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A neutral polysaccharide (EAP-1N) and an acidic polysaccharide (EAP-2A) were purified from Epimedium
acuminatum by DEAE-52 cellulose anion-exchange chromatography and gel-filtration chromatog-
raphy. Their structures were characterized by chemical composition analysis, high-performance
size exclusion chromatography (HPSEC), Fourier transform infrared spectrometry (FT-IR), and gas
chromatography-mass spectrometry (GC-MS). Further, their antioxidant activities were investigated
both in vitro and in vivo. Results showed that EAP-2A had higher uronic acid content and larger aver-
age molecular weight than EAP-1N. Compared with EAP-1N, EAP-2A exhibited significantly scavenging
activities against free radical in vitro, as well as strongly stimulating effect on antioxidant enzyme activ-
ities (including superoxide dismutases (SOD), catalases (CAT), and glutathione peroxidases (GSH-PX))
and preferably inhibitory effect on lipid peroxidation and protein carboxyl in the mode of Caenorhabditis
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1. Introduction

Reactive oxygen species (ROS), the generic term for chemically
reactive molecules containing oxygen, are continuously pro-
duced as byproducts of normal mitochondrial electron transport
and other metabolism processes (Blasiak, Hoser, Bialkowska-
Warzecha, Pawlowska, & Skorski, 2015; Desouki, Kulawiec, Bansal,
Das, & Singh, 2005). It is believed that low levels of ROS play a critical
roles in maintaining homeostasis, delivering signal and regulat-
ing development. However, high concentrations of ROS are causing
damage to proteins, lipids and nucleic acids (Burdon, 1995; Ngetal.,
2014; Scherz-Shouval & Elazar, 2011). Furthermore, a large amount
of invitro and in vivo evidences suggest that high levels of ROS result
in metabolic disorders such as inflammation, neurodegeneration,
cancer and aging (Halliwell, 2006; Sabharwal & Schumacker, 2014;
Shaw, Werstuck, & Chen, 2014).

Normally, enzymatic and non-enzymatic antioxidant defense
systems maintain ROS under damage threshold in organism.
Antioxidant enzyme system contains superoxide dismutases (SOD),
catalases (CAT), and glutathione peroxidases (GSH-PX). Non-
enzymatic antioxidant system consists of low-molecular weight
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compounds, such as ascorbic acid, ubiquinone, and uric acid
(Sahiner & Cansin Sackesen, 2012; Sies, 1997). Moreover, natural
products, vitamins, polyphenols and polysaccharides can potently
scavenge ROS (Butdak et al., 2014; Griinz et al., 2012; Hazewindus,
Haenen, Weseler, & Bast, 2012). Particularly, polysaccharides iso-
lated from traditional Chinese medicine show increasingly free
radical scavenging activities and organism protecting property
(Jiang et al., 2015; Shen et al., 2014; Wang, Wang, Su, & Zhang,
2014).

Epimedium acuminatum Franch., a perennial herb belongs to
the family Berberidaceae, is widely distributed in China, Japan and
Korean Peninsula (Wu, Lien, & Lien, 2003). In China, Epimedium
has traditionally been used as tonic and aphrodisiac, as well as for
the treatment of amnesia, osteoporosis, lumbago, arthritis, numb-
ness and weakness of the limbs for thousands of years (Guo &
Xiao, 2003; Him-Che, 1985). Accumulating evidences show that
Epimedium polysaccharides exhibit excellent immune enhance-
ment, anticancer and antioxidant activities in vitro, are one of the
most important pharmacological active substances. (Cheng, Feng,
Jiaetal.,2013; Cheng, Feng, Shenetal.,2013; Guoetal.,2012). How-
ever, to our knowledge, a comparative study of the properties and
antioxidant activities between neutral and acidic polysaccharides
purified from Epimedium has not been assessed so far. Therefore,
in the present study, a neutral and an acidic polysaccharides from
Epimedium were obtained by anion-exchange and gel filtration
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chromatography. Their physicochemical properties were charac-
terized by chemical composition, Fourier transform infrared (FT-IR)
spectroscopy, high-performance size exclusion chromatography
(HPSEC), and gas chromatography-mass spectrometry (GC-MS).
Moreover, in vitro antioxidant abilities and in vivo antioxidant abil-
ities based on Caenorhabditis elegans model were also investigated.

