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Abstract:

 In this study, 33 different polysaccharides were prepared to investigate the structure-activity relationships between the polysaccharides, mainly from marine algae, and anti-complement activity in the classical pathway. Factors considered included extraction methods, fractionations, molecular weight, molar ratio of galactose to fucose, sulfate, uronic acid (UA) content, linkage, branching, and the type of monosaccharide. It was shown that the larger the molecular weights, the better the activities. The molar ratio of galactose (Gal) to fucose (Fuc) was a positive factor at a concentration lower than 10 µg/mL, while it had no effect at a concentration more than 10 µg/mL. In addition, sulfate was necessary; however, the sulfate content, the sulfate pattern, linkage and branching had no effect at a concentration of more than 10 µg/mL. Moreover, the type of monosaccharide had no effect. Laminaran and UA fractions had no activity; however, they could reduce the activity by decreasing the effective concentration of the active composition when they were mixed with the active compositions. The effect of the extraction methods could not be determined. Finally, it was observed that sulfated galactofucan showed good anti-complement activity after separation.
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1. Introduction

The complement system is an important part of the innate immune system that is designed to eliminate “harmful” substances from the body. This elimination is accomplished in five different ways according to a previous study [1]. Inappropriate activation of the complementary target self-tissues causes pathology in a large number of inflammatory, ischaemic, and other diseases [2].

There is a large body of research on naturally-occurring complement inhibitors isolated from animal, plant, and microbial products, such as polysaccharides [3,4,5,6], phenolic acid [7], proteins [8], flavonoids, and steroides [9,10]. Many synthetic molecules, including dextran sulfate [11,12], nafamastat mesilate (FUT-175) [2] and compstatin [1] have been shown to inhibit activation of the complement system. In addition, many studies have also reported [13,14,15] that a sulfated polysaccharide from brown algae, has been found to inhibit complement activation. Structure and activity studies showed that sulfated polysaccharides are potential candidates for screening as inhibitors of the complement system. Marine algae contain numerous different polysaccharides, which are non-toxic. In addition, they also contain polyanions and are majorly substituted by sulfate, which differs from the polysaccharides from land-plants.

Currently, marine algae mainly contain brown algae, red algae, and green algae. Polysaccharides from brown algae [16,17,18,19,20,21] contain three major types of polysaccharides, namely, fucoidan, laminaran, and alginate. Fucoidan includes sulfated heteropolysaccharides and sulfated galactofucan or fucan. The former contains sulfated glucuronomannan, glucuronan, galactan, etc. Sulfated glucuronomannan has a backbone of alternating 2-linked mannopyranose residue and 4-linked glucuronic acid, sulfated at C6 of the mannnopyranose residue. The linkage of glucuronan is 3-linked. Galactan has a backbone of 6-linked galactopyranose residue branched at C4 with galactose, while the latter one is made up of 3-linked fucopyranose residues or alternating 3-linked and 4-linked fucopyranose residues. The major differences between sulfated galactofucan or fucan are the positions of the sulfate and branching units, including the fucose residues, galactose residues, glucuronic acid residues, and so on. Laminaran is a glucan, consisting mainly of 3-linked glucopyranose residue, branched with 6-linked glucopyranose. Alginate contains polymannuronic acid, polyguluronic acid and a mixture of polymannuronic acid and polyguluronic acid. Polysaccharides from red algae [18,21,22,23,24] contain three types of polysaccharides, namely, carrageenan polysaccharides, agar polysaccharides, and an agar-carrageenan intermediate polysaccharide. They have a backbone of alternating 3-linked β-d-galactopyranose and 4-linked α-galactopyranose residues; however, carrageenan polysaccharides have 4-linked α-d-galactopyranose residues while agar polysaccharides have 4-linked α-l-galactopyranose residues. In addition, all the α-galactopyranose residues might exist in the form of 3,6-substituted by ester sulfate, methyl groups, pyruvic acid acetal, etc. Water-soluble polysaccharides from green algae [18,23,25] can be divided into two types of polysaccharides. Type 1 is classified as xylogalactoarabian, which mainly consists of xylose, galactose, and arabinose. It contains a backbone of 4-linked or 5-linked arabinopyranose residues sulfated at C3, 3-linked or 6-linked galactopyranose residues sulfated at C4 or C6, and 4-linked xylopyranose residues. Type 2 is named as glucuronoxylorhamnan, which mainly contains glucuronic acid, xylose, and rhamnose, according to the type of major monosaccharides. It consists of 4-linked rhamnopyranose sulfated at C3 or C2, a 4-linked glucuronic acid residue and a 4-linked xylopyranose residue.

To clarify the structure-activity relationship between marine algae polysaccharides and their anti-complement activity, several types of polysaccharides from brown algae, red algae, and green algae were prepared. In addition, many factors including the extraction methods, fractionations, molecular weight, the molar ratio of galactose to fucose, sulfate, UA content, linkage, branching, and the type of monosaccharides were taken into account.



