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The antioxidant activities of exopolysaccharides (EPS) from endophytic bacterium Paenibacillus polymyxa
EJS-3 were evaluated by various methods in vitro and in vivo. In antioxidant assays in vitro, both crude EPS
and its purified fractions (EPS-1 and EPS-2) were found to have moderate 2,2-diphenyl-1-picrylhydrazyl
radical scavenging activity, hydrogen peroxide scavenging activity, lipid peroxidation inhibition effect,
and strong ferrous ion chelating activity. And the antioxidant activities in vitro of EPS decreased in the
order of crude EPS > EPS-2 > EPS-1. In antioxidant assays in vivo, mice were subcutaneously injected with
D-galactose (D-Gal) for 6 weeks and administered EPS-1 via gavage simultaneously. As a result, admin-
istration of EPS-1 significantly increased the thymus and spleen indices of p-Gal induced aging mice.
Moreover, EPS-1 administration significantly enhanced the activities of antioxidant enzymes and total
antioxidant capacity and decreased the levels of malondialdehyde in both serums and livers of aging
mice. These results suggested that EPS had potent antioxidant activities and could be explored as novel
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1. Introduction

Increasing evidence highlights that reactive oxygen species
(ROS) and oxygen-derived free radicals may contribute to a vari-
ety of pathological effects (e.g. DNA damages, carcinogenesis and
cellular degeneration) and induce many diseases including aging,
cancer, atherosclerosis, diabetes and rheumatoid arthritis (Finkel &
Holbrook, 2000; Seifried, Anderson, Fisher, & Milner, 2007; Valko
et al., 2007). Thus, it is essential to develop and utilize effective
and natural antioxidants so that they can protect the human body
from free radicals and retard the progress of many chronic diseases.
In the search of newer and more effective natural antioxidants,
a number of polysaccharides obtained from plants, animals and
microorganisms have been demonstrated to possess potent antiox-
idant activities and to be explored as novel potential antioxidants
(Fan et al., 2009; Lin, Wang, Chang, Inbaraj, & Chen, 2009; Luo &
Fang, 2008; Qiao et al., 2009).

Recently, we have reported the culture conditions, structural
characterization and antioxidant activities in vitro of exopolysac-
charides (EPS) from endophytic bacterium Paenibacillus polymyxa
EJS-3 isolated from the root tissue of Stemona japonica (Blume)
Miquel, a traditional Chinese medicine (Liu et al., 2009, 2010; Lu
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et al.,, 2007). We found that P. polymyxa EJS-3 could produce a high
level of EPS (35.26 g/L) with strong scavenging activity on superox-
ide and hydroxyl radicals in vitro (Liu et al., 2009). In addition, the
purified EPS fractions (EPS-1 and EPS-2) have been demonstrated to
be levan type polysaccharides (Liu et al., 2010). In order to evaluate
the antioxidant activity of EPS from P. polymyxa EJS-3 systemati-
cally, the other antioxidant activities of EPS in vitro were further
investigated by measuring 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical and hydrogen peroxide (H,0, ) scavenging activity, ferrous
ion (Fe2*) chelating activity, lipid peroxidation inhibition effect, and
ferric reducing antioxidant power (FRAP). Moreover, the potential
antioxidant activity of EPS-1 in vivo was investigated by using the
D-galactose (D-Gal) induced aging mice model since EPS-1 was the
main fraction (53.6%) of crude EPS from P. polymyxa EJS-3.

2. Materials and methods
2.1. Materials and reagents

Crude EPS and its purified fractions of EPS-1 and EPS-2 were
prepared as described in our previous report (Liu et al., 2009).
DPPH, ferrozine, p-Gal, and 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ)
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Commercial kits used for determination of superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), catalase (CAT), protein,
malondialdehyde (MDA), and total antioxidant capacity (TAOC)
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were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). All other reagents were of analytical grade.