2. Materials and methods
2.1. Materials and reagents

The aerial part of E. acuminatum was collected in September
2014 from Ya'an, Sichuan Province. Then, the fresh sample was
washed, dried, and ground into powder with a high speed mill
(FW177, Taisite Instrument Co., Ltd.), and stored in a desiccator
at room temperature.

2,2-Diphenyl-1-picryl-hydrazyl (DPPH), phenazine methosul-
fate (PMS), dihydronicotineamide adenine dinucleotide (NADH),
and nitrobluetetrazolium (NBT) were purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) and
penicillin-streptomycin were purchased from Gibco/BRL (Burling-
ton, Canada). Ethanol, phenol, ferrous sulfate, sodium salicylate,
yeast extract powder, agar, peptone, calcium chloride, cholesterol,
sulphuric acid, glucose and coomassie brilliant blue G-250 were
purchased from the Chengdu Kelong Chemical Factory (Chengduy,
China). All chemicals were analytical grade.

2.2. Extraction and purification of polysaccharides

The dried Epimedium powder was defatted with petroleum ether
(60-90°C), and pretreated with 80% alcohol to remove pigment,
oligosaccharides and some small molecule materials. The organic
solvent was volatilized to obtain preparation sample (Wang, Liu,
Huo, Zhao, Ren, & Wei, 2013; Ye & Jiang, 2011). Then, the crude
Epimedium polysaccharides were extracted with hot distilled water
from the residue and deproteinized by Sevage solution (chloro-
form: butyl alcohol, 4:1) according to a previously reported method
(Cheng, Feng, Jia et al., 2013; Cheng, Feng, Shen et al., 2013).

Crude polysaccharides were redissolved in deionized water, fil-
tered with 0.45-pm millipore filter, loaded on a DEAE-52 cellulose
column (5.0 x40cm) and stepwise eluted with 0, 0.5 and 1.0M
NaCl at a rate of 3 mL/min (6 mL/tube). Total carbohydrate content
of the eluate was determined by the phenol-sulfuric acid method
(Dubois, Gilles, Hamilton, Rebers, & Smith, 1951). The fraction
eluted with distilled water (EAP-1) was collected, concentrated,
dialyzed, dried and further purified through a sephadex G-100 col-
umn (2.0 cm x 50 cm) to obtain the neutral polysaccharide fraction
EAP-1N. The same procedure as described above was implemented
on the fraction eluted with 0.5 M NaCl (EAP-2), obtained the acidic
polysaccharide fraction named EAP-2A.

2.3. Preliminary characterization of EAP-1N and EAP-2A

2.3.1. Chemical properties

Total carbohydrate content of polysaccharides was determined
by the phenol-sulfuric acid colorimetric method, with glucose as
the standard (Dubois et al., 1951). The protein content was quan-
tified using the Bradford method, with bovine serum albumin as
the standard (Wei, Li, & Tong, 1997). The uronic acid content
was assessed by m-hydroxydiphenyl method, with p-galacturonic
acid as the standard (Blumenkrantz & Asboe-Hansen, 1973). The
average molecular weight of polysaccharides was estimated by
high-performance size exclusion chromatography (HPSEC) method
as described (Zeng, Zhang, & Jia, 2014), using a set of dextran

standards (T-10, T-40, T-70, T100, T-200 and T-500) constructed
molecular weight-distribution curve.