2. Results and Discussion


2.1. The Effect of the Extraction Methods on the Anti-Complement Activity

Table 1 displays the chemical composition of two fucoidans, which were derived from Saccharina japonica by hot water (SJW) and diluted hydrochloric acid (SJS). It was shown that the contents of fucose (Fuc) and sulfate contained in SJS were higher than in SJW, while the content of UA contained in SJS was lower. In addition, the molecular weight of SJS was also lower because of degradation during the process of extraction by dilute hydrochloric acid. Moreover, it also indicated that SJW contained a greater number of other monosaccharides, suggesting that the structure of SJW was more complex than that of SJS. In terms of the chemical compositions of HFW (HFW was obtained from brown algae Hizikia fusiforme by hot water) and the HFS (HFS was obtained from brown algae Hizikia fusiforme by dilute hydrochloric acid), as shown in Table 1, Fuc, UA and the molecular weight of the HFW were higher than in HFS, while the sulfate content of HFW was lower. The molar ratios of monosaccharides indicated that both HFS and HFW contained substantial amounts of laminaran, which was also reported in a previous study [26]. To summarize, different extraction methods might influence the chemical compositions of the polysaccharides.


Table 1. Chemical composition (%, dry weight) of the polysaccharides studied.



	
Sample

	
Yields (%)

	
Fuc (%)

	
UA (%)

	
SO4 (%)

	
Monosaccharides (Molar Ratio)

	
Mw (kDa)




	
Man

	
Rha

	
GlcA

	
Glc

	
Gal

	
Xyl

	
Fuc






	
SJW

	
1.21

	
22.38

	
10.32

	
30.60

	
0.10

	
0.03

	
0.15

	
0

	
0.63

	
0.07

	
1

	
152.4




	
SJW-1

	
10.67

	
15.84

	
33.36

	
15.05

	
0.55

	
0.10

	
0.96

	
0

	
1.22

	
0.37

	
1

	
77.8




	
SJW-2

	
19.99

	
17.01

	
17.35

	
28.33

	
0.12

	
0.03

	
0.18

	
0

	
1.08

	
0.10

	
1

	
88.4




	
SJW-3

	
37.89

	
28.96

	
0.45

	
35.10

	
0.02

	
0

	
0.02

	
0

	
0.27

	
0

	
1

	
162.7




	
SJS

	
1.08

	
34.97

	
3.44

	
36.88

	
0.06

	
0.03

	
0.06

	
0.01

	
0.11

	
0.02

	
1

	
106.3




	
SJS-1

	
8.98

	
21.56

	
13.71

	
19.75

	
0.06

	
0.02

	
0.06

	
0.02

	
0.17

	
0.02

	
1

	
63.8




	
SJS-2

	
15.89

	
31.07

	
8.21

	
34.84

	
0.08

	
0.03

	
0.07

	
0.01

	
0.28

	
0.03

	
1

	
84.5




	
SJS-3

	
40.78

	
36.94

	
0

	
38.43

	
0.01

	
0

	
0.01

	
0

	
0.05

	
0

	
1

	
125.4




	
HFW

	
2.43

	
28.04

	
5.43

	
28.46

	
0.11

	
0

	
0.08

	
0.62

	
0.27

	
0.09

	
1

	
118.3/3.9




	
HFW-1

	
18.51

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
3.9




	
HFW-2

	
18.16

	
22.78

	
17.64

	
17.33

	
0.48

	
0.30

	
0.27

	
0.29

	
0.23

	
0.42

	
1

	
116.7/5.1




	
HFW-3

	
28.01

	
32.85

	
0

	
31.62

	
0.05

	
0.01

	
0.04

	
0.01

	
0.29

	
0.04

	
1

	
114.2




	
HFS

	
1.53

	
21.89

	
1.98

	
30.59

	
0.07

	
0.01

	
0.09

	
1.22

	
0.25

	
0.02

	
1

	
97.3/3.6




	
HFS-1

	
16.24

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
3.4




	
HFS-2

	
10.66

	
25.79

	
20.84

	
25.66

	
0.27

	
0.02

	
0.20

	
0.03

	
0.22

	
0.04

	
1

	
42.0/4.3




	
HFS-3

	
9.72

	
40.84

	
0.98

	
39.85

	
0

	
0

	
0

	
0

	
0.27

	
0.01

	
1

	
99.2




	
SJS-OS

	
98.19

	
33.31

	
3.31

	
46.36

	
0.06

	
0.03

	
0.05

	
0.05

	
0.20

	
0.05

	
1

	
119.5




	
SJS-DS

	
65.41

	
41.20

	
6.11

	
18.12

	
0.05

	
0.03

	
0.05

	
0.03

	
0.18

	
0.05

	
1

	
117.5/33.4




	
SJS-DS-OS

	
110.1

	
24.24

	
3.79

	
35.30

	
0.05

	
0.02

	
0.04

	
0.03

	
0.20

	
0.05

	
1

	
123.6




	
ANW

	