2.2. Assay of antioxidant activities in vitro of EPS

2.2.1. Assay of DPPH radical scavenging activity

The DPPH radical scavenging activity was assayed accord-
ing to the method of Shimada, Fujikawa, Yahara, and Nakamura
(1992) with some modifications. Briefly, 0.2 ml of DPPH solution
(0.4mM DPPH in methanol) was mixed with 1.0ml of sample
(0.1-4.0 mg/ml) and 1.8 ml of water. The mixture was shaken vig-
orously and allowed to stand at room temperature for 30 min. Then,
the absorbance of the mixture was measured at 517 nm. Vitamin C
(Vc) was used as the positive control. The DPPH radical scavenging
activity was calculated by the following formula:

1—-(A; —Ap)

Scavenging activity (%) = — a x 100 (1)

0
where Ag is the absorbance of the control (water instead of sample),
A1 is the absorbance of the sample, and A, is the absorbance of the
sample only (water instead of DPPH).

2.2.2. Assay of H,0, scavenging activity

The H,0, scavenging activity was determined according to the
method of Ruch, Cheng, and Klauning (1989) with some modifi-
cations. The mixture containing 1.0 ml of sample (0.1-4.0 mg/ml),
2.4ml of phosphate buffer (0.1M, pH 7.4) and 0.6ml of H,0,
solution (40 mM) was shaken vigorously and incubated at room
temperature for 10 min. Then, the absorbance of the reaction mix-
ture was determined at 230 nm. V¢ was used as the positive control.
The H,0, scavenging activity was calculated as follows:

1—(A; —Ay)

Scavenging activity (%) = )
0

x 100 (2)
where Ag is the absorbance of the control (water instead of sample),
A1 is the absorbance of the sample, and A, is the absorbance of the
sample only (water instead of H,0, solution).

2.2.3. Assay of Fe2* chelating activity

The Fe?* chelating activity was determined according to the
method of Liu, Wang, Xu, and Wang (2007). The reaction mix-
ture, containing 1.0 ml of sample (0.1-4.0 mg/ml), 0.05 ml of ferrous
chloride (FeCly) solution (2mM), 0.2ml of ferrozine solution
(5mM) and 2.75 ml of water, was shaken vigorously and incubated
at room temperature for 10 min. The absorbance of the mixture
was then measured at 562 nm. Ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na) was used as the positive control. The
Fe2* chelating activity was calculated by the following formula:

1-A;—A,
Ao
where Ag is the absorbance of the control (water instead of sample),

A1 is the absorbance of the sample, and A; is the absorbance of the
sample only (water instead of FeCl, solution).

Chelating activity (%) = x 100 3)

2.2.4. Assay of lipid peroxidation inhibition effect

The lipid peroxidation inhibition effect was determined by thio-
barbituric acid-reactive-substances (TBARS) assay using mouse
liver homogenate as the lipid rich media with some modifica-
tion (Yen & Hsieh, 1998). Briefly, 1.0 ml of sample (0.1-4.0 mg/ml)
was mixed with 1.0ml of 1% liver homogenate (each 100 ml
homogenate solution contains 1.0g mouse liver), then 0.05ml
of FeCl, (0.5mM) and H;0, (0.5mM) were added to initiate
lipid peroxidation. After incubation at 37°C for 60 min, 1.5 ml of
trichloroacetic acid (20%, w/v) and 1.5ml of thiobarbituric acid
(TBA) solution (0.8%, w/v) were added to quench the reaction. The

resulting mixture was heated at 100°C for 15 min, and then cen-
trifuged at 4000 rpm for 10 min. The absorbance of the upper layer
was measured at 532 nm.V¢ was used as the positive control. The
inhibition effect on lipid peroxidation was calculated as follows:

1-A;—A

Inhibition effect (%) = "
0

x 100 (4)
where Ag is the absorbance of the control (water instead of sample),
A1 is the absorbance of the sample, and A, is the absorbance of the
sample only (water instead of liver homogenate).

