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Abstract Selenium and zinc are well-known essential trace
elements with potent biological functions. However, the
possible health benefits of the combined administration of
dietary selenium and zinc have not been studied extensively.
In this study, we prepared selenium- and zinc-enriched
mushrooms (SZMs) containing increased levels of selenium
and zinc. The effects of SZMs on antioxidant and antitumor
activities were evaluated. Mice were fed with either a con-
trol diet or a diet supplemented with SZMs or sodium
selenite and zinc sulfate for 6 weeks. Antioxidant capacity
was investigated by measuring the activities of antioxidant
enzymes and the levels of lipid peroxide products. Results
showed that treatment with SZMs significantly increased the
activities of glutathione peroxidase (GPx) and superoxide
dismutase and decreased the levels of malondialdehyde and
lipofuscin. Furthermore, using a mouse model of lung
tumors, we found that SZMs significantly decreased the
number of tumor nodes with an increase in the activity of
GPx. SZMs had a greater effect on the increase in both
antioxidant and antitumor activities than did sodium selenite
and zinc sulfate. These findings suggest that SZMs may be
effective for improving antioxidant capacity and preventing
tumors.
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Introduction

Reactive oxygen species (ROS) are constantly generated in
the human body during cell metabolism and diseases. Over-
production of ROS can damage cellular components and
compromise cell viability [1]. To protect against the poten-
tial harmful effects of ROS, cells possess an antioxidant
defense system that includes superoxide dismutase (SOD),
catalase, and glutathione peroxidase (GPx) [2]. However,
once the antioxidant system is overwhelmed by an increased
production of ROS, oxidative stress will occur. Oxidative
stress has been implicated in the pathogenesis of various
diseases including cardiovascular disease, liver injury, and
cancer [3]. Therefore, strategies to enhance antioxidant pro-
tection may be effective at preventing and treating oxidative
stress-induced diseases.

Selenium and zinc are well-known essential trace ele-
ments with potent antioxidant effects. Selenium exerts its
antioxidant effects through selenoproteins, such as GPx and
thioredoxin reductases [4]. Zinc acts as an antioxidant be-
cause it is an important cofactor of SOD [5]. Accumulating
evidence has indicated that a deficiency in selenium or zinc
results in decreased antioxidant capacity [6], whereas sup-
plementation with selenium or zinc improves antioxidant
status [7, 8].

Recently, there has been an increased interest in evaluat-
ing the combined effects of antioxidants. Given that many
antioxidants work synergistically, it seems more appropriate
to administer treatment using a combination of antioxidants
rather than with a single antioxidant. In fact, the combined
administration of vitamin C and E has been shown to be
synergistically protective against oxidative damage [9, 10].
In addition, selenium has been found to enhance the antiox-
idant effect of vitamin E [11]. Beneficial effects of com-
bined selenium and zinc treatment in decreasing cadmium-
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induced oxidative stress have also been reported [12, 13].
However, these two studies used sodium selenite and zinc
chloride, the chemical forms of selenium and zinc. Evidence
regarding the combinative effects of dietary-sourced seleni-
um and zinc remains limited, and more research on their
possible antioxidant and antitumor properties is needed.

In the present study, selenium- and zinc-enriched mush-
rooms (SZMs) that are enriched in both selenium and zinc
were produced by using the oyster mushroom (Pleurotus
ostreatus), which is a common edible mushroom, as a car-
rier. Oyster mushrooms are capable of accumulating large
amounts of trace elements and incorporating them into
organic compounds. Moreover, the mushroom has many
beneficial health effects, such as reducing blood cholesterol
concentration, modulating immune function, preventing ox-
idative damage, and inhibiting tumor growth and metastasis
[14-16]. Therefore, SZMs would be expected to be more
effective in triggering antioxidant defense. Here, we evaluated
the potential antioxidant activity of SZMs and also assessed
their antitumor effects in a mouse tumor model.

