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The purpose of this study was to compare the effect and toxicity of organic selenium (Pro-Se) with inorganic selenium (IOSe) in
preventing asthma in ovalbumin-induced asthmatic mice. After the mice were treated orally with Pro-Se and IOSe, respectively,
the plasma Se levels, Se accumulation in liver and kidney, tumor necrosis factor alpha (TNF-«), interleukin 1 beta (IL-183), oxidative
stress, and NF-«B activation in lung were examined. The results showed that the serumal Se levels in the mice fed the Pro-Se were
significant (P < 0.01) elevations. It results in restoration of the level of endogenous antioxidant enzyme, lower levels of TNF-« and
IL-1f3, and activated NF-«B in the asthmatic mice. Our experiments have demonstrated profound differences between the activities
of organic selenium and inorganic selenium in experimental conditions. These data provide an important proof of the concept that

organic selenium might be a new potential therapy for the management of childhood asthma in humans.

1. Introduction

Asthma is a chronic disease associated with airway hyper-
responsiveness, airway obstruction, and airway remodelling
[1, 2]. The principal pathophysiology of asthma is chronic
inflammation of the lower respiratory tract [3]. Anti-
inflammatory agents such as inhaled steroids and leukotriene
receptor antagonists along with long acting bronchodila-
tors are the mainstay of asthma pharmacotherapy. How-
ever, potential long term side effects, prohibitive costs, and
suboptimal adherence to asthma medications are ongoing
challenges to optimal asthma control. Treatment options are,
therefore, quite limited for asthma and the need to search for
other therapies has been recognized by many experts in the
field [4, 5].

The trace element selenium (Se) is an essential nutrient
for all mammalian species and is of fundamental importance
for human biology. Deficient Se intake may dramatically
affect inflammation and immune responses. Also, the use of

Se supplementation to increase Se status to supraphysiolog-
ical levels may be exploited to modulate immune processes
that drive certain health disorders, such as the T helper 2
(Th2) responses that drive allergic asthma [6, 7]. Therefore,
Se intake has been hypothesized to play a role in the
development and/or severity of this complex disease, asthma.

However, Mahan and Kim [8] suggested that Se may not
be as biologically effective as the Se indigenous in grains,
which is primarily in the organic form of selenomethionine.
Mahan and Parrett [9] found that total Se excretion decreased
and tissue retention increased when an organic, rather than
an inorganic, source of Se was fed. Further, organic selenium
is reported to be better absorbed, has higher bioavailability,
and is less toxic than inorganic selenium [10-12]. In the
present study, we isolated selenium-contained protein (Pro-
Se) with different selenium content, indicated the organic
selenium, from the Ganoderma lucidum, and compared the
effect and toxicity of organic selenium in preventing asthma
with those of inorganic selenium (IOSe).
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2. Materials and Methods

2.1. Chemicals. Sodium selenite was purchased from Anhui
Star New Material Technology Co., Ltd., China.

2.2. Sodium Selenite Solution (I0Se). Sodium selenite was
dissolved in normal saline. An ampule was filled with 0.4 mL
of IOSe with 0.104 pg sodium selenite.

2.3. Selenium-Contained Protein (Pro-Se). Ganoderma lucid-
um was cultured on the medium which was composed of pep-
tone (10.0 g/L), beef extract (10.0 g/L), yeast extract (5.0 g/L),
K,HPO, (2.0g/L), triammonium citrate (2.0 g/L), sodium
acetate (5.0 g/L), glucose, tween 80 (1.0 mL/L), MgSO,7H,0O
(0.58 g/L), MnSO,H, 0 (0.25 g/L), corn steep liquor (3.0 g/L),
and cysteine hydrochloride (0.3 g/L). After 6 h, sodium selen-
ite of different concentrations (0, 2.5, 5.0 mg/mL) was added
to the medium. The Se-enriched Ganoderma lucidum were
marked with Se0, Se2.5, and Se5.0, respectively, accord-
ing to the sodium selenite concentration. The Se-enriched
Ganoderma lucidum was removed by centrifugation after
cultured with sodium selenite for another 12 h, and then it
was preserved in the dark at room temperature after freeze
drying (-50°C, under vacuum).