2.2.5. Assay of FRAP

The FRAP assay was determined according to the method of
Benzie and Strain (1996) with some modifications. Briefly, the FRAP
reagent was freshly prepared by mixing 100 ml of acetate buffer
(0.3 M, pH 3.6), 10 ml of TPTZ solution (10 mM TPTZ in 40 mM HCI)
and 10 ml of FeCl3 (20 mM). Then, 1.0 ml of sample (0.1-4.0 mg/ml)
was added to 5.0ml of FRAP reagent, and the reaction mixture
was incubated at 37 °C for 10 min. The absorbance of the mixture
was measured at 593 nm. FeSO,4 solutions ranging from 0.05 mM
to 0.3 mM were used to perform the calibration curve. V¢ was
used as the positive control. The antioxidant power of sample
was calculated from the calibration curve of FeSO4 solution and
expressed as mmol FeSO4 equivalent per gram of sample on dry
weight.

2.3. Assay of antioxidant activities in vivo of EPS-1

2.3.1. Animals and experimental design

Male Kunming mice (weighing 20+ 2 g, 8 weeks old) were pur-
chased from Laboratory Animal Center of Academy of Military
Medical Sciences (Beijing, China). Mice were housed in cages at an
ambient temperature of 21 4 1 °C with 50-60% relative humidity in
a 12 h light/dark cycle. They had free access to the standard pellet
diet and drinking water during the experiments. After adaptation
for one week, the mice were randomly divided into six groups (six
mice per group): normal control group (NCG), b-Gal aging control
group (ACG), V¢ positive control group (PCG) and EPS-1 treatment
groups. Mice in NCG were fed with physiological saline (10 ml/kg
body weight per day) by gavage and subcutaneous injection. Mice in
ACG were fed with physiological saline (10 ml/kg body weight per
day) by gavage and p-Gal (100 mg/kg body weight per day) by sub-
cutaneous injection. Mice in PCG were fed with V¢ (100 mg/kg body
weight per day) by gavage and p-Gal (100 mg/kg body weight per
day) by subcutaneous injection. Mice in EPS treatment groups were
respectively fed with EPS-1 in three different doses (100, 200 and
400 mg/kg body weight per day) by gavage and p-Gal (100 mg/kg
body weight per day) by subcutaneous injection. All groups were
performed once daily for 42 consecutive days.

2.3.2. Biochemical assay

Twenty-four hours after the last drug administration, mice were
weighed and sacrificed. Blood samples were collected and cen-
trifuged at 4000 x g at 4°C for 10 min to afford the serums. The
liver was removed rapidly, washed and homogenized in ice-cold
physiological saline to prepare 10% (w/v) homogenate. Then, the
homogenate was centrifuged at 4000 x g at 4°C for 10 min to
remove cellular debris, and the supernatant was collected for anal-
ysis. The thymus and spleen were also excised from mice and
weighed immediately to afford the index of spleen and thymus.
The thymus and spleen indices were calculated by the following
formula:

Thymus or spleen index (mg/g) = Weight gg;gyvré?gsk?tr spleen

(5)
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Fig. 1. The DPPH radical (A) and H,0; (B) scavenging activities of crude EPS, EPS-
1 and EPS-2 from P. polymyxa EJS-3 with V¢ as the positive control. Data were
presented as means + SD of triplicates.

The biochemical assays were carried out according to the
instructions of kits purchased from Nanjing Jiancheng Bioengi-
neering Institute. Briefly, SOD activity was measured through the
inhibition of hydroxylamine oxidation by the superoxide radi-
cals generated in the xanthine-xanthine oxidase system. GSH-Px
activity was measured on the basis of the reaction of GSH and 5,5'-
dithiobis-(2-nitrobenzoic acid). CAT activity was determined by
measuring the absorbance of the yellow H, O,-ammonium molyb-
date complex at 405 nm. TAOC was measured by FRAP assay. All
above activities were expressed as unit per milliliter (U/ml) in
serum or unit per milligram of protein (U/mg protein) in liver.
In addition, MDA level was measured by the TBARS method and
expressed as nmol per milliliter (nmol/ml) in serum or nmol per
milligram of protein (nmol/mg protein) in liver. The protein con-
tent in liver supernatant was determined by the Bradford method
using bovine serum albumin as the standard.

