glutathione peroxidase
(GSH-Px), a Se-containing enzyme, is responsible for the re-
duction of hydro and organic peroxides, and the synthesis of
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GSH-Px needs glutathione (GSH) [6]. On the other hand, Vit
E, alpha-tocopherol, is the most important antioxidant in the
lipid phase of cells [7]. Vit C and GSH are also strong free
radical scavengers and can also transform Vit E to its active
form [8]. In addition, anthocyanins have attracted lots of at-
tention because of their potential biological and pharmacolog-
ical benefits, such as antioxidant by donating hydrogen to
ROS [9], anti-inflammatory [10] and antitumor properties
[11], and decreasing lipid peroxidation and DNA damage
[12]. It has been also demonstrated that anthocyanins from
strawberry-ameliorated cardiovascular risk, oxidative stress,
and platelet activation in human [13].

Moreover, there were synergistic effects among antioxi-
dants to quench free radicals and peroxides. It has been shown
that selenomethionine (200 μg/day) and Vit E (400 IU/day),
alone or in combination (for 5.46 years), prevented prostate
cancer in healthy men [14]. The synergistic effect of Se and
Vit E was also found in lipid peroxidation preventive trials
[15]. Both Vit E and anthocyanins could assist the treatment
of many diseases, such as atherosclerosis, inflammation, and
cancers [16]. Purple carrots were reported to be rich in antho-
cyanins and have high antioxidant activity in vitro [17]. Purple
carrots can also help to improve memory and inhibit the pro-
liferation of cancer cells, which were partly due to its antho-
cyanins [18]. However, little is known about the in vivo syn-
ergistic effects of Se, Vit E, and anthocyanins.

Therefore, the purpose of this study was to investigate and
compare the synergistic antioxidant effects of individual and
combined treatments with different forms of Se, Vit E, and
purple carrot anthocyanins (APC) against the oxidative stress
in rats.

Materials and Methods

Materials

Se-methylselenocysteine (SeMSC, 96% purity) was provided
by Chuan Qi Pharmaceutical Corporation. Se-enriched yeast
(SeY, Se concentration 2000 mg/kg) was purchased from
Angel Yeast Corporation. Vit E as α-tocopherol acetate pow-
der (50 % purity) and Se as sodium selenite (Na2SeO3, 98 %
purity) were purchased from Sigma-Aldrich (Steinheim,
Germany). Anthocyanin extracts from purple carrot (APC)
were obtained from Guo Yi Biological Technology
Corporation (anthocyanins content 8.4 %). D-Galactose (D-
gal, 98 % purity) was purchased from Aladdin Industrial
Corporation. The total antioxidant capacity (T-AOC), gluta-
thione peroxidase (GSH-Px), superoxide dismutase (SOD),
malondialdehyde (MDA), reduced glutathione (GSH), and
protein carbonyl (PCO) kits were purchased from Nanjing
Jiancheng Biotechnology Company (Nanjing, China).

Animals and Pretreatment

Male Sprague-Dawley rats [approximately 200–220 g body
weight (BW)] were purchased from Shanghai Research
Center of Experimental Animal of Academy in China (Batch
No: SCXK 2013–2014), and the animals were acclimatized
for 7 days prior to experiments. The experimental protocols
were approved by Nanchang University Ethics Committee.
All rats were raised in stainless cages in an ambient tempera-
ture controlled room (24 ± 2 °C) with a controlled photoperiod
(12-h light/dark cycle) and relative humidity of 50 ± 5 %. The
rats had free access to commercial pellet diet and water ad
libitum. The basal diet consisted of 20 % vitamin-free casein,
40 % sucrose, 20 % corn starch, 5 % fiber, 10 % fat (soybean
oil), 3.5 % mineral mix, and 1 % vitamin mix (without Vit E).

One week after acclimatization to laboratory conditions,
the rats were randomly divided into 11 groups (n = 8).
Treatments were carried out over a period of 42 days. The
experimental feeds were formulated to have the same Se con-
tent (4.5 μg/kg).

