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Abstract

:

The aim of this study was to identify the chemical composition and sequential structure of alginate isolated from C. crinita harvested in the Bulgarian Black Sea, as well as its effects in histamine-induced paw inflammation in rats. The serum levels of TNF-α, IL-1β, IL-6, and IL-10 in rats with systemic inflammation, and the levels of TNF-α in a model of acute peritonitis in rats were also investigated. The structural characterization of the polysaccharide was obtained by FTIR, SEC-MALS, and 1H NMR. The extracted alginate had an M/G ratio of 1.018, a molecular weight of 7.31 × 104 g/mol, and a polydispersity index of 1.38. C. crinita alginate in doses of 25 and 100 mg/kg showed well-defined anti-inflammatory activity in the model of paw edema. A significant decrease in serum levels of IL-1β was observed only in animals treated with C. crinita alginate in a dose of 25 mg/kg bw. The concentrations of TNF-α and IL-6 in serum were significantly reduced in rats treated with both doses of the polysaccharide, but no statistical significance was observed in the levels of the anti-inflammatory cytokine IL-10. A single dose of alginate did not significantly alter the levels of the pro-inflammatory cytokine TNF-α in the peritoneal fluid of rats with a model of peritonitis.
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1. Introduction


The current tendency towards the application of natural products in medicine focuses on marine organisms and their unique molecules. Polysaccharides from macroalgae have demonstrated different pharmacological effects, including antimicrobial, antiviral, anticancer, anticoagulant, antimutagenic, hypolipidemic, hypoglycaemic, antioxidant, immunomodulating, anti-inflammatory, antinociceptive, angiogenic, and gastro- and cardioprotective bioactivities [1,2,3,4]. Attempts to establish a relationship between the structures of the polysaccharides and their bioactivities are a challenge due to the complexity of these polymers. Most of the polysaccharides are highly branched heteropolymers with different substituents groups on the various carbon atoms of their main chain and side-sugar components. Furthermore, the monosaccharide composition and the glycosidic bonds between monosaccharides can be very heterogeneous. Additionally, this heterogeneity also depends strongly on the species of algae from which they are extracted, as well as the period of harvesting and the geographical location of the collection site [4].



The marine macroalgae belong to three main phyla: Chlorophyta (green algae), Rhodophyta (red algae), and Phaeophyta (brown algae). In recent years, brown algae have been widely used as a source of biologically active substances with diverse applications in the medicine, pharmacy, and food industries. Three main groups of polysaccharides have been isolated from brown algae: sulfated polysaccharides (fucoidans), acidic polysaccharides (alginic acid and alginates), and glucans (laminarin) [5].



Fucoidans are obtained from the cell walls and intercellular spaces of the genera Fucus, Cystoseira, Ascophyllum, Sargassum, Padina, etc. [6]. Generally, the chemical composition of fucoidans is very complex; nevertheless, their structural backbone is composed of repeating α-(1,3) linked L-fucopyranose residues or alternating α-(1,3) and α-(1,4) linked L-fucopyranoses. Along with the fucosyl main chain, a wide range of other monosaccharides (mannose, galactose, arabinose, xylose, and glucose), uronic acids, and proteins may also be part of the fucoidan structure. Fucoidans have been studied intensively during the last few years regarding their multiple biological activities as antitumor, immunomodulatory, antiviral, antimicrobial, antidiabetic, nephroprotective, anti-inflammatory, and anticoagulant agents [7].



Laminarin was found in higher amounts in the cell vacuoles of brown algae of the genera Laminaria and Saccharina [8]. It is a highly water-soluble, branched polysaccharide made of a linear β-(1,3)-linked glucose-based chain with β-(1,6) branching of mannitol or glucose residues. Laminarin contributes to dietary fiber intake and has antibacterial, antitumor, antioxidative, and anticoagulant properties [9].



Alginates are found abundantly in the cell walls of the genera Padina, Turbinaria, Sargassum, Cystoseira, Dictyota, Fucus, Hydroclathrus, etc. [10]. Alginate can be considered as a chain-forming heteropolysaccharide composed of β-(1–4)-linked D-mannuronic (M) and α-(1,4)-linked L-guluronic (G) acids, arranged either as homopolymeric (MM or GG) or heteropolymeric (MG or GM) blocks [11]. The composition of the blocks is a specific feature of alginate polysaccharides and can also be influenced by the parameters mentioned above, namely, the species used for the extraction, the part of the thallus from which the extraction is made, the locality of harvest, and the harvest time [1].