	
25.08

	
4.16

	
27.36

	
0.05

	
0.03

	
0.09

	
0.29

	
0.09

	
0.06

	
1

	
122.1




	
SC

	
5.78

	
21.80

	
6.54

	
28.15

	
0.15

	
0.32

	
0.13

	
0.22

	
0.28

	
0.08

	
1

	
111.9




	
SJW-2-R

	
38.99

	
18.56

	
9.86

	
29.63

	
0.10

	
0.03

	
0.06

	
0.10

	
1.05

	
0.07

	
1

	
79.6




	
SJW-2-HJ

	
10.89

	
14.35

	
29.36

	
14.63

	
0.46

	
0.10

	
0.50

	
0

	
2.10

	
0.20

	
1

	
50.4




	
SJW-2-HW

	
83.10

	
25.23

	
8.36

	
35.69

	
0.09

	
0.01

	
0.10

	
0

	
0.56

	
0.06

	
1

	
95.6




	
HFW-1-S

	
109.1

	
-

	
-

	
41.38

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
13.7




	
ES

	
23.19

	
-

	
-

	
26.33

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
147.9




	
GF

	
13.30

	
-

	
-

	
20.42

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
137.2




	
GL

	
30.28

	
-

	
-

	
2.74

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
146.0




	
PY

	
10.71

	
-

	
-

	
2.72

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
140.7




	
EP

	
19.53

	
-

	
26.77

	
18.09

	
-

	
1

	
0.37

	
0.13

	
0.06

	
0.31

	
-

	
189.3




	
UP

	
18.75

	

	
28.39

	
20.88

	
-

	
1

	
0.45

	
0.15

	
0.04

	
0.33

	
-

	
163.4




	
CR

	
8.13

	
-

	
-

	
32.84

	
-

	
0.03

	
-

	
-

	
0.14

	
1

	
-

	
174.9




	
CF

	
7.89

	
-

	
-

	
23.54

	
-

	
0.05

	
-

	
0.40

	
1

	
0.50

	
-

	
173.4






Polysaccharides derived from Saccharina japonica by hot water (SJW) and dilute hydrochloric acid (SJS). SJW was fractionated by anion exchange chromatography into three components, namely SJW-1, SJW-2 and SJW-3. SJS was also fractionated by anion exchange chromatography into three components, namely SJS-1, SJS-2 and SJS-3. Polysaccharides derived from Hizikia fusiforme by hot water (HFW) and dilute hydrochloric acid (HFS). HFW was fractionated by anion exchange chromatography into three components, namely HFW-1, HFW-2 and HFW-3. HFS was also fractionated by anion exchange chromatography into three components, namely HFS-1, HFS-2 and HFS-3. Overly sulfated SJS (SJS-OS) and laminaran (HFW-1-S), desulfated SJS (SJS-DS) and desulfated SJS with sulfation (SJS-DS-OS). Polysaccharides derived from Ascophyllum nodosum (ANW), Acaudina molpadioides (SC), Eucheuma spinosum (ES), Grateloupia filicina (GF), Gracilaria lamaneiformis (GL), Porphyra yezoensis (PY), Enteromorpha prolifera (EP), Ulva pertusa (UP), Cladophera rupestris (CR) and Codium fragile (CF). SJW-2-R was obtained through UA reduction, and SJW-2-HJ and SJW-2-HW were fractionated using an activated carbon column.






Figure 1a displays the anti-complement activities of SJS, SJW, HFS and HFW in the classical pathway. Activities of SJS and HFW reached a plateau at a concentration of 10 µg/mL, while SJW and HFS reached a plateau at a concentration of 50 µg/mL. Specifically, the IC50 of SJS, SJW, HFS, and HFW were 4.51, 7.26, 24.65, and 5.51 µg/mL, respectively. Thus, it was difficult to determine the effects of the extraction methods because the IC50 of SJS was lower than that of SJW, while the IC50 of HFW was lower than that of HFS.

Figure 1. Inhibition of the classical pathway-mediated haemolysis of EA in 1:10-diluted NHS in the presence of increasing amounts of the polysaccharides (a) SJS, SJW, HFS, and HFW; (b) SJW and its fractions; (c) SJS and its fractions; (d) HFW and its fractions; (e) HFS and its fractions. The results are expressed as percent inhibition of haemolysis. Data are the means from three determinations ± S.E.M. Polysaccharides derived from Saccharina japonica by hot water (SJW) and dilute hydrochloric acid (SJS). SJW was fractionated by anion exchange chromatography into three components, namely SJW-1, SJW-2 and SJW-3. SJS was also fractionated by anion exchange chromatography into three components, namely SJS-1, SJS-2 and SJS-3. Polysaccharides derived from Hizikia fusiforme by hot water (HFW) and dilute hydrochloric acid (HFS). HFW was fractionated by anion exchange chromatography into three components, namely HFW-1, HFW-2 and HFW-3. HFS was also fractionated by anion exchange chromatography into three components, namely HFS-1, HFS-2 and HFS-3.
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2.2. The Effect of the Fractionations on the Anti-Complement Activity

