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a  b  s  t  r  a  c  t

Lycium  barbarum  polysaccharide  (LBP)  was modified  by  HNO3–Na2SeO3 method  according  to L9(34)
orthogonal  design  to obtain  nine  selenizing  LBPs  (sLBPs),  sLBP1–sLBP9. Their  antioxidant  activities  in vitro
were  compared  by  free  radical-scavenging  test. sLBP6, sLBP8 and  sLBP9 presented  stronger  activity.  In vivo
test,  14-day-old  chickens  were  injected  respectively  with  sLBP6, sLBP8 and  sLBP9 taking  LBP as  control,
and  serum  GSH-Px  and  SOD  activities  and MDA  content  were determined.  The  results  showed  that  three
eywords:
elenizing lycium barbarum polysaccharide
ree radical-scavenging rate
SH-Px activity
OD activity

sLBPs  could  significantly  enhance  GSH-Px  and  SOD activities  and  decrease  MDA  content.  The  actions  of
sLBPs  were  significantly  stronger  than  that of  unmodified  LBP.  These  results  indicated  that  selenylation
modification  could  significantly  enhance  the  antioxidant  activities  of  LBP,  sLBP6 possessed  the  best  effi-
cacy  and  could  be exploited  into  an  antioxidant.  The  optimal  modification  conditions  were  400  mg  of
sodium  selenite  for 500  mg  of  LBP, reaction  temperature  of 70 ◦C and  reaction  time  of 6  h.
DA  content

. Introduction

In the oxidative metabolism process, organism can continuously
roduce various kinds of reactive oxygen species (ROS), including
ydroxyl radical (·OH), superoxide anion (O2

−·), hydrogen peroxide
H2O2) and so on (Gotz, Kunig, Riederer, & Youdim, 1994; Afonso,
hampy, Mitrovic, Collin, & Lomri, 2007). Normally, the oxidation
nd antioxidation of body maintain dynamic equilibrium. Under
he balanced state, these free radicals play an important role in
nti-bacterial, anti-inflammatory and inhibiting tumor. Once this
alance is broken, e.g. when the body is attacked by disease or
ertain exogenous drugs and poisons, ROS will increase and cause
owerful injury, such as lipid peroxidation of biofilm, destruc-

ion of enzymes, amino acids and protein, impact on the structure
nd function of internal organs and immune system, thus lead
o illness even death (Halliwell & Gutteridge, 1999; Sies, Stahl, &

Abbreviations: LBP, lycium barbarum polysaccharide; sLBP, selenizing lycium
arbarum polysaccharide; HNO3, nitric acid; Na2SeO3, sodium selenite; BC, blank
ontrol; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malon-
ialdehyde; ROS, reactive oxygen species.
∗ Corresponding author. Tel.: +86 25 84395203; fax: +86 25 84398669.

E-mail addresses: ylhu@njau.edu.cn, ylhu@sohu.com (Y. Hu).
1 These authors contributed equally to this work.

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.032
© 2013 Elsevier Ltd. All rights reserved.

Sevanian, 2005). The present study has found that the develop-
ment of many diseases are associated with free radicals. Therefore,
increasing attentions have been paid to researches of improving
defense mechanism and antioxidative damage drugs (Marx, 1987).

Many studies showed that a lot of polysaccharide compounds
isolated from the natural product can scavenge free radicals, inhibit
lipid peroxidation and linoleic acid oxidation (Yu, Zhu, Dai, Wang, &
Mao, 2008). For example, lycium barbarum polysaccharide (LBP) is
the main active ingredient of lycum barbarum, and possesses wide
pharmacological effects, such as, antioxidation, anti-aging, anti-
tumor, immunoregulation, hepatoprotection and so on (Li, Wu,  Yu,
Zhu, & Song, 2013). In human and animal, selenium is an essen-
tial trace element and participates in many important physiological
activities. It cannot only enhance the animals’ antioxidant levels via
glutathione peroxidase (GSH-Px), but also can improve immune
function by maintaining the integrity of membrane structure (Fu,
Liu, Wu,  Li, & Cao, 2013). Therefore, the combination of selenium
with polysaccharide into organic selenium compounds, selenizing
polysaccharides, which will possess duple and higher biological
activity in comparison with selenium and polysaccharide. It is eas-