Materials and Methods
Preparation of SZMs

Mushrooms were grown on a basal substrate containing
corncobs and cottonseed hulls according to standard farm-
ing methods. SZMs were produced by supplementing sodi-
um selenite and zinc sulfate in the composts. Mushrooms
collected on the peak harvest day of the two flush were air-
dried and then pulverized with a hammering grinder. The
products were passed through a 60-mesh sieve for further use.
The SZMs contained 39.8 mg of selenium and 201.2 mg of
zinc per kg of powder.

Animals

Kunming mice (10—14 weeks old) were purchased from the
Experimental Animal Center of Hebei Medical University
(Shijiazhuang, Hebei, China). They were handled under
standard laboratory conditions and had free access to food
and water. The mice were allowed to acclimatize to our
facility for at least 1 week before being used in the experi-
ments. All animal experiments were performed in accor-
dance with to the National Institutes of Health Guidelines
on the Care and Use of Laboratory Animals.

Experimental Protocols
Two experiments were carried out to assess the effects of

SZMs as detailed below. In the experiment evaluating anti-
oxidant activity, 28 mice were randomized equally into four

groups and received the following diets: the control group
received a basal powder diet; the low-SZM and high-SZM
groups received the basal powder diet supplemented with 1
and 5 % SZM, respectively; the inorganic selenium and zinc
(ISZ) group received the basal powder diet supplemented with
sodium selenite and zinc sulfate (which contained the equiv-
alent amount of selenium and zinc as 5 % SZM). The mice in
high-SZM group received about 300 pg of selenium and
1.5 mg of zinc per kg body weight per day. These doses
were chosen on the basis of previous studies [17, 18].
At the end of the study, whole blood was collected from the
tail vein. The livers and hearts were quickly removed,
weighed, and homogenized in the appropriate buffers. The
activities of antioxidant enzymes and the levels of lipid per-
oxide products were investigated.

The experiment evaluating antitumor activity included four
groups of 12 mice each: the untreated and control groups were
fed a basal powder diet; the SZM group was fed the basal
powder diet containing 2 % SZM; and the ISZ group was fed
the basal powder diet containing sodium selenite and zinc
sulfate (which contained the equivalent amount of selenium
and zinc as 2 % SZM). During administration, the untreated
group was maintained on tap water, whereas the other three
groups were given urethane to induce lung tumor.

Mouse Lung Tumor Model

Mice were given drinking water containing urethane at a
concentration of 1,000 ppm for 12 weeks as previously de-
scribed [19, 20]. Daily water consumption was measured and
was found to be similar among all experimental groups. At the
end of the experiments, the mice were killed, and the samples
of whole blood and liver were collected for the determination
of GPx activity and malondialdehyde (MDA) level, respec-
tively. The lungs were removed, and the number of tumor
nodules was counted under a dissecting microscope. For
histopathological examination, lung tissue samples were fixed
in 10 % neutral buffered formalin, embedded in paraffin, and
stained with hematoxylin and eosin.

Activities of Antioxidant Enzymes

The activity of GPx was measured using the coupled enzy-
matic method [21], while the activity of SOD was assayed
using pyrogallol method [22], as previously described. Results
were expressed as U/ml or U/mg protein. The concentration of
total protein was determined using the Bradford method [23]
with bovine serum albumin as the standard.

Levels of Lipid Peroxide Products

The level of MDA was measured using the thiobarbituric
acid method [24]. The results were expressed as nmol/mg
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protein. Lipofuscin (LPF) was isolated from heart homoge-
nates [25], and autofluorescence was measured using a spec-
trofluorometer. The fluorescence intensity was calibrated with
quinine sulfate.