SJW was fractionated by anion exchange chromatography into three components, namely, SJW-1, SJW-2, and SJW-3. Chemical analysis indicated that SJW-1 had the highest UA content and SJW-3 had the highest fucose content and sulfate content. In addition, SJW-3 had the highest molecular weight. Previous studies [27,28,29] reported that SJW-3 was mainly sulfated galactofucan, and SJW-1 and SJW-2 were sulfated heteropolysaccharides. Figure 1b shows the anti-complement activities of SJW and its fractions. Compared to SJW and its fractions, it was found that the activity of SJW-3 was similar to the SHW activity, while SJW-2 had lower activity and SJW-1 had no activity. Specifically, the IC50 of SJW-3 (3.11 µg/mL) was lower than that of SJW (7.26 µg/mL). The chemical composition of SJS’s fractions (SJS was fractionated by anion exchange chromatography into three components, namely, SJS-1, SJS-2, and SJS-3) were similar to the results of SJW’s fractions, suggesting that SJS-3 was a sulfated galactofucan, while SJS-1 and SJS-2 were sulfated heteropolysaccharides. The activities of SJS and its fractions in Figure 1c confirmed the above results. HFW was also fractionated by anion exchange chromatography into three components, namely, HFW-1, HFW-2, and HFW-3. HFW-1 was composed of glucose, HFW-2 had plenty of the other monosaccharides and HFW-3 contained galactose and fucose. According to the chemical compositions in Table 1, it was proposed that HFW-1 was mainly laminaran, HFW-2 was mainly sulfated heteropolysaccharides, and HFW-3 was mainly sulfated galactofucan, which was in accordance with a previous study [26]. Figure 1d also shows that HFW-3 had the best activity. HFS was fractionated by anion exchange chromatography into three components, namely, HFS-1, HFS-2, and HFS-3. Table 1 showed that HFS-1 contained only glucose, HFS-2 had many other monosaccharides, while HFS-3 had galactose and fucose, suggesting that they were similar to the fractions of HFW. The activities of HFS and its fractions in Figure 1e also confirmed the above results. In conclusion, sulfated galactofucan contributed to the anti-complement activities.



2.3. The Effect of Molecular Weight on the Anti-Complement Activity

To study the relationship between the molecular weight and the anti-complement activity of sulfated galactofucan, six sulfated galactofucans (GF90, GF50, GF36, GF30, GF11, and GF8) (the molar ratio of galactose to fucose was approximately 0.08) with different molecular weights were determined. As described in the previous study [30], six sulfated galactofucans, namely GF90, GF50, GF36, GF30, GF11, and GF8, were prepared. The molecular weights of these were 90.1, 50.1, 36.0, 29.5, 11.3, and 8.4 kDa, respectively. It is shown in Figure 2a that the activity increased as the molecular weights increased. To a certain extent, these results were consistent with previous studies [13,30]. Blondin et al. [13] reported that the anti-complement activities of sulfated fucan in the classical pathway increased with increasing molecular weight and reached a plateau at 40 kDa. In addition, the activities also showed dose dependence. GF90 and GF50 had the highest activities at a concentration of 50 µg/mL, while GF8 did not reach the highest activities even at a concentration of 400 µg/mL. Therefore, it was concluded that the molecular weight constituted an important positive factor on the activities.

Figure 2. Inhibition of the classical pathway-mediated haemolysis of EA in 1:10-diluted NHS in the presence of increasing amounts of the polysaccharides (a) The different molecular weights of sulfated galactofucan; (b) Sulfated galactofucan with different molar ratios of galactose to fucose. The results are expressed as percent inhibition of haemolysis. Data are the means from three determinations ± S.E.M. Six sulfated galactofucans weighed 90kDa (GF90), 50kDa (GF50), 36kDa (GF36), 30kDa (GF30), 11kDa (GF11), and 8kDa (GF8). Three sulfated galactofucans had a molar ratio of galactose to fucose of 0.32 (GF-0.32), 0.16 (GF-0.16) and 0.08 (GF-0.08).
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2.4. The Effect of the Molar Ratio of Galactose to Fucose on the Anti-Complement Activity

The chemical compositions of GF-0.32, GF-0.16 and GF-0.08 (also sulfated galactofucans) were reported in a previous study [30]. It was shown that GF-0.32, GF-0.16, and GF-0.08 had similar chemical compositions, except for the molar ratio of galactose to fucose. GF-0.32 weighed 49.3 kDa with a molar ratio of galactose to fucose of 0.32; GF-0.16 weighed 49.2 kDa with 0.16, and GF-0.08 weighed 50.1 kDa with 0.08. Figure 2b shows that all samples reached the highest activities at a concentration of 10 µg/mL. There was little difference in the activities of GF-0.32, GF-0.16, and GF-0.08 at a concentration of 1 µg/mL, indicating that the molar ratio of galactose to fucose contributed to the anti-complement activity. In conclusion, the anti-complement activity was attributed to the molar ratio of galactose to fucose.