ily absorbed and utilized by the organism as well (Staaf, Yang,
Huttunen, & Widmalm, 2000). Selenium polysaccharide has been
used more and more widely in antioxidation, immunomodulation,
antitumor, anti-aging and so on (Li, Zhao, Liu, Song, & Tie, 2010). Our

dx.doi.org/10.1016/j.carbpol.2013.12.032
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.12.032&domain=pdf
mailto:ylhu@njau.edu.cn
mailto:ylhu@sohu.com
dx.doi.org/10.1016/j.carbpol.2013.12.032
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revious study also confirmed that selenylation modification could
nhance immune-enhancing and antioxidant activities of Chinese
ngelica polysaccharide (Qin, 2013).

In this study, LBP was modified by HNO3–Na2SeO3 method
Yang, Huang, Jiang, Zhu, & Han, 2009) under nine kinds of modifi-
ation conditions according to L9(34) orthogonal design of three
actors, usage amount of sodium selenite, the reaction temper-
ture and reaction time, and three levels (Li, Miu, & Liu, 2001).
ine selenizing LBPs (sLBPs), sLBP1–sLBP9 were obtained. First by
xperiment in vitro, the hydroxy and superoxide anion scaveng-
ng ability of nine sLBPSs were compared. Three sLBPs with better
ction were picked out. Then by test in vivo, the effects of three
LBPs on serum GSH-Px and SOD activities and MDA  contents were
etermined. The aim of this study is to explore the probability of
elenylation modification to improve the antioxidant activity of
BP, selected out the best sLBP and modification condition, and
ffer theoretical evidence for the development of polysaccharide
ntioxidants.

. Materials and methods

.1. Drug and reagents

Lycium barbarum was purchased from Yongfuyuan Trade Ltd.
nd yielded form Ningxia Hui Autonomous Region of China.

Sodium selenite bought from Shanghai Lingfeng Chemical
eagent Ltd. was dissolved into 0.05 g mL−1 with ultrapure
ater. Standardry selenium stored solution at 100 �g mL−1

upplied by National standard substance research center was
ccurately diluted into 1 �g mL−1 of standardry selenium solu-
ion. Nitric acid (HNO3) was the product of Shanghai Lingfeng
hemical Reagent Ltd. Pyrogallol, Sinopharm Chemical Reagent
o., Ltd. Phenanthroline, ferrous sulfate, hydrochloric acid,
ydrogen peroxide and other reagents were of analytical
rade.

Reagent kits of GSH-Px, SOD and MDA  were bought from Nanjing
iancheng Bioengineering Institute.

.2. Preparation of sLBP

.2.1. Extraction and purification of LBP
Lycium barbarum was soaked in water for 3 h, extracted

hree times in 90 ◦C water bath, each time 1.5 h. The filtrate
as concentrated and centrifugated at 3000 rpm for 30 min. The

upernatant was slowly added with 95% alcohol till the ethanol
ontent up to 80%. After standing overnight the precipitate was
ollected, washed twice with acetone, dried to obtain crude LBP

Ramesh & Tharanathan, 1999) and protein-eliminating purified by
richloroacetic acid method (Li & Wang, 2004) to obtain purified
BP. Its carbohydrate content was 87.1% measured by phenol-
ulfuric acid method (Li & Wang, 2008; Yu, Yang, Liu, & Liu, 2009).

able 1
odification conditions, yields and contents of selenium and carbohydrate of sLBPs.