2.4. Statistical analysis

Data were expressed as mean =+ standard deviation (SD). The
Duncan test and one-way analysis of variance (ANOVA) were used
for multiple comparisons by the SPSS 13.0 software package. Dif-
ference was considered to be statistically significant if P<0.05.

3. Results and discussions
3.1. Antioxidant activities in vitro of EPS

3.1.1. DPPH scavenging activity of EPS

The model of scavenging DPPH radical is a widely used method
to evaluate the free radical scavenging activities of antioxidants
(Yuan et al,, 2005a). In the DPPH assay, the antioxidants are able
to reduce the stable DPPH radical (purple) to the non-radical form
DPPH-H (yellow). The DPPH scavenging activities of antioxidants
are attributed to their hydrogen donating abilities.

As shown in Fig. 1(A), the scavenging activities on DPPH radicals
of crude EPS, EPS-1, and EPS-2 increased with the increase of con-

centrations for all the samples. At a concentration of 4.0 mg/ml, the
DPPH scavenging activities for crude EPS, EPS-1, and EPS-2 were
45.40%, 33.74%, and 38.04%, respectively. It should be noted that
the scavenging activity of crude EPS was higher than its purified
fractions of EPS-1 and EPS-2 (P< 0.05). This was probably due to the
presence of other antioxidant components in the crude EPS, such as
proteins, amino acids, peptides, organic acids and microelements.
In addition, the scavenging activity of EPS-2 was higher than that
of EPS-1 (P<0.05), which was probably due to the differences in
the monosaccharide composition and molecular weight between
them. In our previous report, EPS-1 was found to be composed of
mannose, fructose and glucose in a molar ratio of 2.59:29.83:1 with
molecular weight of 1.22 x 106 Da, whereas EPS-2 was composed
of mannose, fructose and glucose in a molar ratio of 4.23:36.59:1
with molecular weight of 8.69 x 10° Da (Liu et al., 2009). It should
be noted that the scavenging activities of all the polysaccharide
samples tested were much lower than that of V¢ (P<0.05). These
results indicated that EPS had moderate DPPH scavenging activi-
ties. And the scavenging activities of EPS on DPPH radicals were
probably due to their hydrogen donating abilities.

3.1.2. H,0, scavenging activity of EPS

It has been reported that H,O, plays an important role as the
radical-forming intermediate in the production of ROS molecules
(Barbouti, Doulias, Nousis, Tenopoulou, & Galaris, 2002). Although
H,0, is not very reactive, its high penetrability in cellular mem-
brane leads to hydroxyl radical formation when it reacts with Fe2*
or superoxide anion radical in the cell (Liu et al., 2007). Thus, H, 0,
is considered as one of main inducers of cellular aging and could
attack many cellular energy-producing systems.

As depicted in Fig. 1(B), crude EPS, EPS-1 and EPS-2 all exerted
concentration-dependent H,0, scavenging activities. At a concen-
tration of 4.0 mg/ml, the H,0, scavenging activities for crude EPS,
EPS-1 and EPS-2 were 43.17%, 31.67% and 38.61%, respectively.
However, V¢ exhibited a much higher H,0, scavenging activity of
96.1% at 0.1 mg/ml (P<0.05). The results suggested that EPS had
moderate H,O, scavenging activities.

3.1.3. Fe?* chelating activity of EPS

The Fe2* chelating activity is also considered as an important
antioxidant property. The transition metal of Fe2* can stimulate
lipid peroxidation by generating hydroxyl radicals through Fenton
reaction and accelerate lipid peroxidation by decomposing lipid
hydroperoxides into peroxyl and alkoxyl radicals, thereby driv-
ing the chain reaction of lipid peroxidation (Benedet & Shibamoto,
2008). It has been recognized that chelating agents may inhibit
lipid oxidation by stabilizing transition metals. In the Fe%* chelat-
ing assay, the chelating activities of the antioxidants are assayed by
inhibiting the formation of red-colored ferrozine-Fe%* complex.

