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Abstract

Background: There are very few studies on the synergy effects of
biological antioxidant activity on selenium (Se) and sulfate. This study
evaluated the effect of selenide chitosan sulfate (LS-COS-Se) on the
hepatocytes activity, growth performance, and anti-oxidation ability by
activating the thioredoxin reductase (TrxR) system of specific pathogen
free (SPF) chickens in vitro and in vivo.

Methods: The hepatocytes were obtained in vitro and a total of 240 SPF
White Leghorns chickens (7 days of age and body weight of 45.0 £ 2.0 g)
were collected in vivo. The hepatocytes and chickens were randomly
allocated into six treatment groups: control group; chitosan (COS) group;
sodium selenite (Na,SeO;) group; selenide chitosan (COS-Se) group;
chitosan sulfate (LS-COS) group; LS-COS-Se group. After 24 h, the
culture medium and hepatocytes were collected and preserved
respectively for analyzing the metabolic activity of hepatocytes. Gowth
performance was evaluated and chickens were euthanized to obtain
plasma and liver tissue to measure antioxidant associated parameter on
days 14 and 28.

Results: The experiment in vitro showed that the activities of TrxR,
superoxide dismutase (SOD), catalase (CAT) in culture medium and the
levels of thioredoxin reductase 1 (TrxR-1) and thioredoxin reductase 3

(TrxR-3) mRNA in hepatocytes in LS-COS-Se group were significantly



higher (P < 0.05), but the content of malondialdehyde (MDA) and the
activity of lactate dehydrogenase (LDH) significantly decreased (P < 0.05)
than those in control, COS and LS-COS groups. Compared with Na,SeO3
and COS-Se groups, the levels of TrxR-1 and TrxR-3 mRNA in
hepatocytes and the activity of SOD in culture medium significantly
increased in LS-COS-Se group (P < 0.05). The experiment in vivo
showed that the baby weight on 14d and 28d, the activities of TrxR, SOD
and anti-superoxide anion radical (AntiO,) in plasma and the levels of
TrxR-1 and TrxR-3 mRNA in liver of dietary supplementation with
LS-COS-Se were significantly higher than those in control, COS and
LS-COS groups (P < 0.05). The activities of TrxR and SOD in plasma of
dietary supplementation with LS-COS-Se were significantly higher than
those of Na,SeO; group and COS-Se group (P < 0.05).
Conclusion: LS-COS-Se as potential antioxidant improved the
hepatocytes activity, growth performance, and anti-oxidation ability by
activating the TrxR system of SPF chickens in vitro and in vivo. The
better biological activity of LS-COS-Se was mainly due to the synergistic
effect of Se and sulfate on TrxR system.
Keywords: LS-COS-Se; TrxR; hepatocyte; chickens
Introduction

Selenium (Se) could catalyze hydrogen peroxide reduction, protect

cell membrane and reduce oxidative damage [1]. It was a necessary



micronutrient for health, growth, reproduction and immunity of humans
and animals [2-7]. In a certain concentration range, with the increase of
biological effects of selenium in the body, the concentration of reactive
oxygen free radicals gradually decreases, which played an important role
in the formation and defense of oxidative stress [8, 9]. Chitosan (COS),
was a kind of bioactive macromolecular compounds obtained by
chemical or enzymatic hydrolysis of chitosan, was the only alkaline
amino oligosaccharides in natural sugars. COS had many biological
activities, such as low molecular weight, good dissolution, low viscosity,
non-cytotoxicity, anti-cancer, anti-tumor, anti-inflammation,
anti-oxidation, increasing calcium absorption [10-13]. It was easy to be
absorbed, transformed and utilized in vivo by two or more ways such as
carrier protein or free diffusion [14]. Chemical modification of COS can
improve its solubility, enhance its biological effects and hold a lower
toxicity [15]. COS was widely used in the fields of medicine, pharmacy,
and animal husbandry [14, 16].