Statistical Analysis

Results are expressed as mean + SD. The statistical signif-
icance of differences was calculated by one-way analysis of
variance followed by the Bonferroni post hoc test. A P value
of less than 0.05 was considered statistically significant.
Results

SZMs Upregulate the Activities of GPx and SOD

The mice fed with 1 % SZM had significantly higher whole
blood GPx activity, whereas mice fed with 5 % SZM

Fig. 2 The effects of SZMs on
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exhibited increased whole blood GPx, erythrocyte, and liver
SOD activities, compared with that exhibited by the control
mice (Fig. 1). The oral administration of sodium selenite and
zinc sulfate only increased whole blood GPx activity. No
significant differences were observed in liver GPx activities
among all groups. Notably, the activities of whole blood
GPx and liver SOD in mice fed with 5 % SZM were
significantly higher than those in mice fed with sodium sele-
nite and zinc sulfate.

SZMs Reduce the Levels of MDA and LPF

To assess whether the increased activities of the antioxidant
enzymes induced by SZMs were associated with the de-
creased production of lipid peroxide, the levels of MDA in
the liver and LPF in the heart were measured (Fig. 2).
Compared with mice fed with control diets, mice fed with
5 % SZM or sodium selenite and zinc sulfate exhibited
significant decreases in the levels of both MDA and LPF.
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Fig. 3 SZMs inhibit the
development of urethane-
induced tumors in mice. Mice
were fed the indicated diet

and were treated or not treated
with urethane in their drinking
water for 12 weeks. a The
number of tumor nodules on the
lung surface was measured.
Values are shown as mean +
SD; n=12 mice in each group.
The asterisks indicate differen-
ces from the control group, the
number sign indicates differ-
ence from the ISZ group,
P<0.05. b Representative his-
tological sections of lung
tumors stained with hematoxy-
lin and eosin. Original i
magnification x200
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No significant differences were observed between mice fed
with 1 % SZM and those fed the control diet. The level of
LPF was significantly lower in mice fed with 5 % SZM than
those in mice fed with sodium selenite and zinc sulfate,
whereas the level of MDA was similar in the two groups.

SZMs Inhibit the Development of Tumors Induced
by Urethane in Mice

Numerous studies have suggested that antioxidants inhibit
tumor development [26, 27]. Therefore, we investigated
whether SZMs could protect mice against tumor growth.
In response to treatment with urethane, all of the mice
developed macroscopically visible lung tumors. However,
the number of tumor nodules on the lung surface was
significantly lower in mice fed with SZM or sodium selenite
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Fig. 4 The effects of SZMs on the activity of GPx and the level of
MDA in urethane-treated mice. Mice were fed with the indicated diet
and were treated or not treated with urethane in their drinking water for
12 weeks. The activity of GPx in the whole blood (a) and the level of
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and zinc sulfate than in mice fed with control diet (Fig. 3a).
The most significant tumor inhibition was observed in mice
fed with SZM.

Histopathological examination revealed that the tumor was
sharply demarcated from the surrounding tissue. Slight com-
pression of adjacent tissues was occasionally observed. The
tumor was composed of well-differentiated cells with round to
oval nuclei and moderately abundant eosinophilic cytoplasm
(Fig. 3b). There were no significant differences in histological
findings among the three groups treated with urethane.

The Protective Effect of SZMs is Associated with Increased
Activity of GPx

The effect of SZMs on GPx activity and MDA level under
tumor conditions was examined (Fig. 4). GPx activity was

O untreated
o control
m SZMm

m ISZ

MDA in the liver (b) were measured. Values are shown as mean + SD;
n==8 mice in each group. The asterisks indicate differences from the
control diet, P<0.05
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significantly inhibited in mice exposed to urethane com-
pared with untreated mice. Oral administration of SZM or
sodium selenite and zinc sulfate restored the decrease in
GPx activity. However, treatment with urethane failed to
alter the level of MDA. Mice fed with SZM or sodium
selenite and zinc sulfate had a slight but not significant
decrease in the MDA level compared to mice fed with
control diet. There was no significant difference in the
GPx activity or MDA level between the two experimental
diet groups.