As shown in Fig. 2(A), the Fe2* chelating activities of crude EPS,
EPS-1 and EPS-2 were all concentration related. At a concentration
of 1.0 mg/ml, chelating activities for crude EPS, EPS-1 and EPS-2
were 92.4%, 81.1% and 86.5%, respectively. Notably, EDTA-2Na was
an excellent chelating agent for Fe2* and its chelating activity was
98.4% at 0.1 mg/ml. The results showed that EPS exhibited strong
FeZ* chelating activities at high concentrations. It has been reported
that compounds with metal chelating activities usually contain two
or more of the following functional groups: —-OH, -SH, -COOH,
-PO3H,, C=0, -NR;, -S- and -O- (Yuan, Bone, & Carrington, 2005).
EPS-1 and EPS-2 were both levan type polysaccharides, which were
mainly composed of 3-(2— 6)-linked B-D-fructofuranosyl residues
backbone with (2— 1)-linked branches (Liu et al., 2010). Accord-
ingly, the Fe?* chelating activities of EPS were partially due to the
presences of -OH and -O- groups in their structures. And the exact
mechanism should be further investigated.



J. Liu et al. / Carbohydrate Polymers 82 (2010) 1278-1283 1281

Fig. 2. The Fe?* chelating activities (A) and lipid peroxidation inhibition effects (B)
of crude EPS, EPS-1 and EPS-2 from P. polymyxa EJS-3 with EDTA-2Na and V¢ as the
positive control. Data were presented as means + SD of triplicates.

3.1.4. Lipid peroxidation inhibition effect of EPS

Lipid peroxidation is an oxidative alteration of polyunsaturated
fatty acids in the cell membranes that generates a number of
degradation products (Abuja & Albertini, 2001). MDA is one of the
products of lipid peroxidation, which can react with TBA, yielding a
pinkish red chromogen with the maximum absorbance at 532 nm.
In the present study, FeCl,-H,0, system was used to induce lipid
peroxidation in mouse liver homogenate.

The lipid peroxidation inhibition effects of crude EPS, EPS-1
and EPS-2 increased with the increase of sample concentrations
as shown in Fig. 2(B). At a concentration of 4.0 mg/ml, the inhibi-
tion effects of crude EPS, EPS-1 and EPS-2 were 55.07%, 41.45% and
50.43%, respectively. As the positive control, V¢ showed a plateau of
inhibition effect ranging from 69.28% to 71.59% at 0.1-4.0 mg/ml.
These results indicated that EPS had moderate inhibition effects
on lipid peroxidation compared with Vc. It has been reported
that the inhibition effects on lipid peroxidation of antioxidants
might be attributed to their scavenging abilities on hydroxyl rad-
ical and H,0, produced by FeCl,-H,0, in the reaction system
(Wang, Gao, Zhou, Cai, & Yao, 2008). On the other hand, Liu et al.
(2007) suggested that the inhibition effects on lipid peroxidation
of polysaccharides were due to their metal ion chelating activi-
ties, which could interfere with the free radical reaction chains. In
the present study, EPS were found to have scavenging abilities on
hydroxyl radical and H, 0, as well as metal ion chelating activities.
In our opinion, therefore, the lipid peroxidation inhibition effects
of EPS were attributed to their FeZ* chelating abilities as well as
hydroxyl radical and H,0, scavenging abilities.

3.1.5. FRAP of EPS

FRAP assay is a simple and direct way to measure antioxidant
capacity. It is based on the ability of antioxidant to reduce Fe3* to
Fe2* in the presence of TPTZ forming an intense blue Fe2*-TPTZ
complex with an absorption maximum at 593 nm (Benzie & Strain,
1996). The reducing potentials of antioxidants are associated with
their electron donating abilities to break the free radical chain reac-
tions.

In the present study, FRAP value was applied to evaluate the
antioxidant power of EPS. Based on the calibration curve of FeSO,

Table 1
Effects of EPS-1 on spleen and thymus indices in Gal induced aging mice.2.