The protein was isolated according to the method of
Kadrabova et al. [13]. 3.0g of each kind of dry bacteria
samples (Se0, Se2.5, and Se5.0) was dissolved in cold sodium
hydroxide solution (0.25 M); the bacteria samples were bro-
ken by ultrasonication and incubated at 50°C in water bath
for 2h. The supernatant was obtained by filtration and the
residue was repeated twice with 50 mL of NaOH (0.25 M).
Then, ammonium sulfate was added to the supernatant to
make 95% saturated solution which was followed by keeping
it overnight at 4°C. Protein was precipitated using centrifuge
at 6000 rpm for 30 min at 4°C. The resulting precipitate was
then dissolved in 10.0 mL of Tris-HCI (pH 8.0, 50 mM).
This solution was passed through 0.22 mm syringe filter and
dialysed against 1.0 L of Tris-HCI (pH 8.0, 50 mM) using a
membrane with 3500 molecular weight cutoff at 4°C three
times to remove ammonium sulfate. Each kind of protein was
marked with Pro-Se0, Pro-Se2.5, and Pro-Se5.0. The selenium
content in each protein sample has been determined to be
0, 0.260, and 0.333 mg/L, respectively, by hydride generation-
atomic absorption spectrometry.

2.4. Animals. Twenty-to-22-day-old female BALB/c mice,
weighing from 12 g to 15 g, were obtained from the Experi-
mental Animal Center of Zhejiang. Mice were housed with
free access to food and water in a room with an ambient
temperature of 22 + 2°C and a 12:12h light/dark cycle. All
experiments were carried out in strict accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The normal basal diet (NBD) for
the mice was also purchased from the Center of Laboratory
Animals, Zhejiang University. The NBD containing 0.05 ug/g
of Se in a pellet form was formulated to meet the nutrient
requirements for normal laboratory mice.
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2.5. Induction of Model of Asthma. Mice were sensitized via
2 intraperitoneal injections of 10 ug of ovalbumin (grade V,
>98% pure, Sigma, St. Louis, MO, USA) with alum adjuvant
on days 0 and 14 of the experiment. Starting on day 21,
the mice, housed in whole-body exposure chambers, were
exposed to 1% aerosolized ovalbumin for 30 min a day, 3 days
aweek, for 9 weeks. The temperature was kept at 20°C to 25°C
and the relative humidity at 40% to 60%.

2.6. Experimental Design. Mice were randomly assigned to
six groups: control group with saline treatment, asthmatic
group with saline treatment, and asthmatic group treated
with 0.4mL Pro-Se0 (0ug selenium), 0.4mL Pro-Se2.5
(0.104 pug selenium), 0.4 mL Pro-Se5.0 (0.1332 ug selenium),
and 0.4 mL of IOSe (0.104 ug selenium). All animals surviv-
ing after 30 days were killed. The blood samples were drawn
from orbital vein from all the groups and serum was separated
for biochemical estimations. Tissue samples of lung, liver, and
kidney were dissected from the visceral tissues. After washing
with saline, the tissue samples were blotted dry and weighed.
All samples were stored at —80°C for future analysis.

2.7. Serum Selenium Measurement. Plasma Se levels were
determined by means of an atomic absorption spectrometer
(AAS-3200, Shanghai, China). Plasma was diluted (1: 3) with
0.05% Triton-X 100 and 0.05% antifoam B solution. NiNO,
(0.2% w/w) was used as a modifier for Se measurement. All
determinations were run in duplicate, and individual values
were averaged. The highest standard addition concentration
was 100 pg/L for Se determination. The autosampler system
was used in the automix mode and with sample intake
of the graphite tube of 1uL/s. The total volume inserted
in the tube was 20 uL (5uL of matrix modifier, 10 uL of
sample, and 5 uL of standard solution). Absorption readings
were measured as peak height. The variation coeflicient for
replicate measurement was <3%. The lowest threshold was
10 pug/L for Se detection.