Discussion

The combined administration of appropriate antioxidants
through diet and supplements may be more effective at en-
hancing antioxidant capacity and providing health benefits.
Studies have demonstrated the synergistic effects of several
antioxidants such as vitamins C, E, and selenium [9-11]. The
combined administration of selenium and zinc has also been
found to reverse cadmium-induced oxidative stress [12, 13].
In agreement with these observations, we found that SZMs,
which contain elevated levels of selenium and zinc, possess
antioxidant properties, including enhancing the activities of
antioxidant enzymes such as SOD and GPx and reducing lipid
peroxide products such as MDA and LPF.

Although the antitumor roles of selenium and zinc alone
have been recognized for many years, little is known about
the antitumor activity of combined treatment with selenium
and zinc. Evidence from epidemiological and animal studies
has indicated that low selenium and zinc status is inversely
correlated with an increased risk of tumors [28, 29]. There-
fore, combined treatment with selenium and zinc is neces-
sary for more effectively reducing the risk of tumor
formation. In the present study, we found that both SZM
and inorganic selenium and zinc significantly inhibited the
development of lung tumors in an animal model. This result
suggests that combined treatment with selenium and zinc is
beneficial for tumor control. Notably, the antitumor effect of
SZM was greater than that of inorganic selenium and zinc.
Thus, SZMs seem to be a highly effective source of selenium
and zinc for tumor prevention.

Whether the antitumor effect of SZMs is mediated by
increased antioxidant activity is of considerable interest. The
activity of GPx was significantly lower in urethane-induced
lung tumor mice than the activity observed in the normal
mice, demonstrating the involvement of this antioxidant
enzyme. In contrast, the antitumor effect of SZMs was
associated with an increased activity of GPx. Studies have
found that GPx plays an important role in preventing
tumors; for example, deficiency in GPx was shown to aug-
ment the development of colonic tumors in susceptible mice
[30], whereas the overexpression of GPx was found to

@ Springer

decrease the rate of tumor cell growth [31] and protect cells
against DNA damage [32], which could be important in
reducing the risk of tumors. Taken together, these results
indicate that the increased activity of GPx mediated by
SZMs may, at least in part, be responsible for preventing
the development of tumors. In contrast, little change was
observed in the level of MDA after 12 weeks of treat-
ment with urethane. This again could be explained by
the fact that MDA is unstable and can be further oxi-
dized in vivo [33]. Thus, it is possible that the level of MDA
did not completely reveal the magnitude of lipid perox-
idation that occurred. Further studies are needed to investi-
gate the contribution of antioxidant defenses in the SZM-
induced antitumor effect.

The effects of antioxidants on cancer are controversial,
with some studies showing benefit and others showing no
benefit and even possible harm [34]. Our results showed that
SZM had a potential beneficial effect on cancer prevention.
We cannot exclude the possibility that SZM may also exert
its effects through other mechanisms such as enhancing
immune function. The immune system plays an important
role in the prevention of tumors by recognizing and destroy-
ing tumor cells. Treatment with selenium or zinc has been
shown to be associated with multiple immunomodulatory
effects, such as enhancing NK cell activity and affecting T
cell proliferation and differentiation [35-37]. In addition to
selenium and zinc, some constituents of SZMs, particularly
[3-glucans, may be associated with beneficial immunomod-
ulatory and antitumor effects. Indeed, (3-glucans or (3-glucan-
containing extracts have been reported to exhibit significant
immunomodulatory effects [38, 39]. Therefore, SZMs would
likely be effective in modulating immune function. Further
analysis of the effect of SZM on immune function may
potentially extend its applications.

In summary, this study demonstrates that SZMs are
beneficial in improving antioxidant activity and protect-
ing mice against the development of lung cancer. Sup-
plementation with SZMs might be an inexpensive, safe,
and effective approach for increasing antioxidant capacity
and preventing tumors.
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