Group Dose (mg/kg) Thymus index (mg/g) Spleen index (mg/g)
NCG 3.57 £ 024 344 + 022

ACG 3.18 + 0.29° 3.03 + 0.27°

PCG 100 3.51 £ 0.58 3.71 + 0.30¢

EPS-1 100 100 343 +0.26 3.49 £ 0.39¢

EPS-1 200 200 3.58 + 0.15¢ 456 + 0.41¢

EPS-1 400 400 3.72 + 0.26¢ 4.50 + 0.57¢

@ Data were presented as means + SD (n=6) and evaluated by one-way ANOVA.
Differences were considered to be statistically significant if P<0.05.

b P<0.05, compared with NCG.

¢ P<0.05, compared with ACG.

d p<0.01, compared with ACG.

solution, the FRAP values for crude EPS, EPS-1 and EPS-2 were
calculated to be 10.79, 3.37, and 4.38 mM FeSO4/g, respectively.
However, V¢ showed a much higher FRAP value of 11,919 mM
FeSO4/g, suggesting that the antioxidant power of V¢ was much
stronger than that of EPS. The results indicated that EPS might act
as electron donors and react with free radicals to convert them into
more stable products to terminate the free radical chain reactions.

3.2. Antioxidant activities in vivo of EPS-1

3.2.1. Establishment of D-Gal induced aging mice model

In the present study, the p-Gal induced aging mice model was
used to evaluate the antioxidant activity in vivo of EPS-1. p-Gal
is a reducing sugar, which can be metabolized by p-galactokinase
and galactose-1-phosphate uridyltransferase in animals. However,
overdose of D-Gal beyond the capacities of those two enzymes
will allow aldose reductase to catalyze the accumulated p-Gal into
galactitol, which cannot be metabolized and will accumulate in the
cell, leading to osmotic stress and generation of ROS (Hsieh, Wu, &
Hu, 2009).In addition, p-Gal can react with the free amines of amino
acids in proteins and peptides to form advanced glycation endprod-
ucts (AGE). The accumulated AGE in vivo can also accelerate the
aging process (Song, Bao, Li, & Li, 1999). In order to establish the p-
Gal induced aging mice model, mice were subcutaneously injected
with p-Gal (100 mg/kg body weight per day) for 6 weeks and simul-
taneously administered with physiological saline via gavage in this
study. As shown in Table 1, the spleen and thymus indices of mice
in ACG decreased remarkably compared to NCG, indicating that the
immune function was diminished when the mice were treated with
D-Gal. Furthermore, D-Gal injected mice in ACG showed a marked
increase in the MDA level and significant decreases in the activi-
ties of SOD, CAT, GSH-Px and TAOC in both serums and livers as
compared to NCG (Tables 2 and 3). It has been reported that the
aging mice model, induced by high p-Gal diets or D-Gal injection,
shows neurological impairment, increased production of free radi-
cals, decreased activities of antioxidant enzymes and poor immune
responses in mice (Song et al., 1999; Zhong, Ge, Qu, Li, & Ma, 2009).
Thus, the results suggested that the aging mice model in the present
study was established successfully.

3.2.2. Effect of EPS-1 on thymus and spleen indices in D-Gal
induced aging mice

It is well known that thymus and spleen are important immune
organs, and the thymus and spleen indices could partially reflect the
immune function of the organism. As shownin Table 1, mice treated
with EPS-1 and V¢ at the dose of 100 mg/kg showed a significant
increase in spleen index compared to ACG. In addition, mice treated
with EPS-1 at the dose of 200 and 400 mg/kg showed a marked
increase in thymus and spleen indices compared to ACG. However,
the treatment of EPS-1 and V¢ at the dose of 100 mg/kg had no
significant effect on thymus index compared to ACG. These results
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Table 2