2.8. Determination of Se Accumulation in Liver and Kid-
ney. Selenium concentrations were determined using atomic
absorption (AA). Weighed aliquots of frozen tissues were
digested in 3 stages: the first using 5mL mixed acids (4:1 of
nitric acid : perchloric acid), the second using a combination
of 2mL HNO; and 30% H,0,, and finally using 2 mL HNO;.
All digestions were performed at 130°C until the acid was
completely evaporated and the residue dried before the next
acid stage was started. After the third acid treatment, 1%
HNO; was added to the digests and heated at 80°C for
1h. After cooling, the sample volume was measured and
analyzed.

2.9. Estimation of Pro-Se on Oxidative Stress. Serum was
used for the assay of glutathione (GSH) content, Lipid
peroxidation (LPO), glutathione peroxidase (GPx) activity,
glutathione reductase (GR) activity, catalase (CAT) activity,
Na"K"ATPase activity, and glutathione S transferase (GST)
activity.
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TABLE 1: The effect of Pro-Se and IOSe on selenium levels in serum
(n = 10).

TaBLE 2: Effects of Pro-Se and IOSe on organ masses of mice (n =
10).

Different groups Selenium level (pg/mL)
Asthmatic group with saline 0.48 +0.03
Asthmatic group with Pro-Se5.0 0.79 £ 0.09""
Asthmatic group with Pro-Se2.5 0.61 +0.01"
Asthmatic group with Pro-Se0 0.34 £ 0.06
Asthmatic group with IOSe 0.53 £ 0.06
Control group 0.72 £ 0.03

*P < 0.05, ** P < 0.01 versus saline-treated.

2.10. Measurement of Pro-Se on IL-13 and TNF-«. The con-
centration of interleukin-1/3 (IL-13) and TNF-« in the plasma
was determined using a commercial ELISA kit (Shanghai
Jinma Biological Technology Inc., China) according to the
manufacturer’s instructions.

2.11. Measurement of Pro-Se on NF-kB Activation in Lung.
For measurement of NF-«B activation in the lung, nuclear
protein from lung samples was extracted using a commercial
kit (Shanghai Jinma Biological Technology, Inc., China).
Activation of NF-«xB in the lung was determined using
an ELISA kit (Shanghai Jinma Biological Technology, Inc.,
China), following the manufacture’s instruction. This kit
specifically detects the p50 member of NF-«B.

2.12. Data Analysis. Group means were compared by
ANOVA with GraphPad Prism (GraphPad Software, Inc.).
Multiple comparison tests were performed with Tukey for
significant differences at P < 0.05.

3. Results

3.1. The Effect of Pro-Se on Selenium Levels in Serum. As
shown in Table 1, Pro-Se significantly increased Se content
in mice serum. Compared to the control without diet sup-
plementation, serum Se levels were improved by 10.4% (P >
0.05), 271% (P < 0.05), and 64.6% (P < 0.01) with IOSe, Pro-
Se2.5, and Pro-Se5.0, respectively. Pro-Se was more favorable
to Se absorption and deposition in rats than IOSe, which
indicated that the Pro-Se in this study showed a higher
bioavailability in mice.

3.2. Se Accumulation in Liver and Kidney. The organ masses
of liver and kidney were significantly different between Pro-
Se and IOSe groups (P < 0.05). However, there was no
significant difference in organ masses of liver and Kidney
between the Pro-Se groups (P > 0.05). It is implied
that IOSe is toxic to animals, while Pro-Se is essentially
nontoxic (Table 2). The Se contents in animal tissues were
measured following the studies and the results are shown in
Figure 1. The Se content in tissues of Pro-Se2.5 group was
4.21 ppm and 5.56 ppm (liver and kidney) while IOSe groups
exhibited elevated levels of Se content, but not to a statistically
significant degree. It is implied that Pro-Se could reduce Se
accumulation in animal tissues to a certain extent.

Liver weights Kidney

Mouse grou .

group (g) weights (g)
Control group 1.47 £ 0.05° 0.49 +0.04°
Asthmatic group with 1.30 + 0.07° 0.37 +0.03"
saline
Asthmatic group with 1.31 +0.06° 0.34 +0.03"
10Se
Asthmatic group with 1.48 + 0.07° 0.48 + 0.04°
Pro-Se0
Asthmatic group with 147 +0.03° 0.47 + 0.02°
Pro-Se2.5
Asthmatic group with 1.45 + 0.06" 0.49 + 0.02°
Pro-Se5.0

The different letters in the same column indicate a statistical difference (P <
0.05).