2.3.2. Fourier-transform infrared spectroscopy (FI-IR)

The FT-IR spectrum of the polysaccharides was carried out using
a FT-IR spectrophotometer (Shimadzu 8400s, Japan) in the fre-
quency range of 4000-500cm~! via the potassium bromide (KBr)
pressed-disc method (Parikh & Madamwar, 2006).

2.3.3. Monosaccharide composition

Monosaccharide composition of polysaccharides was per-
formed by gas chromatography-mass spectrometry (GC-MS) as
described previously (Shen et al., 2014). Briefly, polysaccharide
sample was hydrolyzed with 3 mL of 3 M trifluoroacetic acid (TFA)
at 100°C for 8 h. Then, the hydrolysate was reduced by NaBH,4
(20 mg) at room temperature for 8 h, and acetylated by acetic anhy-
dride (1 mL) and pyridine (1 mL) at 60 °C for 5 h. Finally, the acetyl
derivative was dissolved in 2 mL chloroform and filtered through
0.22-pm millipore filter before analysis. The sample was analyzed
by gas chromatography-mass spectrometry (GC-MS, QP2010, Shi-
madzu, Japan) equipped with a RTX-5 ms fused silica capillary
column (0.25 pm x 0.25 mm x 30 m). The operation conditions of
GC-MS were as follows: flow rate of the carrier gas (He) was
3 mL/min; the temperature of detector and inlet were 280°C and
250°C; the column temperature program was set changing from
120°C (standing for 3 min) up to 210°C (standing for 4 min) at a
rate of 3°C/min.

2.4. In vitro antioxidant activity assay

2.4.1. DPPH radical scavenging activity

The DPPH radical scavenging activities of polysaccharide frac-
tions were determined according to a previous method (Shen
et al., 2014) with slight modifications. Briefly, 1 mL polysaccharide
sample (0-1.4mg/mL) was added to 2 mL DPPH ethanol solution
(0.2 mM), and then the absorbance was measured at 517 nm after
incubated at 37°C for 30 min. The DPPH radical scavenging effect
was calculated using the following formula:
DPPH scavenging effect (%) = (1 - f\%) x 100
where As is the absorbance of DPPH solution with test sample and
Ac is with replacement ethanol.

2.4.2. Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activities of polysaccharide
fractions were determined according to a previous method (Zhang,
Lv, Jiang, Cheng, & Fan, 2015) with slight modifications. Briefly,
1 mL polysaccharide sample (0-1.4 mg/mL) was mixed with 0.5 mL
FeSO4 (1.5 mM), 0.35 mL H,0, (6 mM) and 0.15 mL sodium sali-
cylate (20 mM), and then the absorbance at 562 nm was measured
after incubated at 37°C for 1h. The hydroxyl radical scavenging
effect was calculated using the following formula:
Hydroxyl radical scavenging effect (%)= (1 - :“—z) x 100
where As is the absorbance of the hydroxylated salicylate complex
with test sample and Ac is with replacement distilled water.

2.4.3. Superoxide radical scavenging activity

The superoxide radical scavenging activities of polysaccha-
ride fractions were determined according to a previous method
(Robak & Gryglewski, 1988) with slight modifications. Briefly,
1 mL polysaccharide sample (0-1.4 mg/mL) was mixed with 3 mL
Tris-HCI (16 mM, pH 8.0) containing 557 wM NADH, 108 wM NBT
and 45 wM PMS, and then the absorbance at 560 nm was measured
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after incubated at room temperature for 5 min. The superoxide rad-
ical scavenging effect was calculated using the following formula:

Superoxide radical scavenging effect(%) = (l - %) x 100

c
where Ag is the absorbance of the reaction solutions with test sam-
ple and Ac is with replacement distilled water.

2.5. Invivo biological activity assay

2.5.1. C.elegans strain and culture conditions

Wild-type C. elegans strain (N2) and Escherichia coli OP50 strain
were obtained from Caenorhabditis Genetics Center (CGC). The C.
elegans were grown and maintained under standard laboratory
conditions at 20 °C on nematode growth medium (NGM) agar plates
fed with E. coli OP50. The synchronized populations were obtained
by sodium hypochlorite treatment of gravid hermaphrodites.