2.5. The Effect of Sulfate on the Anti-Complement Activity

Previous studies [31,32,33] have demonstrated the importance of sulfate in the biological activities of polysaccharides. Thus, overly sulfated polysaccharide (SJS-OS), desulfated polysaccharide (SJS-DS) and desulfated polysaccharide with sulfation (SJS-DS-OS) were prepared. Chemical compositions, shown in Table 1, indicated that SJS-OS’s sulfate increased from 36.88% to 46.36%, SJS-DS’s sulfate decreased from 36.88% to 18.12%, and SJS-DS-OS’s sulfate increased from 18.12% to 35.30%. Figure 3a indicates that SJS, SJS-OS and SJS-DS-OS reached the highest activities at a concentration of 10 µg/mL, while SJS-DS had no activity. In addition, SJS-OS had the highest activity at a concentration of 1 µg/mL, SJS-DS-OS second, SJS third and SJS-DS had no activity. It was suggested that a certain sulfate content was necessary for the activities. In addition, the activities did not increase along with increasing sulfate content at a concentration of more than 10 µg/mL.

Figure 3. Inhibition of the classical pathway-mediated haemolysis of EA in 1:10-diluted NHS in the presence of increasing amounts of the polysaccharides (a) Polysaccharides with different sulfate contents; (b) Polysaccharides with different sulfate patterns. The results are expressed as percent inhibition of haemolysis. Data are the means from three determinations ± S.E.M. Overly sulfated SJS (SJS-OS), desulfated SJS (SJS-DS) and desulfated SJS with sulfation (SJS-DS-OS).
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In addition to the effect of the sulfate content on the activities, the effect of the sulfate pattern was also elucidated by comparison of a pair of sulfated galactofucans (SJS-3 and HFS-3), which were fractionated from SJS and HFS by anion exchange chromatography. According to previous studies [26,28,34,35], SJS-3 is mainly sulfated at C-4 of Fuc, while HFS-3 is mainly sulfated at C-2. The molecular weights of SJS-3 and HFS-3 were 125.4 kDa and 99.2 kDa, respectively, as shown in Table 1, suggesting that the effects of the molecular weight on the activity could be ignored. Moreover, the sulfate content of SJS-3 (38.43%) was similar to HFS-3’s (39.85%). Figure 3b shows the activities of SJS-3 and HFS-3, which were similar to each other at a concentration of more than 10 µg/mL.



Finally, it was concluded that the sulfate content was necessary for the activities; however, the effect of the sulfate on the anti-complement activity was influenced by the concentrations of the samples.



2.6. The Effect of the Content of Uronic acid (UA) on the Anti-Complement Activity

From the above results, it was concluded that the anti-complement activities of sulfated galactofucan were better than the heteropolysaccharides with UA. To study the effect of UA content on the activity, three polysaccharides with different UA contents were obtained. One polysaccharide (SJW-2-R) was obtained through UA reduction, and the other two (SJW-2-HJ and SJW-2-HW) were fractionated using an activated carbon column. After reduction, the most apparent changes were in the UA content, which was decreased from 17.35% to 9.86%, while the molar ratio of glucose (Glc) to Fuc was increased from 0 to 0.10, and the glucuronic acid (GlcA) to Fuc ratio decreased from 0.18 to 0.06. Other chemical compositions, shown in Table 1, did not change as obviously. A comparison of the activities of SJW-2 and SJW-2-R in Figure 4a indicates that the change in UA content did not influence the activity. SJW-2-HJ, which was eluted with ethanol, contained a higher UA content and lower sulfate content than that of SJW-2-HW, which was eluted with water. Moreover, SJW-2-HJ had a smaller molecular weight and a higher content of other monosaccharides. Figure 4a shows that SJW-2-HJ did not have any activity, while SJW-2-HW had better activities than that of SJW-2.

Figure 4. Inhibition of the classical pathway-mediated haemolysis of EA in 1:10-diluted NHS in the presence of increasing amounts of polysaccharides (a) Polysaccharides with different linkages; (b) Polysaccharides with branching or no branching. The results are expressed as percent inhibition of haemolysis. Data are the means from three determinations ± S.E.M. SJW-2-R was obtained through UA reduction, and SJW-2-HJ and SJW-2-HW were fractionated using an activated carbon column. Polysaccharides derived from Ascophyllum nodosum (ANW) and Acaudina molpadioides (SC).