~ P>005

Se content in tissues (ppm)

S = N W kR 1NN 0 O

B Pro-Se2.5
[ 10Se

FIGURE 1: Se contents in animal tissues. The Se content in tissues
was not significantly different between Pro-Se and IOSe groups (P >
0.05).

3.3. The Effect of Pro-Se on Oxidative Stress. In this study,
a significant increase in the activity of LPO was observed
in asthmatic group, as compared to the control group
(P < 0.001), whereas Pro-Se2.5 and Pro-Se5.0 treatment
significantly (P < 0.05, P < 0.01, resp.) resulted in
decreased LPO levels when compared with asthmatic group
(Table 3). Concentrations of GSH were lower in asthmatic
group than those in control group (Table 3). Pro-Se produced
the increase in the level of GSH. The activity of endogenous
antioxidant enzymes was decreased significantly (P < 0.01)
in the asthmatic group, as compared to the control group,
whereas in the Pro-Se2.5 and Pro-Se5.0 groups, Pro-Se
treatment showed a significant (P < 0.05-0.01) restoration
in the level of various enzymes as compared with asthmatic
group (Table 3). However, there was no significant difference
between the asthmatic group and the IOSe treated group
(Table 3).

3.4. The Effect of Pro-Se on Inflammatory Mediators.
Figure 2 shows that ovalbumin-induced asthma significantly
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TaBLE 3: Effect of Pro-Se and IOSe on GSH and LPO levels and the activity of various enzymes.

Different groups GSH (nmol/mL) LPO (nmol/mL) GPx GR GST CAT Na*K*ATPase
Control group 1.830 £ 0.011* 1433 £0.56™** 16.00 +2.23** 36.56 +2.56"* 17.44 + 1.23** 7.22+0.32"* 4.56 + 0.60"
iﬁ?aﬂc group with ;145 4 o011 20.01 + 1.41 789+033  21.11+223 9.07+1.11  466+0.10  2.22+0.20
ﬁ;g;maﬁc group with ;451 4 022 19.82 +1.22 810+032  2431+202 10.60+0.66 4.88+032  3.00+0.31
g:;}_lérelgﬂc group with 3456 4 .011* 17.80 + 1.11 6.12+£0.30  20.31+2.00 9.60+0.33 380025  2.000.30
?:éhg;;t? groupwith 5004 0.021* 17234200  1323+1.30° 2750 +2.11°° 1550+ 115" 545+055° 432 +030°
g:;hézgtgc group with ) 55040033 1433+321° 1411+ 112" 30214603 17.66 233" 6.66+044" 4.11+021°

Values are shown as means + SEM. *P < 0.05 versus asthmatic group, ** P < 0.01 versus asthmatic group, and
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IL-1p concentration (pg/mg protein)
SRR
*

Control group
Saline group
Pro-Se0 group
Pro-Se2.5 group
Pro-Se5.0 group
10Se group

FIGURE 2: Effect of Pro-Se and 10Se on IL-1/3 concentration. Values
are shown as means + SEM. *P < 0.05 versus asthmatic group.

increased protein concentration of IL-18 in the blood. Pro-
Se2.5 and Pro-Se5.0 treatment decreased the level of IL-18
as compared to the asthmatic group, respectively (P < 0.01,
P < 0.05). As shown in Figure 3, the levels of TNF-« elevated
significantly after ovalbumin-induced asthma. Pro-Se5.0
suppressed this response (P < 0.05). However the same
result did not occur in the IOSe treated group.

3.5. The Effect of Pro-Se on Activation of NF-kB. As shown in
Figure 4, asthma significantly induced activated NF-«B above
control levels, and as hypothesized, Pro-Se2.5 and Pro-Se5.0
significantly suppressed this response. However, the same
results did not occur in the Pro-Se0 treated group and IOSe
treated group.