sLBP A Na2SeO3 (mg) B temperature (◦C) C time (h) 

sLBP1 200 50 6 

sLBP2 300 50 8 

sLBP3 400 50 10 

sLBP4 200 70 8 

sLBP5 300 70 10 

sLBP6 400 70 6 

sLBP7 200 90 10 

sLBP8 300 90 6 

sLBP9 400 90 8 
ers 103 (2014) 148– 153 149

2.2.2. Selenylation modification of LBP
Nine groups of modification conditions were designed accord-

ing to L9(34) orthogonal test taking three factors respectively
at three levels as indexes, the usage amount of sodium selen-
ite at 200, 300 and 400 mg  for 500 mg  of LBP (A), the reaction
temperature at 50, 70 and 90 ◦C (B), and the reaction time for
6, 8 and 10 h (C) (Table 1). After the reaction was finished, the
mixture was  cooled into room temperature, pH was adjusted
into 5–6 with saturated sodium carbonate solution, and dia-
lyzed in dialysis sack with 1 kDa ultrafiltration membrane against
tap water and till no free sodium selenium was detected by
ascorbic acid method (Li, Miu, Liu, 2001). The polysaccharide
solution was  concentrated and freeze-dried. Nine selenizing LBPs
respectively named sLBP1–sLBP9 were obtained. Their selenium
concents were determined by atomic fluorescence spectrometry
(Gao, Qin, & Huang, 2006) with atomic fluorescence spectrometer
(Model AFS-930, Beijing Jitian instrument Co., Ltd.), and the car-
bohydrate contents were determined by the phenol-sulfuric acid
method.

2.3. Infrared spectroscopy analysis

After dried for 2 h in oven, sLBP or LBP of 1 mg  was  put into
an agate mortar, added with dried KBr 100–200 mg,  finely ground,
pressed into thin slices, and the infrared spectroscopy in wavenum-
ber range of 4000–400 cm−1 was recorded by FT-IR920 Fourier
transform infrared spectrometer (Tianjin Tuopu Instrument Co.,
Ltd.).

Finally nine sLBPs and LBP were dissolved into 1 mg  mL−1

with distilled water for the test in vitro. Based on the experi-
mental results in vitro, the diluted preparations of sLBP6, sLBP8,
sLBP9 and LBP were sterilized by pasteurization and detected for
endotox in by pyrogen tests. When the endotoxin amount was
up to the standard of Chinese Veterinary Pharmacopoeia (less
than 0.5 EU mL−1) (Veterinary Pharmacopoeia Commission of the
People’s Republic of China, 2010), they were stored at 4 ◦C for the
test in vivo (Kong, Hu, Rui, Wang, & Li, 2004).

2.4. Comparision of antioxidative activities in vitro

2.4.1. Hydroxyl radical-scavenging ability
Forty eight test tubes were assigned into damage group,

non-damage group and 10 polysaccharide groups (nine sLBPs
and LBP), four tubes per group. First, all test tubes were added
with 5 mmol  L−1 of phenanthroline 0.5 mL  and pH7.4 phosphate
buffer 2.0 mL,  shaken well, again added with 7.5 mmol L−1 of
FeSO4 1.0 mL,  shaken well immediately. Second, the tubes of 10
polysaccharide groups were added respectively with 1 mL  of nine
sLBPs and LBP and 0.2% H2O2 solution 1.0 mL,  the tubes of damage

group were added with 0.2% H2O2 solution 1.0 mL.  Finally, all
tubes were added with distilled water up to 10 mL,  reacted for
1 h in 37 ◦C water bath, and the absorbances at a wave length of
536 nm (A536) were measured by 754 UV spectrophotometer

Yeild (%) Se content (mg  g−1) Carbohydrate content (%)

40.95 7.65 35.4
34.24 8.84 34.9
30.56 10.44 33.2
29.94 8.52 34.3
24.75 11.76 30.4
35.84 13.66 47.5
21.70 8.73 19.2
30.42 9.47 44.6
32.76 11.85 42.4
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Shanghai Precision & Scientific Instrument Co., Ltd.). The
ydroxyl radical-scavenging rate was calculated according to
he equation (Olabinri et al., 2010): Hydroxyl radical-scavenging
ate = (Āpolysaccharid group − Ādamaged group)/(Ānon-damaged group −
¯ damage group) × 100% (Ā was  an average value of four tubes).