[image: Marinedrugs 14 00003 g004 1024]







In summary, the UA fraction had no anti-complement activity; however, it could reduce the activity in other samples by decreasing the effective concentration of the active compositions when it was mixed with the active compositions. This might explain the observed phenomenon that the heteropolysaccharides with high UA content had lower activities.



2.7. The Effect of the Linkage of Sulfated Galactofucan on the Anti-Complement Activity

Crude polysaccharide (ANW) was extracted from brown algae Ascophyllum nodosum. According to previous studies [36,37,38,39], it has a backbone of alternating α (1 → 3) and α (1 → 4)-L-Fucp residues and is sulfated at C-2 and possibly C-3 or C-4. SJW contains mainly α (1 → 3)-L-Fucp residues sulfated at C-4, while HFW is mainly composed of α (1 → 3)-L-Fucp residues sulfated at C-2 [26,27]. Figure 4b shows the anti-complement activities of ANW, SJW, and HFW. They all showed dose dependence and reached a plateau. Specifically, the IC50 values of ANW, SJW, and HFW were 0.98, 7.26, and 5.51 µg/mL, respectively. The differences in the activities could be explained by noting that SJW had a higher UA content, while HFW had a higher content of laminaran, which had no anti-complement activity (as discussed in Section 3.9). Thus, it was proposed that there might be little or no effect of the linkage on the anti-complement activity.



2.8. The Effect of the Branching of Polysaccharides on the Anti-Complement Activity

Polysaccharide (SC) was extracted from sea cucumber Acaudina molpadioides according to a previous study [40]. It was reported [16] that polysaccharides from marine invertebrates possess a clearly linear backbone, consisting of a regular repeating unit, in contrast with the algal polysaccharides. Thus, the anti-complement activities of the polysaccharides from algae and marine invertebrates were determined to elucidate the effect of the branching. The activity of SC in Figure 4b is similar to that of ANW, indicating that there was little impact of branching on the anti-complement activities. This result contrasts a previous study [41] that suggested that branching of fucoidan oligosaccharides had a major impact on their anti-complement activity. This difference might be explained based on the conformational state of the polysaccharides. The conformational states of the oligosaccharides depend on branching, while the conformational states of the polysaccharides do not. Therefore, it was concluded that there might be little or no effect of the branching of polysaccharides on the anti-complement activity.



2.9. The Effect of the Type of Monosaccharides on the Anti-Complement Activity

To confirm whether Fuc was necessary for the activity, sulfated laminaran (HFW-1-S) was prepared. Figure 5a shows that laminaran (both HFW-1 and HFS-1 were laminaran) had no activity, while sulfated laminaran had good activity, suggesting that Fuc was not necessary for the activity. Thus, it was concluded that laminaran, like the UA fraction, had no activity. However, it could reduce the activity by decreasing the effective concentrations of the active components. In addition, it also confirmed that the fucose residue was not necessary.

Figure 5. Inhibition of the classical pathway-mediated haemolysis of EA in 1:10-diluted NHS in the presence of increasing amounts of the polysaccharides (a) Laminaran and sulfated laminaran; (b) Polysaccharides from red algae; (c) Polysaccharides from green algae. The results are expressed as percent inhibition of haemolysis. Data are the means from three determinations ± S.E.M. Polysaccharides derived from Eucheuma spinosum (ES), Grateloupia filicina (GF), Gracilaria lamaneiformis (GL), Porphyra yezoensis (PY), Enteromorpha prolifera (EP), Ulva pertusa (UP), Cladophera rupestris (CR) and Codium fragile (CF). SJW-2-R was obtained through UA reduction, and SJW-2-HJ and SJW-2-HW were fractionated using an activated carbon column. Overly sulfated laminaran (HFW-1-S).
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Four types of crude polysaccharides from red algae, namely Grateloupia filicina (GF), Eucheuma spinosum (ES), Gracilaria lamaneiformis (GL), and Porphyra yezoensis (PY), were prepared. ES is a carrageenan polysaccharide; GF is an agar-carrageenan intermediate polysaccharide, and GL and PY are agar polysaccharides. The most apparent difference in the chemical compositions, as shown in Table 1, is the sulfate content. Figure 5b shows that ES had the best anti-complement activity, GF second, and GL and PY had no activities, indicating that sulfate was essential for the anti-complement activity. It was also confirmed that Fuc was not necessary.

Four types of crude polysaccharides from green algae, namely Cladophera rupestris (CR), Codium fragile (CF), Enteromorpha prolifera (EP), and Ulva pertusa (UP), were prepared. The analysis of the chemical compositions in Table 1 indicates that the former two belonged to type 1, while the latter two were type 2. Figure 5c shows that CR and CF showed good anti-complement activities, while EP and UP did not. This might be explained by the high content of UA. In addition, the solution of the polysaccharides with high UA content was too thick.