Alginate is applied in a wide variety of industrial processes, such as food and textile manufacturing, as well as in the pharmaceutical industry and biotechnology for microencapsulation, drug delivery, and tissue engineering [12,13]. Moreover, various biological activities of alginate and its derivatives, including antitumor, antioxidant, immunoregulatory, anti-inflammatory, neuroprotective, mucoprotective, antibacterial, hypolipidemic, antihypertensive, hypoglycemic, prebiotic, suppression of obesity, and promotion of cell proliferation, have been described [14,15].



Cystoseira crinita (C. crinita) is a brown macroalga that is widespread on the coastal line of the Mediterranean Sea and in the Black Sea. Seven sterols and volatile compounds, mainly terpenoids, have been determined in this species [16]. Our recent study has determined the chemical composition and structure characteristics of fucoidan isolated from C. crinita. Furthermore, we have reported that this sulfated polysaccharide exhibited a well-defined anti-inflammatory activity [7]. No data have been found in the literature about the anti-inflammatory effect of alginate isolated from C. crinita.



The first aim of this study was to determine the chemical composition and structure characteristics of alginate isolated from C. crinita harvested in the Bulgarian Black Sea. Our next aim was to evaluate its effects in a histamine-induced model of inflammation in rats, and on the serum levels of tumor necrosis factor-α (TNF-α), interleukin-1 β (IL-1β), interleukin-6 (IL-6), and interleukin 10 (IL-10) in rats with lipopolysaccharide-induced systemic inflammation. The levels of TNF-α in a model of acute carrageenan-induced peritonitis in rats were also investigated.




2. Results


2.1. Extraction Yield and Chemical Composition of C. crinita Alginate


The results of the extraction yield and colorimetric analyses of C. crinita alginate are summarized in Table 1. The extraction yield was quantified as 20.18 ± 1.72% calculated on algae dry weight. The obtained C. crinita alginate consisted mainly of uronic acids (50.14%) and minor amounts of neutral sugars (19.66%), which was in accordance with the literature data for alginates extracted from other brown algae species [17,18]. The turbidimetric assay revealed a low amount of sulfate groups (0.63%), indicating that the possibility of contamination of alginate polysaccharides by fucoidan residues was negligible. Protein concentrations (<0.04%) and the total polyphenols (<0.10) were present only in trace amounts due to the purification procedures on the algae dry mass [7].




2.2. FTIR Spectroscopy Analysis


C. crinita alginate was analyzed by Fourier-transform infrared (FTIR) spectroscopy (Figure 1A) and the obtained signals were analogous to the infrared spectra of the standard alginate purchased from Sigma-Aldrich (Figure 1B). The peaks observed at 3328 cm−1 and 2953 cm−1 were attributed to O–H and C–H stretching vibrations, respectively [18]. The band at 1596 cm−1 was attributed to the asymmetric C–O stretching vibrations, while the band at 1402 cm−1 was associated with the symmetric C–O vibrations [19]. The absorption peaks at 1090 and 1035 cm−1 were characteristic signals for the alginate polysaccharide and were attributed to the mannuronic and guluronic units, respectively [17]. Moreover, Pereira et al. found that the ratio of these two absorption band intensities could be used for the estimation of the M/G ratio [20]. The FTIR assay revealed the absence of signals around 1230–1280 cm−1, related to the sulfate ester groups (S=O), which confirmed the purity of the extracted alginate [21].




2.3. Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy


The complete characterization of chemical composition and block distribution of alginate molecules was explored by using a consistent methodology via proton nuclear magnetic resonance (1H NMR) spectroscopy [22]. The results obtained for the alginate extracted from the studied C. crinita algae showed typical 500 MHz-1H NMR data (Figure 2) with a set of signal characteristics assigned to guluronic and mannuronic acid repeating units [23,24]. The signal assignment was achieved by the comparison with previously reported chemical shifts [25,26]. The spectrum showed the five peaks (G-1, 5.07; G-2, 3.98; G-3, 4.03; G-4, 4.14; and G5, 4.46) corresponding to L-guluronic acid and another five peaks (M-1, 4.67; M-2, 3.98; M-3, 3.72; M-4, 3.91; and M-5, 3.74) typical of D-mannuronic acid. The chemical shifts are in agreement with those reported in the literature.