.4.2. Superoxide anion-scavenging ability
Superoxide anion-scavenging ability was measured by pyro-

allol autoxidation method (Marklund & Marklund, 1974). 44
est tubes were assigned into 10 polysaccharide groups (nine
LBPs and LBP) and blank control (BC) group, four tubes
er group. First, all tubes were added with 2.4 mL  of pH
.2 Tris–HCl buffer. Second, the tubes of 10 polysaccharide
roups were added with respectively with 1 mL  of 9 sLBPs and
BP 1 mL,  the tubes of blank control group, with equal vol-
me  of distilled water, mixed well. Finally, all tubes weres
dded with 7 mmol  L−1 pyrogallol 0.3 mL  begining reaction, and
t the fourth minute of reaction was added with one drop
f 10 mol  L−1concentrated hydrochloric acid to stop the reac-
ion, and the absorbances at a wave length of 325 nm (A325)
ere measured by 754 UV spectrophotometer. The superoxide

nion-scavenging rate was calculated according to the equa-
ion (Marklund & Marklund, 1974): superoxide anion-scavenging
ate = (ĀB group − Āpolysaccharide group)/ĀBC group × 100% (Ā was  an
verage value of four tubes).

.5. Assay of antioxidative activity in vivo

.5.1. Animals and experimental design
One-day-old White Roman chickens (male) were purchased

rom Tangquan Poultry Farm, routine vaccination of ND vaccine (La
ota strain, No. 119082, purchased from Nanjing Tianbang Bioin-
ustry Co., Ltd.). At 14-day-old 150 chickens were selected and
andomly assigned into 5 groups. The chickens in four polysaccha-
ide groups were intramuscularly injected respectively with 0.5 mL
f sLBP6, sLBP8, sLBP9 and LBP, in blank control (BC) group, with
qual volume of physiological saline, once a day for three successive
ays.

.5.2. Assay of serumal GSH-Px and SOD activities and MDA
ontent

On days 7 (D7), 14 (D14), 21 (D21) and 28 (D28) after the first
njection, the blood samples of six chickens randomly from each
roup were collected for the determination of GSH-Px activity, SOD
ctivity and MDA  content in serum.

.6. Statistical analysis

Data were expressed as means ± SE and the Duncan’s multiple

ange test was used to analyze the difference among polysaccha-
ides and control groups. Significant differences between means
ere considered at P < 0.05.

able 2
he serum GSH-Px activities in each group.

Group D7 D14

sLBP6 1875.04 ± 37.25b 1974.21 ± 34.99ab

sLBP8 1818.84 ± 41.29b 1891.57 ± 54.42bc

sLBP9 1994.04 ± 38.12a 2037.02 ± 31.88a

LBP 1703.14 ± 14.41c 1841.98 ± 23.14c

BC 1564.30 ± 23.84d 1656.86 ± 17.49d

olumn data without the same superscripts (a–d) differ significantly (P < 0.05).
ers 103 (2014) 148– 153

3. Results

3.1. The modification conditions, yields and contents of selenium
and carbohydrate of sLBPs

The modification conditions, yields and contents of selenium
and carbohydrate of sLBPs are listed in Table 1. The yield of sLBP1
was the highest, up to 40.95%, and next were sLBP6, sLBP2 and sLBP9.
The selenium content of sLBP6 was  the highest (13.66 mg g−1), and
next were sLBP9, sLBP5 and sLBP3. The carbohydrate content of
sLBP6 was  the highest (47.5%), and next were sLBP8, sLBP9 and
sLBP1.

3.2. The infrared spectroscopy characteristic of sLBP

The FT-IR spectra of LBP and sLBP in the ranges of
4000–400 cm−1 are illustrated in Fig. 1(A and B). In the spectra of
LBP and sLBP, there were two bands, one appeared in the region of
3600–3200 cm−1 corresponding to the hydroxyl stretching vibra-
tion and another in the region of 1400–1000 cm−1 corresponding
to C–O–C stretching vibration. This indicated that the LBP and
sLBP were polysacaccharides. In comparision with the spectrum of
LBP, the spectrum of sLBP presented two characteristic absorption
bands, one appeared at 1026.71 cm−1 describing an symmetrical
O–Se–O stretching vibration and another at 764.64 cm−1 describ-
ing an Se=O stretching vibration (Fig. 1B), which indicated that sLBP
was successfully modified in selenylation.