Effects of EPS-1 on the activities of SOD (U/ml), CAT (U/ml), GSH-Px (U/ml), TAOC (U/ml) and levels of MDA (nmol/ml) in serums of Gal induced aging mice.?.
Group SOD CAT GSH-Px TAOC MDA
NCG 263.47 + 27.72 49.46 + 6.39 5096.25 + 548.33 27.85 + 2.66 1233 £ 1.24
ACG 191.09 + 29.75Y 33.57 + 3.09° 4059.38 + 214.36° 21.99 + 2.09° 15.99 + 1.88P
PCG 237.99 + 20.29¢ 54.28 + 6.82¢ 4767.81 + 468.954 26.39 + 0.91¢ 11.54 + 1.10¢
EPS-1 100 209.52 + 21.37 40.05 + 4.49¢ 4577.34 + 179.374 24.36 + 2.64 10.17 + 1.664
EPS-1 200 265.62 + 24.30¢ 60.67 + 5.59¢ 5835.94 + 189.55¢ 28.47 + 1634 9.84 + 0.86¢
EPS-1 400 303.47 + 35.554 65.79 + 6.13¢ 5790.94 + 103.15¢ 29.50 + 2.57¢ 8.52 + 0.59¢

Data were expressed as means + SD (n=6) and evaluated by one-way ANOVA. Differences were considered to be statistically significant if P<0.05.

a

b p<0.01, compared with NCG.
¢ P<0.05, compared with ACG.
d P<0.01, compared with ACG.

Table 3

Effects of EPS-1 on the activities of SOD (U/mg protein), CAT (U/mg protein), GSH-Px (U/mg protein), TAOC (U/mg protein) and levels of MDA (nmol/mg protein) in livers of

Gal induced aging mice.?.

Group SOD CAT GSH-Px TAOC MDA

NCG 489.84 + 27.59 47.12 + 3.30 708.57 + 22.71 1.18 + 0.07 2.20 £ 0.15
ACG 375.00 + 46.00° 35.12 + 4.95° 585.24 + 43.87° 0.87 + 0.07° 2.77 + 0.39°
PCG 432.58 + 41.45¢ 4823 + 4.114 690.04 + 56.45¢ 1.27 + 0.10¢ 1.91 £ 0.28¢
EPS-1 100 466.80 + 31.414¢ 46.41 + 3.644 657.52 + 75.54 1.29 + 0.144 1.76 + 0.28¢
EPS-1 200 525.19 + 56.601 51.75 + 5.82¢ 740.98 + 47.014 1.76 + 0.12¢ 1.37 £ 0.11¢
EPS-1 400 532.93 + 32.52¢ 55.86 + 6.49¢ 785.34 + 60.84¢ 1.97 + 0.06¢ 1.34 + 0.22¢

Data were expressed as means + SD (n=6) and evaluated by one-way ANOVA. Differences were considered to be statistically significant if P<0.05.

a

b P<0.01, compared with NCG.
¢ P<0.05, compared with ACG.
d P<0.01, compared with ACG.

suggested that middle and high doses of EPS-1 might stimulate the
immune mechanism of aging mice.

3.2.3. Effect of EPS-1 on the activities of antioxidant enzymes in
serums and livers of D-Gal induced aging mice

One of the aging theories is the free radical damage hypothesis
which states that the generation of ROS or free radicals can lead to
cell and tissue damage paralleled by alterations in the function of
genetic apparatus, resulting in aging and untimely cell death (Hsieh
et al.,, 2009; Zhang et al., 2003). SOD, GSH-Px and CAT are the most
important antioxidant enzymes to inhibit free radical formation
and usually used as biomarkers to indicate ROS production. Effects
of EPS-1 and V¢ on activities of SOD, CAT and GSH-Px in serums
and livers of aging mice were shown in Tables 2 and 3. In both
serums and livers, EPS-1 at the dose of 200 or 400 mg/kg and V¢
treatment groups significantly increased the activities of antiox-
idant enzymes (SOD, CAT and GSH-Px) as compared to ACG. The
enhanced activities of antioxidant enzymes may provide an effec-
tive defense from the damaging effects of free radicals. As reported,
the enhanced activities of antioxidant enzymes were partially due
to the increased mRNA expression of these enzymes (Zhong, Yan,
Lim, & Oberley, 1999). Furthermore, the improved activities of the
antioxidant enzymes may be closely related to the immune activity
of polysaccharide (Yuan et al., 2009). Certainly, the exact mecha-
nism of EPS-1 on the activities of antioxidant enzymes needs to be
further investigated.