Selenide chitosan sulfate (LS-COS-Se) was the product of COS
modified by selenization and sulfation. Chen et al. had shown the
biological activity of Se-CTS-S that mainly benefited from the synergistic
effects of Se and sulfate on glutathione system. But LS-COS-Se was
unknown whether it could play the synergistic effect of Se and sulfate on

thioredoxin reductase (TrxR) system. TrxR was a dimer selenase of



NADPH oxidation pathway, which participates in the physiological
processes of redox, cell proliferation and DNA synthesis. TrxR protected
cells and tissues in the event of oxidative stress by maintaining the
reductive state in cells [17].

The purpose of this experiment was to study the effect of
LS-COS-Se on TrxR in vivo and in vitro to find the better biological
activity for improving the growth performance and antioxidant capacity
of chickens, and to compare it with sodium selenite (Na,SeQj3), chitosan
(COS), selenide chitosan (COS-Se) and chitosan sulfate (LS-COS).
Material and methods
Animals and experimental design
All animal protocols used in this study were in accordance with the
Guidelines for the Care and Use of Animals for Research and Teaching
and approved by the Animal Care and Use Committee of Qingdao
Agricultural University.

In vitro experiment

The White Leghorn chickens of five (60 d) were euthanized with
sodium pentobarbitone and hepatocytes were obtained by collagenase
perfusion and cultured in serum-free culture. The hepatocyte monolayer
was treated respectively with serum-free medium, COS (10 mg/L),
Na,SeO; (1.5 umol/L, analytical grade, >98.5%), COS-Se (1.5 umol/L Se

+ 10 mg/L COS), LS-COS (Bmg/L Sulfate + 10 mg/L COS) and



LS-COS-Se (1.5 pmol/L Se + 3 mg/L Sulfate +10 mg/L. COS) on a 6-well
plate. After 24 hours of incubation, the culture medium and hepatocytes
were collected and preserved respectively.
In vivo experiment

A total of 240 7-days-old White Leghorn chickens without specific
pathogen (body weight of 45.0 = 2.0 g) were purchased from the Institute
of Animal Husbandry and Veterinary Medicine of Shandong Academy of
Agricultural Sciences and were randomly assigned to 6 groups with 4
replicates and 10 chickens per replicate, including 6 treatments: the
control group was supplied with a basal diet, the COS group was supplied
with an additional 30 mg/kg COS, the Na,SeO; group was supplied with
an additional 0.3mg/kg Na,SeOj; (analytical grade, > 98.5%), the COS-Se
group was supplied with an additional 0.3 mg/kg COS-Se, the LS-COS
group was supplied with an additional 6.0 mg/kg LS-COS, and the
LS-COS-Se group was supplied with an additional 36.3mg/kg
LS-COS-Se.

The basal diet was formulated in accordance with the dietary
guidelines established by the National Research Council to meet

nutritional requirements (Table 1).

Table 1 Formulation and proximate composition of experimental diets

Ingredient (%) Chemical composition
Corn 66.15 Gross energy(kcal/kg ) 2843
Soybean meal 27.0 Crude protein(%)(DM) 19.0

Fish meal 3.30 Calcium(%) 0.91




Dicalcium phosphate 1.20 Available phosphorus(%) 0.41

Limestone 1.00 Lysine(%) 1.03
Salt (NaCl) 0.25 Methionine(%) 0.44
DL-Methionine 0.10 Methionine+cystine(%)  0.78
Mineral premix” 0.50

Vitamin premix” 0.50

Total 100

“ Mineral premix supplied the following per kilogram of complete feed:
ZnS0Oy4, 80 mg; MnSOy4, 100 mg; FeSO,4, 80 mg; CuSO4, 6 mg; KI, 0.35
mg; CoCly, 0.4 mg.

® Vitamin premix supplied the followings per kg of complete feed:
vitamin A: 4000 IU; vitamin B;: 1.8 mg; vitamin B,: 3.6 mg; vitamin B;:
0.01 mg; vitamin D3: 800 IU; vitamin E: 10 IU; vitamin K: 0.5 mg; biotin:
0.15 mg; choline: 1300 mg; folacin: 0.55 mg/kg; niacin: 30 mg;
pantothenic acid: 10 mg.