2.5.2. Lethality and growth assay

The toxicity of polysaccharides in C. elegans was performed
according to a previously described method (Zhang et al., 2013).
Briefly, polysaccharides treatment was performed for 24 h from the
stage of L4-larvae for lethality and growth assay. For lethality assay,
C. elegans were judged to be dead if they failed to respond to stim-
ulus using a platinum wire. Growth was evaluated by body length
using an Olympus SZX16 stereo microscope (Olympus Corp., Tokyo,
Japan) with Image-Pro Express software.

2.5.3. Experimental design

In order to evaluate the in vivo antioxidant effect of EAP-1N
and EAP-2A, paraquat, an intracellular ROS generator was used to
induce oxidative stress in C. elegans as described (Sonani, Singh,
Kumar, Thakar, & Madamwar, 2014) with slightly modified. Briefly,
Age-synchronized C. elegans were grown to L4 larva stage on NGM
(containing 50 wM FUDR to block reproduction). Then, young adult
C. elegans were transferred to fresh NGM plates containing 1 mg/mL
polysaccharides and 20mM paraquat (Sigma-Aldrich, St. Louis,
MO) continue to train 24 h. Finally, the C. elegans were harvested,
suspended by sucrose floatation and cleaned from bacteria with M9
buffer.

2.5.4. Antioxidant enzyme activities

The aforementioned C. elegans were suspended in cold homoge-
nized buffer (0.01 M Tris-HCl, 0.0001 M EDTA-2Na, 0.01 M sucrose,
0.8% NaCl) and homogenized by Tissue Lyser (JY-250, Zhejiang,
China). The mixture was centrifuged at 2500 r/min for 10 min at4°C
and upper aqueous layer was transferred to a new EP tube for enzy-
matic assay. SOD, CAT and GSH-PX activities were measured using
commercial chemical assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the methods described in the
instructions. Protein content was determined by the bicinchoninic
acid assay (BCA assay) with bovine serum albumin as standard
(Smith et al., 1985).

2.5.5. Lipid peroxidation and protein carbonyl assay

The lipid peroxide level in the C. elegans was estimated by using
the thiobarbituric acid (TBA) colorimetric method (Esterbauer &
Cheeseman, 1989) to measuring the malondialdehyde (MDA) con-
tent. The absorbance of thiobarbituric acid reactive substance
(TBARS) was measured at 532 nm and its concentration was calcu-
lated using the molar extinction coefficient 1.56 x 10° M~ cm~1.

Protein carbonyl contents were quantificated according to the
2,4-dinitrophenylhydrazone (2,4-DNPH) method as described by
Uchida and Stadtman (1993) based on the formation of protein
hydrazone by protein carboxyl reaction with 2,4-DNPH. Carbonyl

Table 1

Chemical characteristics and average molecular weight of EAP-1N and EAP-2A.
Sample EAP-1N EAP-2A
Carbohydrate (%) 90.95+1.44 83.45+2.08
Protein (%) 0.28+0.05 2.66 +0.09
Uronic acid (%) 0.32+£0.07 9.46 +£0.54
Molecular weight (kDa) 40.17 104.55

content was calculated using the molar absorbance coefficient
(22,000M~1 cm~1) and expressed as nanomoles per milligram pro-
tein.

2.6. Statistical analysis

The data were acquired from three independent experiments
and analyzed statistically by one-way analysis of variance (ANOVA).
All results were expressed as mean + standard deviation (S.D.)

3. Results and discussion
3.1. Isolation and purification of polysaccharides

The crude polysaccharides were extracted from the acrial
parts of E. acuminatum and fractionated by DEAE-52 cellulose
anion-exchange chromatography column. Two fractions (Fig. 1a),
respectively named EAP-1 (distilled water) and EAP-2 (0.5 M Nacl),
were collected, concentrated, dialyzed, lyophilized. Then, they
were purified by gel filtration chromatography of Sephadex G-100,
and EAP-1N and EAP-2A were obtained. As shown in Fig. 1b and c,
both fractions were in a single and symmetrical peak, suggesting
that they were homogeneous polysaccharide.