The groups were as follows:

Group I: control (saline)
Group II: D-gal model (2mL of D-gal solution, 400 mg/kg
BW)
Group III: D-gal + SeMSC (4.5 μg/kg BW Se in the form
of SeMSC per day)
Group IV: D-gal + Na2SeO3 (4.5 μg/kg BW Se in the
form of Na2SeO3 per day)
Group V: D-gal + SeY (4.5 μg/kg BW Se in the form of
SeY per day)
Group VI: D-gal + Vit E (8.4 mg/kg BWVit E in the form
of α-tocopherol acetate per day)
Group VII: D-gal + APC (100 mg/kg BW per day)
Group VIII: D-gal + Vit E + APC (100 mg/kg BWAPC +
8.4 mg/kg BW Vit E in the form of α-tocopherol acetate
per day)
Group IX: D-gal + SeMSC + Vit E + APC group (4.5 μg/
kg BW Se in the form of SeMSC, 100 mg/kg BWAPC
and 8.4 mg/kg BW Vit E in the form of α-tocopherol
acetate per day)
Group X: D-gal + Na2SeO3+ APC +Vit E (4.5μg/kg BW
Se in the form of Na2SeO3, 100 mg/kg BW APC and
8.4 mg/kg BW Vit E in the form of α-tocopherol acetate
per day)
Group XI: D-gal + SeY + Vit E + APC (4.5 μg/kg BW Se
in the form of SeY, 100 mg/kg BWAPC and 8.4 mg/kg
BW Vit E in the form of α-tocopherol acetate per day)

The doses were chosen based on the recommended intakes
of individuals in China. They showed no toxic effect on rats in
the pre-experiments (data not shown). Rats in group I were
intraperitoneally injected with physiological saline as control
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group. The groups (II–XI) were intraperitoneally injected with
D-gal at a dose of 400 mg kg−1 BW per day. Rats in group II
were not treated with any antioxidant. Rats in groups III–XI
were given 1.5 mL sample solutions by gavage per day.

After 42 days, all of the rats were culled by cervical decap-
itation to avoid stress. Blood was collected into ethylene di-
amine tetraacetic acid (EDTA) tubes and centrifuged at
3000 rpm for 10 min. Plasma samples were drawn and stored
at −80 °C until analysis. The liver, heart, and kidneys were
immediately dissected out, cleaned, and weighed. The organs
were rinsed and homogenized (10 %, w/v) in an appropriate
buffer (pH 7.4) and then centrifuged. The supernatants were
used for the measurement of antioxidant activity. The SOD,
GSH-Px acitivities, T-AOC and the contents of MDA, GSH,
and PCO in blood and tissues were determined using the com-
mercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions.

HPLC-QTOF-MS/MS

An Agilent 1290 series high-performance liquid chromatog-
raphy (Agilent Technologies, USA), coupled with an Agilent
7200 triple quadrupole time of flight mass spectrometer, were
used to identify the anthocyanins from purple carrot extracts.
The anthocyanin extract of purple carrot was dissolved in the
water (1 mg/mL) and filtered through a 0.45-μm PTFE mem-
brane filter for HPLC analysis immediately at an injection
volume of 5 μL. The mobile phase was composed of A
(0.2 % formic acid in water, v/v) and B (0.2 % formic acid
in acetonitrile, v/v). The column was Agilent Zorbax SB-C18
column (4.6 mm × 250 mm, 5 μm) and the gradient elution
program was as follows: 0–5 min, 85–80 % A; 5–10 min, 80–
70%A; 10–20min, 70–60%A; 20–30 min, 60–55% A; 30–
35 min, 55–40 % A; 35–40 min, 40–85 % A. The column
temperature was 25 °C, the flow rate was 0.3 mL/min, and the
DAD detector at 520 nm was used.

The ESI source was operated in the positive ion mode, and
full scan mass spectral data were acquired over a range from
m/z 100 to 22,000. The optimum values of the source param-
eter were as follows: capillary voltage, +3.5 kV; drying gas
temperature at 350 °C at a flow rate of 11 L/min; nebulizer
pressure, 30 psi. The HPLC-MS data were acquired and ana-
lyzed by the software Agilent MassHunter Acquisition
B.09.01.