Chickens were raised in airtight and ventilated buildings, provided
with continuous light, water and feed at will. All experimental chickens
were healthy during the feeding period (28d). On d 0, 14 and 28, the
chickens were weighed, and feed consumption was recorded by
replication. Average daily feed intake (ADG), average daily gain (ADFI),
and feed/gain ratio (F/G) were calculated. At 14 and 28d of the feeding
experiment, 12 chickens from each group were randomly selected and
euthanized with sodium pentobarbitone, and blood samples were
collected via 10 mL vacutainer tubes that contained EDTA as an
anticoagulant. And the plasma samples were then centrifuged at 3500xg
for 10 min at 4 °C. The livers were collected and immediately frozen in

liquid nitrogen.

Analysis of antioxidant properties



The activity of lactate dehydrogenase (LDH), TrxR, anti-superoxide anion
radical (AntiO,), superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD) and the contents of malondialdehyde (MDA) in the
culture medium and plasma were determined according to LDH activity
assay kit (Colorimetric method), TrxR activity assay kit (Colorimetric
method), AntiO, activity assay kit (enzyme-linked immunosorbent assay
method), SOD activity assay kit (WST-1 cell proliferation reagent
method), CAT activity assay kit (Colorimetric method), POD activity
assay kit (Colorimetric method) and MDA assay kit (thiobarbituric acid
method) (Nanjing Jiancheng Bioengineering company, Jiangsu, China),
respectively.

Real-time quantitative polymerase chain reaction (qQRT-PCR) for the
relative measurement of transcripts and quantification of TrxR

The mRNA levels of thioredoxin reductase 1 (TrxR-1) and thioredoxin
reductase 3 (TrxR-3) in hepatocytes and liver were detected by SYBR
green RT-PCR. Total RNA was extracted from hepatocytes and liver
tissue using TRIzol Reagent (Sangon Biotech Co., Ltd., Shanghai, China)
and cDNA was synthesized using the instruction of AMV First Strand
cDNA Synthesis Kit (Sangon Biotech Co., Ltd., Shanghai, China).
Software Premier 5.0 (produced by Premier Biosoft International, USA)
was used to design specific primers for TrxR-1, TrxR-3 and B-actin (Table

2). RT-PCR composition (10 pL of 2xSybrGreen qPCR Master Mix, 1.0



uL of each primer, 1.0 pL of cDNA template and 7.0 pL of ddH,O) were
mixed together and performed on an ABI Real-time PCR System
(Stepone plus, Applied Biosystems, USA). The PCR procedure consisted
of at 95°C for 2 min followed by 38 cycles consisting of 95 °C for 10 s
and 60°C for 30 s. Only one peak for each PCR product was shown with
the melting curve analysis. Relative quantification analysis of mRNA
levels was performed using the 2 **“* method [18]. All data for each
target transcript were normalized to the mRNA level of the B-actin gene.

Table 2 Primer sequences used for quantitative real-time PCR assay.

Gene Forward primer (5° Reverse primer (5’ Lengt
name” to 3”) t03°) o
B-actin agtgtctttttgtatettccgee ccacatactggcactttactc 147
cta bp
TrxR-1 tcaagaatgtcaccgcaagt cacgcagataacatcccca  129b
t at D
TrxR-3 tettttgatagecattggtes zataaggcacattggttcgtt ]};8

Statistical Analysis

All the data from experiment were expressed the means # standard
deviation and analyzed by using the one-way using the IBM SPSS 22.0
statistical software (SPSS Institute Inc., Chicago, USA). The Ileast
significant difference of multiple comparisons was used to determine
differences between means. Differences were considered as significant at
P < 0.05 for all tests.

RESULTS



Effect of LS-COS-Se on metabolic index of hepatocytes in vitro

As shown in Fig. 1, compared with the control and COS groups, the
activity of LDH significantly decreased in LS-COS-Se group (P < 0.05).
There was no significant difference (P>0.05) in Na,SeO;, COS-Se,

LS-COS and LS-COS-Se groups.
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Fig.1 The LDH activity was shown with serum-free medium, COS,
Na,Se0s, COS-Se, LS-COS and LS-COS-Se in the culture medium of
hepatocytes in vitro. Control group treated with serum-free medium
without Se, sulfate and COS, COS group treated with COS, Na,SeO;
group treated with Na,SeO; , COS-Se group treated with COS-Se,
LS-COS group treated with LS-COS, LS-COS-Se group treated with
LS-COS-Se. Data are presented as means = SD (n = 3). a—c: means in

same row with different superscripts significantly differ (P < 0.05).