The main polysaccharides from brown algae (Saccharina japonica and Hizikia fusiforme) were laminaran, alginate, and fucoidan. Fucoidan might be classified as a combination of sulfated heteropolysaccharides and sulfated galactofucan. In the above results, it was concluded that sulfated galactofucan was the active component of the anti-complement activity. In addition, the results also showed that laminaran did not have any activity. Moreover, it was indicated that heteropolysaccharides with UA had lower activity. Alginate (data not shown) displayed no activity, which might confirm this.

Thus, it was concluded that the types of monosaccharides (neutral monosaccharides) had no effect on the anti-complement activity.




3. Experimental Section


3.1. Materials

The brown algae Saccharina japonica was collected in Rongcheng, Qingdao, China, on 28 May 2014. The brown algae Hizikia fusiforme was purchased from Dong Tou, Zhejiang, China, on 18 July 2014. The green algae Enteromorpha prolifera was collected in Qingdao, China, on 15 June 2012. The green algae Codium fragile and Ulva pertusa were collected in Qingdao, China, on 12 December 2013. The green algae Cladophera rupestris was collected in Rongcheng, Qingdao, China, on 24 July 2014. The red algae Porphyra yezoensis was purchased from Lianyungang, Jiangsu, China. The red algae Grateloupia filicina, Eucheuma spinosum, and Gracilaria lamaneiformis were purchased from Zhanjiang, China. Ascophyllum nodosum and Acaudina molpadioides were purchased from Qingdao, China. These were authenticated by Professor Zuhong Xu.



3.2. Extraction and Preparation of Polysaccharides

Brown algae (Saccharina japonica, Hizikia fusiforme, and Ascophyllum nodosum) (100 g) were cut into pieces and treated with 85% ethanol three times to remove the pigment. Crude polysaccharide was extracted from the residual material with hot water (3 L) for 4 h. The extract solution was filtered with Celite and concentrated. Further elimination of algin was achieved using 20% ethanol with MgCl2 (0.05 M/L). After removing the algin, the supernatant fluid was ultra-filtered. Finally, the dialysate was concentrated, and the crude polysaccharides were obtained by ethanol precipitation and named SJW, HFW, and ANW, respectively.

Green algae and red algae (100 g) were cut into pieces and treated with 85% ethanol three times to remove the pigment. Crude polysaccharides were extracted from the residual material with hot water (3 L) for 4 h. The extract solution was filtered with Celite, concentrated, and dialyzed. Finally, the dialysate was concentrated, and the crude polysaccharides were obtained by ethanol precipitation.

Crude polysaccharides from brown algae (Saccharina japonica and Hizikia fusiforme) were extracted from the residual material with 0.1 M HCl (2 L) at room temperature for 3 h. The extract solution was filtered with Celite, ultra-filtered, and concentrated. Finally, the crude polysaccharides were obtained by ethanol precipitation and named SJS and HFS.

Crude polysaccharide (SC) was extracted from the sea cucumber Acaudina molpadioides as previously described [40]. Briefly, crude polysaccharide was extracted from the fresh body wall (10 g) with hot water (500 mL) for 4 h. The extract solution was filtered with Celite and concentrated. The concentrated solution was hydrolysed with papain. Papain was deactivated by hot water. Then, the solution was centrifuged, concentrated, and dialyzed. Finally, the dialysate was concentrated, and the crude polysaccharide was obtained by ethanol precipitation and named SC.



3.3. Preparation and Purification of Polysaccharides

Crude polysaccharides (SJW and SJS) (8 g) underwent anion exchange chromatography on a DEAE-Bio Gel Agarose FF gel (6 cm × 40 cm) with elution by 0.5 M (5 L) (SJW-1 and SJS-1), 1 M (5 L) (SJW-2 and SJS-2), and 2 M NaCl (5 L) (SJW-3 and SJS-3). The polysaccharides were then ultrafiltrated, concentrated, and precipitated by ethanol.

Crude polysaccharides (HFW and HFS) (8 g) also underwent anion exchange chromatography on a DEAE-Bio Gel Agarose FF gel (6 cm × 40 cm) with elution by water (5 L) (HFW-1 and HFS-1), 0.5 M (5 L) (HFW-2 and HFS-2), and 2 M NaCl (5 L) (HFW-3 and HFS-3). The polysaccharides were then ultrafiltrated, concentrated, and precipitated by ethanol.

Fraction SJW-2 was fractionated using an activated carbon column (2.6 cm × 30 cm) with elution by water (1 L) (SJW-2-HW) and a gradient elution from 50% ethanol to 95% ethanol (SJW-2-HJ). The polysaccharides were concentrated and precipitated by ethanol.



3.4. Preparation of Desulfated Polysaccharides

The desulfated polysaccharides were prepared according to a method reported in the literature [27]. Briefly, SJS (1 g) was dissolved in distilled water (100 mL) and mixed with cationic resin (H+) for 3 h. After filtration, the solution was neutralized with pyridinium and lyophilized. The solution was dissolved in dimethyl sulfoxide (DMSO): methanol (9:1; v/v, 20 mL). The mixture was heated at 80 °C for 5 h, and the desulfated products (SJS-DS) were dialyzed and lyophilized.