Biochemical Assays

The biochemical assays were performed using 96-well micro-
plates (BD Falcon, USA) and a multi-well plate reader
(Thermo Scientific varioskan flash, USA) with commercial
kits (Nanjing, China). The SOD activity was measured with
a SOD kit, which is based on its ability to inhibit the oxidation
of hydroxylamine by the xanthine-xanthine oxidase system.

The GSH-Px activity was determined using a GSH-Px assay
kit, which is based on the oxidation of NADPH at 340 nm
coupled with the reduction of glutathione oxidized by GSH-
Px. The T-AOC was determined using a T-AOC assay kit,
which is based on the ferric-reducing antioxidant power
assay. The activities of the two antioxidant enzymes and
T-AOC were expressed as per milligram of protein (U/
mg prot) in tissues or units per milliliter (U/mL) in blood.
The MDA content was measured using a commercial kit,
which is based on thio-barbituric acid technique, and data
were expressed as nanomoles per milligram of protein
(nmol/mg prot) in tissues or nanomoles per milliliter
(nmol/mL) in blood. The PCO content was measured
using a commercial kit. The absorbance of samples was
determined at 366 nm, and data were expressed as micro-
moles per milligram of protein (μmol/mg prot) in tissues
or micromoles per milliliter (μmol/mL) in blood. The
GSH content was measured using a commercial kit. The
absorbance at 412 nm was measured at a 10-s interval.
From the calibration curve made with commercial GSH,
the concentration of GSH was determined and data were
expressed as milligram per gram of protein (mg/g prot) in
tissues or milligram per milliliter (mg/mL) in blood. The
protein concentration in tissues was measured by using a
protein kit, which is based on the method of Coomassie
light blue, and the result was expressed as milligram per
gram.

Statistical Analysis

Results were expressed as mean ± SD. Data were ana-
lyzed using one way analysis of variance (ANOVA),
followed by Tukey’s post hoc comparisons. All statisti-
cal analyses were performed with the statistical program
SPSS 17.0. The differences were considered to be sta-
tistically significant when p < 0.05.

Results

The Anthocyanins in Purple Carrots

A total of seven anthocyanins were found in purple
carrot extracts. They were identified as cyanidin-
3-(feruloyl)-sambubioside-5-glucoside (peak 1),
pelargonidin-3-sambubioside-glucoside (peak 2),
cyanidin-3-sambubioside (peak 3), cyanidin-3-(feruloyl)-
diglucoside-5-glucoside (peak 4), cyanidin-3-(p-
coumaroyl)-glucoside-5-glucoside (peak 5), cyanidin-3-
galactoside-xyloside-glucoside-coumaric acid (peak 6),
and cyanidin-3-glucoside (peak 7) by HPLC-QTOF-
MS/MS (Fig. 1).
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The MDA, PCO, and GSH Contents

The MDA contents in the D-gal model group (blood, liver,
heart, kidney: 9.52, 3.43, 1.98, and 5.16 nmol/mg, respective-
ly) were significantly higher than those in the control group
(4.78, 1.80, 0.97, and 3.08 nmol/mg, p < 0.001, Fig. 2), indi-
cating that D-gal successfully induced oxidative damage in the
rats. Meanwhile, the MDA contents in antioxidant-treated
groups (III–XI) were much lower than those in the model
group (p < 0.01). There was no significant difference among
groups (III–VII) treated with individual antioxidants (SeMSC,
Na2SeO3, SeY, Vit E, and APC, p > 0.05). Interestingly, the
MDA contents in the blood, heart, and liver in group VIII
were lower than those in individual antioxidant-treated groups
(III–VII, p < 0.05), but much higher than those in combined
antioxidant-treated groups (IX–XI). This phenomenon might

be explained by the synergistic antioxidant effects of Se, Vit E,
and APC. Moreover, it was found that the MDA contents in
the heart in Se + Vit E + APC-treated groups (IX–XI) showed
no significant differences with the control group. The combi-
nation of Se, Vit E, and APC could recover the damage by
reducing the MDA content.