Effect of LS-COS-Se on antioxidant capacity of hepatocytes in vitro
As shown in Fig. 2, compared with the control, COS and LS-COS

groups, the activities of TrxR, SOD and CAT significantly increased in




selenium group (P < 0.05), but MDA content significantly decreased (P <
0.05) in Na,SeO3, COS-Se and LS-COS-Se groups. As compared with the
control group, the activity of CAT enzyme in COS group, TrxR and CAT
enzyme in LS-COS group significantly increased (P < 0.05). As
compared with control and COS groups, the activity of SOD enzyme in
LS-COS group significantly increased (P < 0.05), but the MDA content
significantly decreased (P < 0.05). As compared with Na,SeO; and
COS-Se groups, the activity of SOD enzyme in LS-COS-Se group
significantly increased (P < 0.05). As compared with Na,SeO; and
LS-COS-Se groups, the activity of CAT enzyme in COS-Se group
significantly increased (P < 0.05). As compared with the control group,
the activities of AntiO, and POD enzyme in COS, Na,SeO, COS-Se,
LS-COS, and LS-COS-Se groups significantly increased (P < 0.05). As
compared with LS-COS group, the AntiO, enzyme activity in COS,
Na,SeO3 and LS-COS-Se groups significantly increased (P < 0.05). As
compared with COS, LS-COS and LS-COS-Se groups, the POD enzyme
activity of Na,SeO; and COS-Se groups significantly increased (P <

0.05).
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Fig.2 The antioxidant parameters were shown with serum-free medium,
COS, Na,SeOs, COS-Se, LS-COS and LS-COS-Se in the culture medium
of hepatocytes in vitro. a: TrxR, b: AntiO,, c: MDA, d: SOD, e: CAT, f:
POD. Control group treated with serum-free medium without Se, sulfate
and COS, COS group treated with COS, Na,SeO; group treated with
Na,SeO; , COS-Se group treated with COS-Se, LS-COS group treated
with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are
presented as means = SD (n = 3). a—d: means in same row with different

superscripts significantly differ (P < 0.05).

As shown in Fig.3, compared with control, COS, Na,SeO; and
LS-COS groups, the level of TrxR-1mRNA significantly increased in
COS-Se and LS-COS-Se groups (P < 0.05). As compared with COS-Se
group, the level of TrxR-1 mRNA significantly increased in LS-COS-Se

group (P < 0.05). As compared with control, COS, Na,SeO;, LS-COS and




COS-Se groups, the level of TrxR-3 mRNA significantly increased in
LS-COS-Se group (P < 0.05). As compared with control and COS groups,
the level of TrxR-3 mRNA significantly increased in Na,SeO; and

LS-COS groups (P < 0.05).
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Fig.3 The level of TrxR-1 and TrxR-3 mRNA hepatocyte culture medium
were shown in basal diet, COS, Na,SeOs;, COS-Se, LS-COS and
LS-COS-Se in vitro. a: TrxR-1, b: TrxR-3. Control group treated with
serum-free medium without Se, sulfate and COS, COS group treated with
COS, Na,SeO; group treated with Na,SeO3; , COS-Se group treated with
COS-Se, LS-COS group treated with LS-COS, LS-COS-Se group treated
with LS-COS-Se. Data are presented as means £ SD (n = 3). a—c: means

in same row with different superscripts significantly differ (P < 0.05).