3.2. Preliminary characterization of polysaccharides

3.2.1. Chemical compositions and molecular weight of EAP-1N
and EAP-2A

The carbohydrate content, protein content, uronic acid content
and molecular weight of EAP-1N and EAP-2A are summarized in
Table 1. Both polysaccharide fractions had quite high carbohydrate
content and extremely low protein content. However, there was
still a significant difference between EAP-1N and EAP-2A in chem-
ical compositions. Especially, uronic acid content of EAP-1N and
EAP-2A were 0.32 and 9.46% respectively, indicating that EAP-1N
was a neutral polysaccharide while EAP-2A was an acidic polysac-
charide. In addition, based on HPSEC results, the average molecular
weights of EAP-2A (104.55 kDa) was higher than that of EAP-1N
(40.17 kDa).

3.2.2. FT-IR spectrum

The FT-IR results indicated that two samples had the polysac-
charides typical peaks within the range of 3600-3000, 3000-2800,
1400-1200 and 1200-700cm~!. As shown in Fig. 2, the strong
and broad intense peak around 3400cm~! was attributed to
0—H stretching vibration while the weak peak at 2926 cm~! was
assigned to C—H (Nep & Conway, 2011). The band near 1600 and
1400cm~! were arisen from C=0 asymmetric stretching vibra-
tion and the absorption peak at 1251 cm~! of EAP-2A was caused
by O—H (COOH) variable angle vibration, which indicated that
EAP-2A was acidic polysaccharide (Liu et al., 2012). These results
were consistent with the fact that EAP-2A had relative high uronic
acid content (Table 1). Furthermore, EAP-1N and EAP-2A exhibited
stronger absorption peak at 1095 and 1074cm~!, which showed
the monosaccharides of both polysaccharides might be existed
as pyranoside (Tadayoni, Sheikh-Zeinoddin, & Soleimanian-Zad,
2015). Additionally, EAP-2A exhibited absorption at 881cm1,



Z. Xu et al. / Carbohydrate Polymers 144 (2016) 122-130 125
a EAP-1
1.0 - - 1.0
g 08 J0sE
= —
o
(=3
g £
S 0.6 CAP-2 H06%
8 =
=1 2
£ E
_—§ 044 —a—A490 nm - 04 §
< NaCl gradient (M) 1 g
0.2 402
00 _— ; . 7/\"‘ — 00
0 20 40 60 80 100 120
‘T'ube number
08 EAP-IN
E /
£ 0.6 2
g /
= .
: \
£ 0.4 o
=]
/ \
< \
0.24 // \
- '\
0.0 ' aay " . :
30 40 50
Tube number
Y EAP-2A
0.8 - /'\
: \
S 0.6 \
* -
z
: \
5 044 " .
K=}
5 / \
2
< ¥ \
0.2 4 / \
i N
0.0 1 T . LB
20 30 40

Tubce number

Fig. 1. (a) Elution profile of Epimedium polysaccharides on DEAE-52 chromatography column with gradient of NaCl solution (0, 0.5, and 1.0 M); (b) elution profile of EAP-1
on Sephadex G-100 gel chromatography column with distilled water; (c) elution profile of EAP-2 on Sephadex G-100 gel chromatography column with distilled water.

Table 2
Monosaccharide composition of EAP-1N and EAP-2A.

Samples Monosaccharide content (molar ratio%)

Arabinose Galactose Glucose Mannose Rhamnose Xylose
EAP-IN  12.24 1.29 26.05 2.59 a 57.01
EAP-2A  9.09 5.68 22.26 6.09 1.67 55.20

2 Not detected.

which suggested the presence of (3-configuration (Barker, Bourne,
Stacey, & Whiffen, 1954).