Similarly, the PCO contents in the model group (blood,
heart, liver, and kidneys: 2.99, 10.60, 7.30, and 8.08 μmol/
mg prot, respectively) were higher than those in the control
group (1.15, 6.30, 4.09, and 4.96 μmol/mg prot, p < 0.001,
Fig. 3). The total PCO contents in the blood and heart in
antioxidant-treated groups (III–XI) showed no significant dif-
ferences (p > 0.05). However, the PCO contents of the liver
and kidneys in the combined antioxidant-treated groups (IX–
XI) were lower than those in the other treated groups (III–VIII,
p < 0.05).
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Fig. 1 The HPLC profile of purple carrot anthocyanins. The peaks were
as follows: (1) cyanidin-3-(feruloyl)-sambubioside-5-glucoside, (2)
pelargonidin-3-sambubioside-glucoside, (3) cyanidin-3-sambubioside,
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Fig. 2 The changes of MDA
contents in different groups. Data
were presented as mean ± SD
(n = 8); values not sharing a
common superscript letter denote
significant difference (p < 0.05).
Rats were divided into 11 groups
as follows: I: control, II: model,
III: Se-methylselenocysteine
(SeMSC), IV: Se as sodium
selenite (Na2SeO3), V: selenium-
enriched yeast (SeY), VI: Vit E as
α-tocopherol acetate, VII: purple
carrots anthocyanin extracts
(APC), VIII: APC + Vit E, IX:
SeMSC + APC+ Vit E, X:
Na2SeO3 + APC + Vit E, XI:
SeY + Ant + Vit E
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The highest GSH contents were found in the control group
(blood, heart, liver, and kidneys: 123.99, 40.54, 38.78, and
39.05 U/mg prot, respectively, Fig. 4). The GSH contents in
the model group (blood, heart, liver, and kidneys: 62.11,
24.47, 23.36, and 21.97 U/mg prot, respectively) were signif-
icantly lower than those in antioxidant-treated groups
(p < 0.001). Meanwhile, the GSH contents in groups treated
with combined antioxidants were significant higher than those
in individual antioxidant-treated groups (p < 0.05), and there
were no significant differences among groups treated with
combined antioxidants (p > 0.05).

The Activities of T-AOC, SOD, and GSH-Px

T-AOC represents the non-enzymatic antioxidant defense sys-
tem. Obviously, the T-AOC levels in the model group (blood,
heart, liver, and kidneys: 7.20, 2.61, 3.10, and 3.37 U/mg,
respectively) were significantly lower than those in the control
group (13.36, 4.87, 5.77, and 6.08 U/mg, p < 0.001), which
could prove again that this model was successfully established
(Fig. 5). The combined antioxidant-treated groups (IX–XI)
showed higher T-AOC (blood and tissues) than the
individual treated groups. Moreover, the T-AOC in
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antioxidant-treated groups (III–XI) were increased significant-
ly than those in the model group (p < 0.05). The T-AOC in
tissues of three combined antioxidant-treated groups (IX–XI)
were increased significantly than those in Vit E + APC group
(p < 0.01). No significant differences were found among the
groups treated with the individual antioxidants (III–VII,
P > 0.05).

Similarly, the SOD activities in the model group (blood,
heart, liver, and kidneys: 134.36, 59.82, 45.07, and
105.68 U/mg prot, respectively) were significantly lower than
those in other groups (p < 0.001, Fig. 6). There were no sig-
nificant differences among the groups treated with the indi-
vidual antioxidants (p > 0.05). Meanwhile, no significant

differences were found among the groups treated with three
antioxidant combinations, which were significant higher than
those in the other groups except the control group (p < 0.01).

Moreover, the highest GSH-Px activities were found in the
control group (blood, heart, liver, and kidneys: 479.91, 99.18,
230.01, and 306.68 U/mg prot, respectively, Fig. 7). The
levels of GSH-Px in antioxidant-treated groups were in-
creased significantly than those in the D-gal group (p
< 0.001). The GSH-Px activities of the blood and heart in
SeMSC- or SeY-treated group were higher than those in
Na2SeO3, Vit E, and APC groups. The GSH-Px activities of
the heart and kidneys from the rats treated with APC + Vit E
showed no significant differences with those from the Vit E or
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APC group (p > 0.05). Meanwhile, the GSH-Px activities in
the combined antioxidant-treated groups were significantly
higher than those in the other groups (p < 0.05).