Effect of LS-COS-Se on the growth performance of chickens in vivo

Compared with the control diet, supplementation with COS, Na,SeOs,




COS-Se, LS-COS and LS-COS-Se did not significantly improve the
ADFI, ADG and F/G of chickens during the experimental period of
4 weeks (Fig. 4a, 4b, 4c). However, compared with the control diet,
supplementation with COS, Na,SeO;, COS-Se, LS-COS and LS-COS-Se
significantly increased the baby weight on 14d and 28d (P < 0.05). On
28d, compared with COS, Na,SeO3 and LS-COS groups, the baby weight
of COS-Se and LS-COS-Se groups was significantly increased (P < 0.05).
As compared with COS-Se group, the baby weight of dietary

supplementation with LS-COS-Se was significantly increased (P < 0.05)

(Fig. 4d).
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Fig. 4 The growth performance (ADFI a, ADG b, F/G c and Baby weight
d) of laying hens were shown with basal diet, COS, Na,SeO;, COS-Se,
LS-COS and LS-COS-Se in vivo on 14d and 28d. ADFI: average daily
feed intake; ADG: average daily weight gain; F/G: ratio of feed to gain;

Control group treated with basal diet, COS group treated with COS,



https://jasbsci.biomedcentral.com/articles/10.1186/s40104-020-00480-z#Fig1

Na,SeO; group treated with Na,SeO; , COS-Se group treated with
COS-Se, LS-COS group treated with LS-COS, LS-COS-Se group treated
with LS-COS-Se. Data are presented as means + SD (n = 5). a—e: means

in same row with different superscripts significantly differ (P < 0.05).

Effect of LS-COS-Se on the antioxidant capacity of chickens in vivo
As shown in Fig. 5, compared with control and COS groups, plasma
TrxR enzyme activity significantly increased after adding Na,SeOs;,
COS-Se, LS-COS and LS-COS-Se (14d) (P < 0.05). As compared with
Na,SeOs;, COS-Se and LS-COS groups, plasma TrxR activity
significantly increased after adding LS-COS-Se (14d) (P < 0.05). As
compared with control group, COS and LS-COS groups, plasma TrxR
activity significantly increased after adding Na,SeO; and LS-COS-Se
(28d) (P < 0.05). As compared with control, COS and LS-COS groups,
plasma AntiO, enzyme activity significantly increased in selenium
supplemented groups (Na,SeO3, COS-Se, and LS-COS-Se) (14d and 28d)
(P < 0.05). As compared with the control and COS groups, the plasma
AntiO, enzyme activity significantly increased in the LS-COS group
(14d and 28d) (P < 0.05). As compared with Na,SeO; and COS-Se
groups, plasma AntiO, enzyme activity significantly increased (14d) (P <
0.05). Compared with COS-Se and LS-COS groups, the plasma MDA

content in Na,SeOs group significantly decreased (14d) (P < 0.05). As




compared with control, COS, Na,SeO;3;, COS-Se and LS-COS groups,
plasma MDA content significantly decreased after adding LS-COS-Se
(28d) (P < 0.05). As compared with control, COS and LS-COS group,
plasma MDA content significantly decreased after adding Na,SeO; (28d)
(P < 0.05). As compared with the control group, the content of plasma
MDA in the group supplemented with COS-Se, significantly decreased
(28d) (P < 0.05). As compared with the control group, the plasma SOD
activity  significantly increased after adding COS, Na,SeOs,
LS-COS,COS-Se and LS-COS-Se (14d and 28d) (P < 0.05). As compared
with COS, Na,SeO; and LS-COS groups, the enzyme activity of plasma
SOD significantly increased after adding COS-Se and LS-COS-Se (14d)
(P < 0.05). As compared with the COS group, the plasma SOD enzyme
activity significantly increased after adding Na,SeO; (14d) (P < 0.05). As
compared with control, COS, Na,SeO;, LS-COS and COS-Se groups,
plasma SOD enzyme activity significantly increased after adding
LS-COS-Se (28d) (P < 0.05).Compared with control and COS groups, the
plasma SOD enzyme activity significantly increased after adding
LS-COS and LS-COS-Se (28d) (P < 0.05). As compared with control,
COS, Na,SeO; and LS-COS groupS, plasma CAT activity significantly
increased after adding COS-Se (14d) (P < 0.05). As compared with the
control group, the activity of plasma CAT enzyme significantly decreased

after adding Na,SeO; and COS-Se (28d) (P < 0.05). As compared with



COS group, the activity of plasma CAT significantly decreased after
adding Na,SeO;, COS-Se and LS-COS-Se (28d) (P < 0.05). As compared
with COS group, plasma POD activity significantly increased after

adding Na,SeO;, LS-COS and LS-COS-Se (14d) (P < 0.05).