3.2.3. Monosaccharide composition of EAP-1N and EAP-2A

The monosaccharide composition results of EAP-1N and EAP-
2A are summarized in Table 2. Neutral polysaccharide EAP-1N was
composed of arabinose, galactose, glucose, mannose, and xylose,
with the molar percentages of 12.24, 1.29, 26.87, 2.59, and 57.01%,
respectively. Acidic polysaccharide EAP-2A was mainly composed

of six monosaccharides, i.e., arabinose, galactose, glucose, man-
nose, rhamnose and xylose, with the molar percentages of 9.09,
5.68, 22.26, 6.09, 1.67 and 55.20%, respectively. Xylose was the
major monosaccharide of the two heteropolysaccharides fractions,
which was distinctly different to the monosaccharide compositions
of EAP40-1, EAP60-1 and EAP80-1 from E. acuminatum (Cheng,
Feng, Jia et al,, 2013; Cheng, Feng, Shen et al., 2013). This indi-
cated EAP-1N and EAP-2A were two novel polysaccharide fractions.
The difference of monosaccharide composition between this two
polysaccharides and other E. acuminatum polysaccharides may be
cause by many factors, including extraction technologies, purifica-
tion methods and the sources of the E. acuminatum, etc.

3.3. Invitro antioxidant activities of polysaccharide fractions

3.3.1. DPPH radical scavenging activity
DPPH is a stable radical and appears purple in ethanol, when
DPPH radical accepting a hydrogen (H) atom from scavenger
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Fig. 2. FT-IR spectra of EAP-1N and EAP-2A.

molecules, the colour of its ethanol solution will changes from pur-
ple to yellow with concomitant decrease in absorbance at 517 nm
(Mishra, Ojha, & Chaudhury, 2012). As shown in Fig. 3a, EAP-1N
and EAP-2A displayed concentration-dependent DPPH radical scav-
enging effects. At 1.4 mg/mL, the scavenging activities for EAP-1N
and EAP-2A were 30.69 and 73.31%, respectively. Previous reports
showed that the antioxidant activity of polysaccharides corre-
lated with their monosaccharide composition, uronic acid content,
molecular weight and the type of glycosidic linkage (Seedevi et al.,
2015; Zhang, Wang, Wang, Ma, Ye & Zeng, 2015). EAP-2A exhibited
higher antioxidant activity than EAP-1N, which might be attribute
to its higher uronic acid content and larger molecular weight of
EAP-2A (Ma, Chen, Zhu & Wang, 2013).

3.3.2. Hydroxyl radical scavenging activity

Hydroxyl radical, one of the most harmful and reactive ROS, can
easily across cell membranes and damage lipids, proteins and DNA.
Hence, removing hydroxyl radical is important for protecting liv-
ing system (Lipinski, 2011; Sahiner & Cansin Sackesen, 2012). As
shown in Fig. 3b, the hydroxyl radical scavenging rates of EAP-1N
and EAP-2A increased with sample concentration. At 1.4 mg/mL,
the scavenging activities were 68.69 and 85.13% for EAP-1N and
EAP-2A, respectively. These results indicated both EAP-1N and
EAP-2A exhibited excellent hydroxyl radical scavenging abilities,
which might be related to the number of active hydroxyl groups in
polysaccharides (Guo et al., 2005).

3.3.3. Superoxide radical scavenging activity

Superoxide radical can easily react with other molecules and
further form secondary radicals, such as the hydroxyl radical, per-
oxynitrate, hydrogen peroxide and singlet oxygen (Barroso et al.,
2011; Wootton-Beard & Ryan, 2011). Therefore, the superoxide
radicals scavenging activity is an important indicator of antiox-
idants. As shown in Fig. 3¢, the results demonstrated that the
polysaccharides exhibited obviously superoxide radicals scaveng-
ing activity in a concentration-dependent manner. At 1.4 mg/mL,
the scavengingrates for EAP-1N and EAP-2A were 67.84 and 94.56%.
The strong superoxide radical scavenging activity of EAP-2A might
be partly due to its high content of carboxylic groups, which was
in conformity with the result of uronic acid content (Guo et al.,
2005; Yuan et al., 2015). But the specific mechanisms remained to
be investigated further.