4. Discussion

It has been reported that selenium supplementation might
be beneficial to patients with intrinsic asthma [13]. However,

EEES

P < 0.001 versus asthmatic group.

03

T

0.25

0.2}
0.15
*
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0.05
0 " " " " "

FIGURE 3: Effect of Pro-Se and IOSe on TNF-« concentration. Values
are shown as means + SEM. “P < 0.05 versus asthmatic group.

TNF-a concentration (ng/ug protein)

Control group
Saline group
Pro-Se0 group
Pro-Se2.5 group
Pro-Se5.0 group
10Se group

the less absorbed and bioavailability limits its role as a
therapeutic agent for asthma [10-12]. In the present study, we
isolated Pro-Se from Ganoderma lucidum and compared the
difference of the antioxidant and anti-inflammatory activities
between organic selenium (Pro-Se) and inorganic selenium
(IOSe) in the model of asthma.

In this study, we have demonstrated a correlation between
Se and asthma. Asthma led to a decrease in serum Se level. In
our in vivo study, we have presented evidence for a significant
increase in serum Se level in Pro-Se treated asthmatic mice
while IOSe did not exhibit any such effects. It indicates Pro-
Se may improve the bioavailability of Se in mice. At the same
time, the Se content in tissues of Pro-Se2.5 group was lower
than those of IOSe groups. It is implied that Pro-Se could
reduce Se accumulation in animal tissues to a certain extent.

The lungs of asthmatic patients are exposed to oxida-
tive stress due to the generation of reactive oxygen as a
consequence of chronic airway inflammation. The avail-
able evidence tends to support the concept that the
oxidant/antioxidant equilibrium is disturbed in asthma [14,
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FIGURE 4: Effect of Pro-Se and IOSe on activation of NF-xB. Values
are shown as means + SEM. *P < 0.05 versus asthmatic group.

15]. Therefore, the measurement of endogenous antioxidants
enzymes, that is, GPx, GR, CAT, and GST as well as
Na*K" ATPase, has been performed to estimate the amount of
oxidative stress. Se plays an important role in the antioxidant
defence system [16, 17]. In the present study, asthmatic mice
had lower levels of antioxidant enzymes such as GST, GPx,
CAT, GR, and catalase activities, whereas in the Se group,
Pro-Se treatment showed a significant restoration in the level
of various enzymes as compared with asthmatic group. The
same results did occur in the IOSe group. These findings
are consistent with the presented evidence for a significant
increase in serum Se level in Pro-Se treated asthmatic mice.

Adequate assessment of inflammatory cells, cytokines,
chemokines, and anti-inflammatory molecules is essential
for understanding, monitoring, and treating lung diseases.
Among these inflammatory mediators, IL-18 and TNF-« are
of particular importance because they play a major role in
coordinating mechanisms that command proinflammation.
The suppression of these proinflammatory mediators has
been found to reduce the severity of the inflammatory
reaction [18]. We found that Pro-Se significantly reduced the
levels of IL-1f3 and TNF-«. However, the same result did not
occur in the IOSe treated group. These studies support our
hypothesis that Pro-Se may enhance Se anti-inflammatory
effects.

NF-xB activation is correlated with significant increases
in IL-18 and TNF-a mRNA levels [19]. Therefore, we hypoth-
esized that Pro-Se may potentially show beneficial effects by
decreasing the expression of NF-xB. As shown in Figure 4,
NEF-xB expression in the saline group was significantly higher
than that in the control group (P < 0.01), and Pro-Se
treatment significantly suppressed asthma-induced NF-xB
expression. These results suggest that the inhibitory effects of
Pro-Se on expression of the NF-«B p50 subunit are associated
with increase in serum Se level in Pro-Se treated asthmatic
mice.

In conclusion, this study clearly shows that organic sele-
nium (Pro-Se) is able to counteract the asthma in an exper-
imental model by using a variety of testing systems. Also,
our experiments have demonstrated profound differences
between the activities of organic selenium and inorganic

selenium in experimental conditions. These data provide an
important proof of the concept that organic selenium might
be a new potential therapy for the management of asthma in
humans. The potential application of organic selenium needs
to be further studied.
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