- E
= 100 =
=) S 250
> 80 =
= = 200
Z 60 C
2 ® 150
o 0 S 100
£ 2 2 %0
0 0
- 38 - 180
- ' = 160
= - — 140
Y 2 .,
S 24 >, 120
s 2 S 100
g s g 80
< Q %
o 1 Qo 40
2 05 2 20
0 0
_ 2000 10
E 1950 £ s
b y -
2 __-E 6
'z 1900 B
E L=
=~ 185 a
< 1850 (o)
(&) [-9)

1800

OControl ©COS @ Na,SeOy 8COS-Se BLS-COS mLS-COS-Se

Fig. 5. The antioxidant parameters of plasma were shown with basal diet,
COS, Na,Se0O;, COS-Se, LS-COS and LS-COS-Se in vivo on 14d and
28d. a: TrxR, b: AntiO,, c: MDA, d: SOD, e: CAT, f: POD. Control
group treated with basal diet, COS group treated with COS, Na,SeO;
group treated with Na,SeO; , COS-Se group treated with COS-Se,
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LS-COS-Se. Data are presented as means £+ SD (n = 5). a—d: means in

same row with different superscripts significantly differ (P < 0.05).
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Fig. 6. The level of TrxR-1 and TrxR-3 mRNA of liver tissue were shown
in basal diet, COS, Na,SeO;, COS-Se, LS-COS and LS-COS-Se in vivo
on 14d and 28d. a: TrxR-1, b: TrxR-3. Control group treated with basal
diet, COS group treated with COS, Na,SeOj; group treated with Na,SeOs ,
COS-Se group treated with COS-Se, LS-COS group treated with
LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are presented
as means = SD (n = 5). a—c: means in same row with different

superscripts significantly differ (P < 0.05).

As shown in Fig. 6, compared with control, COS and Na,SeOj; groups,
basal diet supplemented with COS-Se could significantly increase the

level of TrxR-1 mRNA in liver (14d) (P < 0.05). As compared with




control, COS and LS-COS groups, basal diet supplemented with selenium
supplementation (Na,SeO3, COS-Se and LS-COS-Se) could significantly
increase the level of TrxR-1mRNA in liver (28d) (P < 0.05). As compared
with control and COS groups, basal diet supplemented with LS-COS
could significantly increase the level of TrxR-1mRNA in liver (28d) (P <
0.05). As compared with control, COS and LS-COS groups, basal diet
supplemented with selenium supplementation (Na,SeOs;, COS-Se and
LS-COS-Se) significantly increased the level of TrxR-3 mRNA in liver
(14d) (P < 0.05). As compared with COS group, basal diet supplemented
with LS-COS could significantly increase the level of TrxR-3 mRNA in
liver (14d) (P < 0.05d). As compared with control group and COS group,
basal diet supplemented with selenium supplementation (Na;SeOs,
COS-Se and LS-COS-Se) significantly increased the level of TrxR-3
mRNA in liver (28d) (P < 0.05). As compared with the control group,
basal diet supplemented with LS-COS significantly increased the level of
TrxR-1 mRNA in the liver (14d) (P < 0.05).

DISCUSSION

LDH is a cytoplasmic enzyme and is released after cell death [19]. In this
study, LS-COS-Se could improve the proliferation of hepatocytes by
significantly decreasing the LDH content. At the cellular Ilevel,
superoxide anions, hydrogen peroxide and hydroxyl radicals which

exceeding the antioxidant protection levels can cause widespread damage



to DNA, proteins and endogenous lipids [20]. To investigate the effect of
LS-COS-Se on the anti-oxidation ability of hepatocytes and chickens in
vitro and in vivo, we determined the concentrations of six enzymes (TrxR,
AntiO,, MDA, SOD, CAT, POD) and the relative mRNA levels of genes
(TrxR-1, TrxR-3). We observed that LS-COS-Se showed the better
biological activity. But there were no significant difference in the ADFI,
ADG and F/G of chickens during the experimental period of 4 weeks in
vivo.