3.5. Preparation of over-Sulfated Polysaccharides

The over-sulfated polysaccharides were prepared according to a method reported in the literature [42]. Briefly, polysaccharides (SJS, SJS-DS and HFW-1) (1 g) in dimethyl formamide (DMF) (20 mL) were treated with a sulphur trioxide pyridine complex (5 g) at 50 °C for 24 h, and then the over-sulfated products (SJS-OS, SJS-DS-OS and HFW-1-S) were neutralized, dialyzed, and lyophilized.



3.6. Preparation of the Polysaccharides with Carboxyl Reduction

Carboxyl reduction was performed as previously described [43]. Briefly, SJW-2 (1 g) was dissolved in distilled water (50 mL), followed by the addition of 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC). The solution was stirred at room temperature for 1 h under constant pH conditions (approximately 4.8) by the addition of 0.1 M HCl. Then, freshly prepared 2 M sodium borohydride (10 mL) was added twice during the next 2 h at 50 °C. Later, the reaction was terminated by the addition of glacial acetic acid. Finally, the polysaccharide with carboxyl reduction (SJW-2-R) was dialyzed, concentrated, and lyophilized.



3.7. Compositional Analysis

The sulfated contents were performed by ion chromatography on a Shodex IC SI-52 4E column (4.0 × 250 mm) and eluted with 3.6 mM Na2CO3 at a flow rate of 0.8 mL/min at 45 °C. The molar ratios of monosaccharides and fucose content were determined as described by Zhang et al. [44]. The uronic acid (UA) concentration was determined by a modified carbazole method [45]. The molecular weights of the polysaccharides were evaluated by GPC-HPLC on a TSK G3000 PWxl column (7 μm 7.8 × 300 mm) with elution in 0.05 M Na2SO4 at a flow rate of 0.5 mL/min at 40 °C with refractive index detection. Ten different molecular weight dextrans purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China) were used as weight standards.



3.8. Anti-Complement Activity

According to previous studies [4,46], the anti-complement activities of the polysaccharides were determined following the classical pathway. In the classical pathway, various dilutions (100 μL) of the polysaccharides were mixed with 1:10 diluted normal human serum (NHS, which was obtained from healthy adult donors) (100 μL), GVB2+ (veronal buffer saline [VBS] containing 0.1% gelatin, 0.5 mM Mg2+ and 0.15 mM Ca2+) (200 μL) and sensitized erythrocytes (EA) (200 μL). Then, the mixture was incubated at 37 °C for 30 min. The following assay controls were incubated under the same conditions: (1) 100% lysis: EA (200 μL) in water (400 μL); (2) sample control: sample (100 μL) in GVB2+ (500 μL); (3) complement: 1:10-diluted NHS (100 μL) and EA (200 μL) in GVB2+ (300 μL); and (4) blank: EA (200 μL) in GVB2+ (400 μL). After incubation, the mixture was centrifuged (5000 rpm × 10 min) and the erythrocyte lysis was determined at 405 nm. Decreased lysis in the presence of tested polysaccharides indicated anti-complement activity. All of the samples were dissolved in GVB2+. The percent inhibition was calculated using the following equation: inhibition of EA lysis (%) = (Acomplement − (Asample − Asample control))/Acomplement × 100.



3.9. Statistical Analysis

All data are shown as the mean ± standard deviation (SD). Significant differences between the experimental groups were determined by one-way ANOVA, and differences were considered to be statistically significant if p < 0.05. All calculations were performed using SPSS 16.0 statistical software.




4. Conclusions

In summary, four crude polysaccharides (SJW, SJS, HFS, and HFW) were extracted by water and 0.1 M HCl from Saccharina japonica and Hizikia fusiforme to determine the effects of the extraction methods. The results could not definitively elucidate the effect of the extraction method. Crude polysaccharides were fractionated using anion exchange chromatography. It was found that sulfated galactofucan maintained its activity, indicating that it was the active composition. To study the effect of molecular weight, several different molecular weight polysaccharides were obtained. It was shown that the larger the molecular weight, the better the activity. However, the activity reached a plateau. In addition, the effect of the molar ratio of galactose to fucose was also considered. It was observed that the molar ratio of galactose to fucose was a positive factor. Moreover, the activities of SJS-OS, SJS-DS, and SJS-DS-OS confirmed that sulfate was an important positive factor. The activities of HFS-3 and SJS-3 suggested that the sulfation pattern had no effect at a concentration of more than 10 µg/mL, like linkage and branching. The type of monosaccharides had no effect. Finally, it was concluded that the UA fraction and laminaran had no effect on the anti-complement activity; however, it could reduce the activity by decreasing the effective concentration of the active composition.
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