3.2.4. Effect of EPS-1 on the levels of MDA in serums and livers of
D-Gal induced aging mice

Lipid peroxidation is the process that involves the chain reac-
tions of free radicals with polyunsaturated fatty acid. These
reactions lead to hydroperoxide generation and lipid breakdown
into lower molecular weight fragments such as ketones, alcohol,
hydrocarbon, acids and epoxides. Therefore, inhibition of lipid per-
oxidation is of great importance in disease processes involving free
radicals (Abuja & Albertini, 2001). As MDA is a naturally occurring
product of lipid peroxidation, the level of MDA was measured in
the present study. As shown in Tables 2 and 3, the levels of MDA in

EPS-1 and V¢ treatment groups all decreased significantly in both
serums and livers. The results indicated that the administration of
EPS-1 and V¢ resulted in effective inhibition effects on lipid peroxi-
dation in aging mice. Notably, although EPS-1 showed much lower
lipid peroxidation inhibition effect than V¢ in vitro, EPS-1 exhibited
similar or stronger inhibition effects than V¢ in vivo at the same
concentration. This result was consistent with that of many other
investigators (Anderson & Phillips, 1999; Fardet, Rock, & Rémésy,
2008). It was probably due to the differences in the affecting fac-
tors of antioxidant activities between in vitro and in vivo assays.
In antioxidant assay in vitro, the chemical composition of culture
media and the dose of the compound are major factors affecting
the antioxidant activities (Anderson & Phillips, 1999). However, in
antioxidant assay in vivo, numerous factors including digestibility,
bioavailability and metabolism of the compound may influence the
antioxidant activities. In addition, antioxidant assay in vitro usually
ignores the biological actions in vivo, such as the activities of antiox-
idant enzymes, the oxidative-related metabolic pathways as well as
the activation or repression of gene expression of antioxidant com-
pounds and enzymes (Fardet et al., 2008). Therefore, antioxidant
assays in vivo are more essential to evaluate the real antioxidant
potential of a compound.

3.2.5. Effect of EPS-1 on TAOC in serums and livers of b-Gal
induced aging mice

TAOC reflects the capacity of the non-enzymatic antioxidant
defense system. In the present study, FRAP assay was used to eval-
uate the TAOC of antioxidants in vivo. As shown in Tables 2 and 3,
EPS-1 and V¢ increased effectively the TAOC levels in both serums
and livers, indicating that the non-enzymatic antioxidant defense
system of aging mice had been enhanced. Furthermore, EPS-1
showed similar or higher TAOC level than V¢ in antioxidant in vivo
assay at the same concentration. This result was not consistent with
that of antioxidant in vitro assay, and the reasons should be the
same as mentioned above (Section 3.2.4). In addition, the improved
TAOC by EPS-1 might also be due to the increase of non-enzymatic
antioxidants in vivo, such as glutathione, thiols, some vitamins and
metals (Seifried et al., 2007).
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4. Conclusion

In the present study, both in vitro and in vivo antioxidant activ-
ities of EPS from P. polymyxa EJS-3 have been investigated. EPS
showed moderate DPPH radical scavenging activity, H,O, scav-
enging activity, lipid peroxidation inhibition effect, and strong
Fe2* chelating activity. Furthermore, antioxidant assays in vivo
demonstrated that EPS-1 administration significantly increased
the activities of antioxidant enzymes, decreased MDA levels and
improved TAOC in serums and livers of b-Gal induced aging mice.
Notably, EPS-1 exhibited similar or strong lipid peroxidation inhi-
bition effects and similar or higher TAOC level than V¢ in vivo,
probably due to the differences in the affecting factors of antiox-
idant activities between in vitro and in vivo assays. These results
suggested that EPS from P. polymyxa EJS-3 had potent antioxidant
activities and could be utilized as new natural antioxidant in food
and therapeutics.
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