COS is a positively charged alkaline antioxidant, which scavenges
free radicals and promotes metabolism by absorbing all kinds of
negatively charged toxic substances [21, 22]. As a kind of
macromolecular active substance formed by sulfation modification of
polysaccharides, polysaccharide sulfate reflects its antioxidant ability by
enhancing the scavenging ability of alkyl free radicals, hydroxyl radicals
and superoxide anions [23-25]. This study confirmed the antioxidant
effects of COS and sulfate (LS-COS) in vivo and in vitro, and the
antioxidant activity of LS-COS treatment group was better than that of
COS treatment group. The results further showed that sulfation
modification could enhance the antioxidant capacity of LS-COS in vivo
and in vitro [26].

Selenium plays an antioxidant role by reducing the content of

peroxides and preventing the formation of harmful free radicals through



the regulation and catalysis of antioxidant enzymes [27, 28]. Surai et al.
analyzed the current results on selenium in antioxidant defenses in
poultry clearly showed its modulatory effect on developing embryos,
newly hatched chicks, and postnatal chickens [29]. Peng et al. reported
that there was no distinction in elevating activities of GPx and TrxR
between selenosulfate and selenite in vitro [30]. In this experiment,
compared with the control group and COS group, different selenium
treatments (NaSeO;, COS-Se and LS-COS-Se) showed higher TrxR-1
and SOD enzyme activities, TrxR-1 and TrxR-3 mRNA levels and lower
MDA content in vivo and in vitro. These results further prove that
selenium supplementation can improve the antioxidant function in vivo
and in vitro through TrxR. After selenium modification, the antioxidant
activity of COS was significantly improved, and the antioxidant activity
of COS-Se was similar to that of Na,SeOs;, except that COS-Se had
higher CAT enzyme activity and hepatocyte TrxR-1mRNA level in
hepatocyte culture medium, higher plasma CAT enzyme activity, SOD
enzyme activity and liver TrxR-1mRNA level (14d). Surai et al. reported
that Se efficiency depends on the level of supplementation and form of
dietary Se, organic Se sources being more effective modulators of the
antioxidant systems in poultry than sodium selenite [29].

In this study, different selenium treatments (Na,SeOs;, COS-Se and

LS-COS-Se) showed better antioxidant activity than LS-COS treatment,



especially increased TrxR activity, SOD activity, CAT activity and
decreased MDA content in vitro, and increased AntiO, enzyme activity
(14d and 28d) and TrxR-1mRNA level (28d) in vivo. The results showed
that the biological ability of selenium, especially its antioxidant activity,
was higher than that of sulfate. We speculate that selenium compounds
and sulfate may have different antioxidant activities through different
antioxidant machines, but both selenium compounds and sulfate can
improve oxidative stress damage [9, 31]. In addition, because they are
dependent on Se antioxidant enzymes, their expression and activity are
mainly regulated by Se rather than sulfate [32]. Early study had shown
that Se-CTS-S showed a better biological activity mainly benefited from
the synergistic effects of Se and sulfate on GSH system [33]. Guo et al.
reported that Se protected cells from oxidative damage primarily by
increasing the activity of TrxR, inhibiting the activation of the MAPK
signaling pathway [34]. This study showed that LS-COS-Se treatment in
vitro increased the levels of TrxR-1 and TrxR-3 mRNA, and in vivo
increased the activities of TrxR and SOD, which were significantly
different from those of COS-Se and LS-COS. There were significant
differences (increase) of baby weight among the LS-COS-Se group and
the other supplementation groups. Then LS-COS-Se showed higher
antioxidant capacity than COS-Se and LS-COS. We believe that when

COS is modified by selenite and sulfation to form a compound



(LS-COS-Se), selenium and sulfate may play an important role in
synergistic enhancement of antioxidation in vivo and in vitro.

To sum wup, LS-COS-Se can promote proliferation, reduce
cytotoxicity and increase the expression of TrxR-1 and TrxR-3 mRNA
and the activity of TrxR and SOD by activating TrxR, thus improve the
antioxidant function of the body. In addition, LS-COS-Se showed good
biological activity, which was mainly due to the synergistic effect of
selenium and sulfate in enhancing antioxidant function.