3.4. Invivo biological activity analysis

3.4.1. Safety evaluation of polysaccharides on C. elegans

Pretreatment with two polysaccharide fractions for 24 h, the
safety property of them for L4 C. elegans in vivo were observed. The
results showed that treatment with 0-1.0 mg/mL of polysaccha-
rides did not influence their survival efficiency and development
degree. However, once polysaccharides concentrations were higher
than 1.0mg/mL, C. elegans body length been affected (data not
shown). Thus, 1.0 mg/mL was selected for the following C. elegans
feeding tests.

3.4.2. Antioxidant enzyme activities

Reactive oxygen species (ROS), such as hydrogen peroxide,
hydroperoxyl radical, superoxide anion and hydroxyl radical, are
highly reactive molecules produced by cellular aerobic metabolism.
In vivo, the excessive ROS may cause DNA mutation, protein and
membrane lipid degradation, and ultimately lead to cancer, aging
and many chronic diseases (Lipinski, 2011). Antioxidant enzymes,
including SOD, CAT and GSH-PX, are crucial components of the
antioxidant defense system in the body (Sahiner & Cansin Sackesen,
2012).SOD widely exists in all living cells and catalyzes superoxide
radicals to hydrogen peroxide and oxygen. The main role of CAT
and GSH-PX is to decompose hydrogen peroxide into a molecule of
water and a molecule of oxygen (Kirkman, Rolfo, Ferraris, & Gaetani,
1999; Sahiner & Cansin Sackesen, 2012). Thus, collaborative work
among these antioxidant enzymes in radical catabolic pathway can
maintain ROS under a mild and appropriate levels.

Paraquat, a trigger generates ROS, can lead to oxidative stress.
Therefore, paraquat is used as positive group, and the effects of
EAP-1N and EAP-2A on the antioxidant defense system of C. elegans
are investigated. As shown in Fig. 4a-c, compared to control group,
treatment with paraquat significantly decreased the activities of
SOD, CAT, and GSH-PX. However, compared to paraquat alone,
the exogenous supplementation of polysaccharides (1 mg/mL) with
paraquat remarkably increased activities of antioxidant enzymes.
The activity of SOD, CAT, and GSH-PX increased by 11.7, 32.3 and
7.95% with supplementation of EAP-1N and by11.43, 52.20, 13.72%
with supplementation of EAP-2A, respectively. The data suggested
that both EAP-1N and EAP-2A had protective effect on antioxidant
enzymes against oxidative stress. Meanwhile, previous researches
have proved that polysaccharides from other sources can promote
the activities of antioxidant enzymes (Feng et al., 2015; Gao et al.,
2015; Guo &Qi,2015). Gaoetal.(2015) demonstrated that an acidic
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Fig. 3. (a) Scavenging effects of different concentration of EAP-1N, EAP-2A and ascorbic acid on DPPH radical, (b) hydroxyl radical and (c) superoxide radical.

polysaccharide purified from Opuntia dillenii Haw. fruits signifi-
cantly increased the activities of SOD, CAT and GSH-PX in diabetic
rats. Guo & Qi (2015) reported that Cortex Eucommiae polysac-
charides observably ameliorated the activities of SOD, CAT and
GSH-PX in the exhaustive exercise-induced oxidative stress mice.
Moreover, our previous studies have also shown that polysaccha-
rides from Panax notoginseng effectively upregulated the activities
of antioxidant enzymes adapting to thermal stress resistance on
C. elegans (Feng et al., 2015). In addition, our results manifested
that EAP-2A exhibited stronger protective effect on antioxidant
enzymes than EAP-1N, which might be partly due to the high uronic
acid content and large molecular weight of EAP-2A. However, the
exact mechanism of polysaccharides on the activities of antioxidant
enzymes needs to be further investigated.