3.3. The changes of hydroxyl radical-scavenging rate

The hydroxyl radical-scavenging rates in each group are illus-
trated in Fig. 2. The hydroxyl radical-scavenging rate in all sLBPs
groups were significantly or numerically higher than that in LBP
group, in sLBP6 group was the highest (62.01%), the next were
in sLBP9 (57.30%), sLBP8 (53.03%), sLBP3 (50.27%), sLBP5 (49.29%),
sLBP7 (49.20%), sLBP2 (48.91%) and sLBP4 (47.50%) groups, and
in these eight groups were significantly higher than that in LBP
(46.29%) group (P < 0.05).

3.4. The changes of superoxide anion-scavenging rate

The superoxide anion-scavenging rates in each group are illus-
trated in Fig. 3. The superoxide anion-scavenging rate in all sLBPs
groups were significantly or numerically higher than that of LBP
group, in sLBP9 group was the highest (59.78%), the next were
in sLBP6 (54.55%), sLBP8 (52.34%), sLBP5 (48.30%), sLBP3 (45.76%),
sLBP7 (45.53%) and sLBP4 (41.17%) group, and in these seven groups
were significantly higher than that in LBP (38.40%) group (P < 0.05).

3.5. The changes of serum GSH-Px activity
At all time points after injection, the serum GSH-Px activities in
three sLBPs groups were significantly higher than those in BC group

D21 D28

2149.42 ± 16.53a 2086.62 ± 31.88a

1964.30 ± 29.38b 1855.21 ± 34.51c

2063.47 ± 46.28ab 1957.69 ± 34.83b

1792.40 ± 49.37c 1670.08 ± 17.18d

1686.61 ± 38.12c 1655.86 ± 23.84d



S. Qiu et al. / Carbohydrate Polymers 103 (2014) 148– 153 151

32
88

.6
7

23
54

.3
0

15
89

.7
7

14
01

.3
6

10
70

.4
0

84
4.

83

66
4.

45

54
2.

26

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0
Tr

an
sm

itt
an

ce
 [%

]

32
89

.8
3

29
36

.4
5

23
54

.4
5

17
22

.7
6

16
22

.3
6

14
05

.7
4

12
44

.7
5

10
26

.7
1

76
4.

64

66
2.

87

52
0.

44

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0
Tr

an
sm

itt
an

ce
 [%

]

A

B

Fig. 1. Infrared spectra of LBP and selenylated LBP (A) LBP; (B) sLBP.
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Fig. 2. The hydroxyl radical-scavenging rate in each group. Bars without the same
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Fig. 3. The superoxide anion-scavenging rate in each group. Bars without the same
superscripts ((a)–(g)) differ significantly (P < 0.05).
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Table 3
The serum SOD activities in each group.

Group D7 D14 D21 D28

sLBP6 181.19 ± 1.71a 189.61 ± 2.03a 190.45 ± 1.40a 185.12 ± 2.71a

sLBP8 176.41 ± 4.49a 179.78 ± 2.68b 174.72 ± 2.50b 173.88 ± 1.97b

sLBP9 187.65 ± 3.51a 186.52 ± 3.90ab 183.15 ± 3.93ab 175.01 ± 2.12b

LBP 160.96 ± 4.25b 164.33 ± 1.97c 161.80 ± 2.68c 155.34 ± 1.71c

BC 149.72 ± 3.51b 148.60 ± 1.49d 154.78 ± 4.38c 148.60 ± 2.03d

Column data without the same superscripts (a–d) differ significantly (P < 0.05).

Table 4
The MDA  contents in each group.