Conclusion

The diet supplemented with LS-COS-Se improved the baby weight of
laying hens without specific pathogens, improved the anti-oxidation
ability of the body, and showed better biological activity, this was mainly
due to the synergistic effect of Se and sulfate on TrxR. This work
provides a fundamental basis for the future development of LS-COS-Se
functional food use for improving the anti-oxidation ability of laying hens
and for understanding the biological effects of LS-COS-Se and its
potential as a functional feed additive.
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Figure 1

The LDH activity was shown with serum-free medium, COS, Na2Se03, COS-Se, LS-COS and LS-COS-Seiin
the culture medium of hepatocytes in vitro. Control group treated with serum-free medium without Se,
sulfate and COS, COS group treated with COS, Na2SeO3group treated with Na2Se03, COS-Se group
treated with COS-Se, LS-COS group treated with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data
are presented as means * SD (n = 3). a—c: meansin same row with different superscripts significantly
differ (P<0.05).
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The antioxidant parameterswere shownwith serum-free medium, COS, Na2Se03, COS-Se, LS-COS and LS-
COS-Se in the culture medium of hepatocytes in vitro.a:TrxR, b: AntiO2-, c: MDA, d: SOD, e: CAT, f:
POD.Control group treated with serum-free medium without Se, sulfate and COS, COS group treated with
COS, Na2Se03group treated with Na2Se03, COS-Se group treated with COS-Se, LS-COS group treated
with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are presented as means = SD (n = 3). a—d:
meansin same row with different superscripts significantly differ (P<0.05).
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Figure 3

The level of TrxR-1 and TrxR-3mRNA hepatocyte culture mediumwere shownin basal diet, COS, Na2Se03,
COS-Se, LS-COS and LS-COS-Se in vitro. a:TrxR-1, b: TrxR-3.Control group treated with serum-free medium
without Se, sulfate and COS, COS group treated with COS, Na2Se03group treated with Na2Se03, COS-Se
group treated with COS-Se, LS-COS group treated with LS-COS, LS-COS-Se group treated with LS-COS-Se.
Data are presented as means + SD (n = 3). a—c: meansin same row with different superscripts
significantly differ (P<0.05).
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Figure 4

The growth performance(ADFla,ADGb,F/G c and Baby weight d)of laying hens were shown with basal
diet, COS, Na2Se03, COS-Se, LS-COS and LS-COS-Se in vivo on 14d and 28d.ADFI: average daily feed
intake; ADG: average daily weight gain; F/G: ratio of feed to gain; Control group treated withbasal diet,
COS group treated with COS, Na2Se03 group treated with Na2Se03, COS-Se group treated with COS-Se,
LS-COS group treated with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are presented as
means + SD (n = 5). a—e: meansin same row with different superscripts significantly differ (P<0.05).
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Figure 5

The antioxidant parameters of plasma were shown with basal diet, COS, Na2Se03, COS-Se, LS-CO Sand
LS-COS-Sein vivo on 14d and 28d. a:TrxR, b: AntiO2-, c: MDA, d: SOD, e: CAT, f: POD. Control group treated
with basal diet, COS group treated with COS, Na2Se0O3group treated with Na2Se03, COS-Se group treated
with COS-Se, LS-COS group treated with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are
presented as means + SD (n = 5). a—d: means in same row with different superscripts significantly differ
(P<0.05).
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Figure 6

The level of TrxR-1 and TrxR-3 mRNA of liver tissue were shownin basal diet, COS, Na2Se03, COS-Se, LS-
COS and LS-COS-Sein vivo on 14d and 28d. a:TrxR-1, b: TrxR-3.Control group treated with basal diet, COS
group treated with COS, Na2SeO3group treated with Na2Se03, COS-Se group treated with COS-Se, LS-
COS group treated with LS-COS, LS-COS-Se group treated with LS-COS-Se. Data are presented as means
+ SD (n = 5). a—c: means in same row with different superscripts significantly differ (P<0.05).