Discussion

It has been reported that the damage of D-gal could be attrib-
uted to the overproduction of ROS, lipid peroxidation, and
inhibition of antioxidant enzymes [19]. Oxidative stress and
senescence phenomenon were found in rats and mice chroni-
cally treated with D-gal [20]. Thus, D-gal was widely used to
induce the oxidative damage in animals [21]. In this study, the
rats which received 400 mg/kg D-gal by intraperitoneal injec-
tion for 6 weeks showed oxidative stress, which was consis-
tent with the previous reports [21, 22]. Moreover, higher an-
tioxidant activities (T-AOC, SOD, GSH-Px, and GSH) and
lower MDA and PCO contents were found in the rats treated
with different antioxidants than in the model group. These
data suggested that supplementation with APC, Vit E, or Se
in diets may prevent or reduce oxidative stress.

Anthocyanins, a class of naturally occurring polyphenol
compounds, showed multifunctional benefits to human be-
ings. Dietary antioxidant phytochemicals, most notably phe-
nolic acids and flavonoids from fruits and vegetables, played
multiple protective roles at various stages of the oxidative
process. For example, Devi et al. reported that anthocyanins
could act as antioxidants by directly reducing free radicals
with multiple hydroxyl and preventing oxidative damage to
DNA from hydroxyl radical [12]. Cho et al. found that the
antioxidant effects of anthocyanins included regenerating oth-
er antioxidants, enhancing antioxidant enzyme activity, and
increasing mRNA expression of these enzymes [23]. In addi-
tion, other phenolic compounds in purple carrots were

reported protecting oxidative stress in rats [24–26] which were
consistent with our results.

Previous studies have shown that Vit E prevented or de-
creased the harmful effects of oxidative stress in different tis-
sues [27]. Indeed, our results showed decreases in the levels of
MDA and PCO in tissues and increases in SOD and GSH-Px
activities and T-AOC, and GSH contents in DM + Vit E treat-
ed rats, when compared to DM group. These results were
consistent with previous findings by Shireen et al. who found
that Vit E supplementation protected soft tissues against im-
pairment by toxic radicals [28].

The trace mineral Se plays important roles in the antioxi-
dant activity, reproduction, endocrine, and immune systems
[29]. Supplement of Se has been shown to improve the growth
performance and antioxidant status of animals. For example,
Shi et al. reported that dietary Se supplementation significant-
ly improved the final weight and daily weight gain in male
goats. Furthermore, blood GSH-Px, SOD, and CAT activities
were higher and MDA was lower in Se-supplemented group
than in the control [30]. Similar results were also found in
chicken and pigs [31, 32], which were consistent with high
GSH, GSH-Px, and SOD activity levels and low MDA con-
tent found in the study. GSH-Px, a Se-containing enzyme,
could protect the organism from oxidative damage. SeMSC
and SeY could be metabolized to methylselenol and then me-
tabolized to H2Se, while Na2SeO3 could be directly metabo-
lized to H2Se. The precursor H2Se could help the synthesis of
selenocysteine and further accelerate the synthesis of GSH-Px
[34]. Thus, either organic Se (SeMSC and SeY) or inorganic
Se (Na2SeO3) could increase the GSH-Px activities due to the
increased incorporation of selenocysteine. In addition, GSH-
Px activities of the blood and heart in SeMSC and SeY groups
were found to be significantly higher than those in Na2SeO3

group. Similarly, Liu et al. reported that Na2SeO3 had less
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Fig. 7 The changes of GSH-Px
activities in different groups. Data
were presented as mean ± SD
(n = 8); values not sharing a
common superscript letter denote
significant difference (p < 0.05)
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effect on the hepatocarcinogenesis by inhibiting angiogenesis
and relative cytokines to some extent compared to the Se-
enriched malt [33]. Yao et al. also reported that the organic
Se performed more effectively than inorganic Se in ethanol-
induced rats [34].