Group D7 D14 D21 D28

sLBP6 3.92 ± 0.23b 3.28 ± 0.11c 2.54 ± 0.15d 2.97 ± 0.09d

sLBP8 4.05 ± 0.19b 3.97 ± 0.07b 3.32 ± 0.07c 3.84 ± 0.15c

sLBP9 4.05 ± 0.23b 3.88 ± 0.16b 3.02 ± 0.11c 3.53 ± 0.11c

LBP 4.53 ± 0.23ab 4.18 ± 0.16b 3.88 ± 0.04b 4.27 ± 0.09b
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BC 5.22 ± 0.23a 4.61 ± 0.07a 4.40 ± 0.19a 4.96 ± 0.09a

olumn ata without the same superscripts (a–d) differ significantly (P < 0.05).

P < 0.05), on D7–D14 in LBP group were significantly higher than
hose in BC group (P < 0.05). The GSH-Px activities in sLBP6 and
LBP9 groups at all time points and in sLBP8 group except D14 were
ignificantly higher than that in unmodified LBP group (P < 0.05),
nd in sLBP9 group on D7–D14 and in sLBP6 group on D21–D28 were
he highest.

.6. The changes of serum SOD activity

The serum SOD activities in each group are listed in Table 3.
t all time points, the serum SOD activities in three sLBPs groups
ere significantly higher than those in BC group (P < 0.05), in LBP

roup on D14 and D28 were significantly higher than those in BC
roup (P < 0.05). The SOD activities in three sLBPs groups at all
ime points were significantly higher than those in unmodified LBP
roup (P < 0.05), and in sLBP9 group on D7 and in sLBP6 groups on
14–D28 were the highest.

.7. The changes of serum MDA  contents

The serum MDA  contents in each group are listed in Table 4. At all
ime points after injection, the serum MDA  contents in three sLBPs
roups were significantly lower than those in BC group (P < 0.05),
n LBP group on D14–D28 were significantly lower than those in BC
roup (P < 0.05). The MDA  contents in sLBP6 group on D14–D28 and
n sLBP8 and sLBP9 groups on D21–D28 were significantly lower than
hose in unmodified LBP group (P < 0.05), in sLBP6 group at all time
oints were the lowest and on D14–D28 were significantly lower
han those in sLBP8 and sLBP9 groups (P < 0.05).

. Discussion

Hydroxyl radical is the most active among the oxygen radicals
nd can induce severe damage for the adjacent biomolecules
Chance, Sies, & Boveris, 1979). It has been becoming a hot spot
n free radical chemical research because of its shorter existence,
tronger aggressiveness, greater destructiveness (Xiao & Li, 2010).
herefore, the hydroxyl radical-scavenging ability is a main index
o reflect antioxidative activity. The results of test in vitro showed
hat the hydroxyl radical-scavenging rate in nine sLBPs groups
ere significantly higher or numerically higher than that of LBP
roup, in sLBP6 group was the highest, the next was  in sLBP9,
LBP8, sLBP3, sLBP5 sLBP7, sLBP2 and sLBP4 group, and in these
ight groups were significantly higher than that in LBP group,
his indicated that selenylation modification could significantly
ers 103 (2014) 148– 153

enhance the antioxidative activity in vitro of LBP, and sLBP6, sLBP9,
sLBP8 possessed stronger efficacy.

Superoxide anion is generated by autooxidation reaction of
enzyme systems or electron transfer of nonenzyme to reduce
molecular oxygen (Liu & Ng, 2000). Among all ROSs, superoxide
anion is formed first, although it is a relatively weaker oxidant, it
can play an important role in formation of other ROSs, which lead
to oxidative damage of lipid, protein and DNA (Qiao et al., 2009;
Wickens, 2001). Therefore superoxide anion-scavenging ability is
an important index to reflect antioxidant level as well. The results of
this research showed that superoxide anion-scavenging rate in nine
sLBPs groups were significantly or numerically higher than that of
LBP group, in sLBP9 group was  the highest, the next was in sLBP6,
sLBP8, sLBP5, sLBP3, sLBP7 and sLBP4 group, in these seven groups
were significantly higher than that of LBP group, this also indi-
cated that selenylation modification could significantly enhance
the antioxidative activity in vitro of LBP, and sLBP9, sLBP8 and sLBP6
possessed the better efficacy.