Values are given as mean + S.D. for groups. Different letters indi-
cate significantly different at P<0.05.

3.4.3. Lipid peroxidation and protein carbonylation

Lipid peroxidation can commonly reflect the oxidation activ-
ity intensity in vivo. Fatty, especially polyunsaturated fatty acids, is
easily attacked by ROS via non-enzymatic reactions, and thus yields
an amount of byproducts that may be responsible for secondary
damage to cells (Halliwell, 1990; Sultana, Perluigi, & Butterfield,
2013). Malondialdehyde (MDA), the end product of lipid peroxida-
tion, can be considered as an indicator of fatty damage (Esterbauer
& Cheeseman, 1989). Except for lipids, ROS can also react with
proteins. At the cellular level, when proteins are exposed to ROS,
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Fig. 4. (a) SOD activity, (b) CAT activity (c¢) GSH-PX activity, (d) malonaldialdehyde (MDA) content and (e) protein carbonyls (PC) content of Caenorbabditis elegans treated
with paraquat (20 mM), paraquat (20 mM) + EAP-1N, and paraquat (20 mM) + EAP-2A.

irreversible formation of carbonyl groups (aldehydes and ketones) ROS are responsible for the lipids peroxidation and introduces
inamino acid lateral chain occurs, consequently, three-dimensional carbonyl groups into proteins. Therefore, we quantitated the level
structure and biological function of protein are disrupted (Balabanl of lipid peroxidation in terms of malonaldialdehyde (MDA) and
& Balaban, 2015; Cabiscol, Tamarit, & Ros, 2010). protein carbonyls (PC) content. As shown in Fig. 4e and f, com-

pared with paraquat group, the exogenous supplementation of
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polysaccharides (1 mg/mL) along with paraquat could decrease the
levels of MDA and PC in vivo by 12.08 and 7.16% with EAP-1N
and by 39.32 and 29.12% with EAP-2A. The results shown that,
the exogenous supplementation of polysaccharides could over-
come oxidative injury of C. elegans. The decrease in the level of
lipid peroxidation and protein peroxidation might be a result of
the enhanced activity of endogenous antioxidant enzyme. Mean-
while, the experimental results further suggested that EAP-2A
presented a stronger antioxidant capacity in vivo than EAP-1N,
which revealed that the antioxidant activities of polysaccharides
in vivo were mainly associated with their uronic acid content,
molecular weight, monosaccharide composition (Wang, Shu et al.,
2014). However, as was known to all, numerous factors including
digestibility, bioavailability and metabolism of the compound also
influence the antioxidant activities in vivo (Liu, Luo, Ye, Sun, Lu, &
Zeng, 2010). Namely, the biological properties of polysaccharides
were usually influenced by multi-factor, and the detail mechanism
should be further investigated.

4. Conclusions

In this study, we purified a neutral polysaccharide (EAP-1N) and
an acidic polysaccharide (EAP-2A) from E. acuminatum. The essen-
tial characteristic analytic results showed that EAP-1N and EAP-2A
were quite different in their chemical composition, especially
for uronic acid content, molecular weight, and monosaccharide
composition. Compared with EAP-1N, EAP-2A exhibited stronger
scavenging activities against free radical in vitro, as well as a strong
stimulating effect on antioxidant enzyme activities (including SOD,
CAT, and GSH-PX) and a preferable inhibitory effect on lipid per-
oxidation and protein carboxyl in the mode of C. elegans in vivo.
The excellent antioxidant activities of EAP-2A might be correlated
with its high uronic acid content and large molecular weight. These
findings suggested that EAP-2A might have promising potential for
application prospect in pharmacology and functional food. Further
works on structure-activity relationship of EAP-2A are in progress.
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