It was reported that organic Se (SeMSC or SeY) was more
effective in increasing the activities of blood antioxidant en-
zymes and Se retention in blood and some tissues than
Na2SeO3 [30]. The better in vivo effects of organic Se might
be due to the following reasons: Firstly, the absorption of
inorganic Se (such as Na2SeO3) is lower than that of organic
Se in organs [35]. Secondly, the methylseleno anion which
disintegrated from SeMSC and SeY could react directly with
O2, while selenite could not react directly with ROS [36].
Organic Se was also reported to be less accumulated in the
body and have lower toxicity [37]. Meanwhile, free radicals
could be eliminated by GSH-Px, and more oxidized
glutathione could turn to GSH at low contents of free
radicals [38]. Moreover, organic Se can avoid the deple-
tion of GSH during the process of conversion from
inorganic Se to H2Se, compared with inorganic Se
(Na2SO3) [39].

It has been shown that two antioxidant combinations such
as Vit E and Se exhibited a synergistic effect in ameliorating
the oxidative damage in the body. Yao et al. found that Vit E
worked synergistically with SeMSC to reduce the damages in
tissues due to the effect of elevating GSH-Px activity [34].
Amara et al. reported that the nutritional supplementation of
Se with Vit E may exert a synergistic effect of protecting the
liver against dimethoate toxicity [40]. The synergistic effects
of Se and Vit E were also proven in our study by increasing the
activities of antioxidant enzymes, GSH contents, and T-AOC,
as well as reducing the MDA and PCO contents in different
tissues of rats. Shaheen et al. showed that rutin and Se had a
synergistic protective effect against DENA-induced damage
to the kidney by inhibiting the production of ROS via increas-
ing the levels of antioxidant enzymes [41]. In our study, Vit E
combined with APC also exhibited a better protection than the
individuals by reducing MDA and PCO contents in the liver
(p < 0.05).

In general, most of papers were focus on the synergistic
effects of two different compounds, and the reasons were at-
tributed to the changes of antioxidant enzymes (SOD, GSH-
Px) and lipid peroxide (MDA) content. Here in our study, the
synergistic effects of three compounds (Se, Vit E, and APC)
were investigated, and the synergistic effects were clearly
found in the antioxidant combinations (IX–XI: SeMSC +
APC + Vit E, Na2SeO3 + APC + Vit E, and SeY + APC +
Vit E). Se was reported to scavenge free radicals, chelate
metals, and activate antioxidant enzymes in the body [36].
Anthocyanins have the ability to donate hydrogen to free rad-
icals in addition to its activation of antioxidant enzymes and
decrease oxidative stress through its antioxidant properties [9].

Gavage treatment of anthocyanins was reported to elevate the
antioxidant capacity, including activating the expression of
glutathione-related enzymes and increasing the GSH content
[42]. Se-Vit E may protect against D-gal-induced toxicity by
inhibition of the inactivation of GSH and antioxidant system,
as well as upregulation of GSH-Px and Vit E in the tissues [7].
The GSH was also utilized in the regeneration of Vit E, which
can be enhanced by the supplementation of Se [3]. Free rad-
icals are produced by both enzymatic and non-enzymatic
mechanisms present in the cells. The synergism of Se, Vit E,
and APC was also affected not only by the enzyme systems,
such as SOD and GSH-Px, but also by the non-enzyme sys-
tems through direct reaction of antioxidants and free radicals
[43].

Conclusion

This study investigated the antioxidant effects of individual
and combined treatments with Se (SeMSC, Na2SeO3, SeY),
Vit E, and APC against the oxidative stress in rats. Treatment
with SeMSC, Na2SeO3, SeY, Vit E, or APC decreased D-gal-
induced oxidative damage in rats. Treatment with Se, Vit E,
and APC reduced the contents of oxidation products (MDA
and PCO) and increased the GSH content, T-AOC and the
activities of antioxidant enzymes (SOD and GSH-PX). At
the same dose, the in vivo antioxidant activities of SeMSC
and SeY (organic Se) were higher than those of Na2SeO3

(inorganic Se). Vit E and APC worked synergistically with
Se to ameliorate the oxidative damage in rats.
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