In order to verify the results in vitro and select a sLBP with
strongest activity and optimal modification conditions, the antioxi-
dant activities in vivo of above-mentioned three sLBPs were further
determined. GSH-Px and SOD are the major enzymes in free radical-
scavenging system of organism. The thiol of GSH-Px can combine
with ROS thus protect tissue cells by inhibiting the formation of
lipid peroxide. SOD can dismutate O2

−· to form H2O2, that is further
disintegrated into H2O under the action of GSH-Px thus scavenge
the free radical (Cui, Yuan, & Zhang, 2010; Lv, Gu, Tang, & Ho, 2007).
In many degenerative diseases the activity of GSH-Px and SOD are
inhibited (Moron, Dipierre, & Mannervik, 1979). The results of the
test in vivo showed that the serumal GSH-Px and SOD in three
sLBPs groups at all time points, the GSH-Px activity in LBP group
on D7–D14 and the SOD activity in LBP group on D14 and D28 were
significantly higher than those in BC group, this indicated that three
sLBPs and LBP had stronger antioxidative activity in vivo. At all
time points the GSH-Px activity in sLBP6 and sLBP9 groups and
the SOD activity in three sLBPs groups, and on D7 and D21–D28 the
GSH-Px activity in sLBP8 group were significantly higher than that
in unmodified LBP group, the GSH-Px activity in sLBP9 group on
D7–D14 and in sLBP6 group on D21–D28, the SOD activity in sLBP9
group on D7 and in sLBP6 groups on D14–D28 were the highest,
these indicated that selenylation modification could significantly
enhance the antioxidant activity of LBP in vivo, sLBP6 possessed
the best efficacy.

MDA  is the main product of lipid peroxidation and can reflect
the change of oxidative damage and antioxidation (Rotruck et al.,
1973). This experimental results showed that at all time points the
serum MDA  contents in three sLBPs groups were significantly lower
than those in BC group and in LBP group on D14–D28 were sig-
nificantly lower than those in BC group, this indicated that three
sLBPs and LBP had stronger antioxidative activity in vivo. The MDA
contents in sLBP6 group on D14–D28 and in sLBP8 and sLBP9 groups
on D21–D28 were significantly lower than those in unmodified LBP
group, in sLBP6 group at all time points were the lowest and on
D14–D28 were significantly lower than those in sLBP8 and sLBP9
groups, these also indicated selenylation modification could signif-
icantly enhance the antioxidant activity in vivo of LBP, and sLBP6
possessed the best efficacy.

Our previous study confirmed that the activity of selenizing
polysaccharide was correlated, but not all positively correlated,
with its selenium content and carbohydrate content (Qin et al.,
2013). This study found that sLBP6 presented strongest antioxi-
dant activities both in vitro and vivo, the next was sLBP8 and sLBP9.

Among the nine sLBPs, the selenium content and carbohydrate con-
tent of sLBP6 were the highest, while the selenium content and
carbohydrate content of sLBP9 were arranged respectively in sec-
ond and third place, and the carbohydrate content and selenium
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ontent of sLBP8 were arranged respectively in second and fifth
lace, the antioxidant activities of sLBP8 and sLBP9 were lower than
hat of sLBP6. From further analysis it could be found that sele-
ium content of sLBP5 and sLBP3 were higher than sLBP8, but the
ntioxidant activities in vitro were lower than sLBP8; the carbohy-
rate content of unmodified LBP was much higher than those of
ll sLBPs, but its antioxidant activity was much lower than those of
LBPs. From this it could be seen that selenizing polysaccharide with
tronger antioxidatnt activity required the combination of higher
elenium content with higher carbohydrate content.

In conclusion, selenylation modification can significantly
nhance the antioxidant activity of LBP, sLBP6 presented best
fficacy and could be as a component drug of polysaccharide antiox-
dants, its modification conditions could be used as the optimal
onditions to enhance antioxidant activity of LBP, that was  400 mg
f sodium selenite for 500 mg  of LBP, the reaction temperature of
0 ◦C and the reaction time of 6 h.
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