The expanded regions between 4.3 and 5.2 ppm also showed, in addition to the signals attributed to the anomeric hydrogen of guluronic acid (G-1) at 5.0–5.15 ppm (AI) and the H-5 of guluronic acid residues in the homopolymeric (GG-5) blocks at 4.4–4.5 ppm (AIII), the anomeric hydrogens of mannuronic acid (M-1) overlapped with the H-5 of alternating blocks (GM-5) at 4.6–4.8 ppm (AII).



Likewise, the 1H NMR spectra of the analyzed alginate from C. crinita did not reveal any traces of fucoidans in the sample, identified by the characteristic signal of the methyl group in fucose ~1.3 ppm. This result is in agreement with that obtained with the turbidimetric assay, where most of the sulfate groups were situated on the fucose units of fucoidan polysaccharides.



The area of described signals (AI, AII, and AIII) was calculated and used to determine the M/G ratio, the molar pair frequencies of the monads of guluronic acid and mannuronic acid (FG and FM), and the diad sequences (FGG, FMM, FMG or FGM). The proportions of each block (FG and FM), the homogeneous (FGG and FMM), and heterogeneous (FGM and FMG) blocks of alginate extracted from C. crinita were estimated by applying the commonly used equations of Grasdalen et al. [25], summarized as follows:


FG = AI/(AII + AIII)



(1)






FM = 1 − FG



(2)






FGG = AIII/(AII + AIII)



(3)






FGM = FG − FGG



(4)






FMM = FM − FGM



(5)






M/G = FM/FG



(6)







Different details on the chemical composition of the alginate extracted from C. crinita, summarized in Table 2, are derived from integral 1HNMR values, along with the equations mentioned above.




2.4. SEC-MALS Analysis


The average molecular weight in mass (Mw) and average molecular weight in number (Mn) of alginate extracted from C. crinita were determined by SEC-MALS analysis. The elution profile is shown in Figure 3, demonstrating that the polymer has a homogeneous distribution. The calculated Mn and Mw were 5.29 × 104 g/mol and 7.31 × 104 g/mol, respectively. The narrow range of mass distribution given by the polydispersity index (PDI = 1.38) confirmed the homogeneity of the alginate polymer and indicated that the extraction process had a minimal impact on the degradation of the obtained polysaccharide [17,18]. The sample recovery rate was over 90%.




2.5. Effect of Alginate on Histamine-Induced Paw Edema


Alginate isolated from C. crinita showed well-defined anti-inflammatory effects in the model of histamine-induced paw edema (Figure 4). The lower dose of alginate (25 mg/kg) caused a significant inhibition of the paw edema at all tested minutes: at the 5th min (17.39 ± 4.68 vs. 31.94 ± 2.23; p < 0.05), at the 15th min (21.23 ± 3.57 vs. 50.72 ± 4.05; p < 0.001), at the 30th min (24.64 ± 3.43 vs. 59.94 ± 3.85; p < 0.001), at the 60th min (10.73 ± 1.70 vs. 52.32 ± 2.98; p < 0.001), at the 90th min (7.04 ± 1.47 vs. 43.44 ± 4.52; p < 0.001), and at the 120th min of the experiment (6.10 ± 1.85 vs. 38.58 ± 5.03; p < 0.001) in comparison with the control group. A significant anti-inflammatory effect was also observed in the group treated with the higher dose of alginate (100 mg/kg) at the 15th min (28.99 ± 3.75 vs. 50.72 ± 4.05; p < 0.01), at the 30th min (25.46 ± 5.46 vs. 59.94 ± 3.85; p < 0.001), at the 60th min (12.16 ± 2.83 vs. 52.32 ± 2.98; p < 0.001), at the 90th min (10.37 ± 3.06 vs. 43.44 ± 4.52; p < 0.001), and at the 120th min (8.27 ± 2.53 vs. 38.58 ± 5.03; p < 0.001) after the histamine application when compared with controls. A significant antiphlogistic activity of alginate standard was registered at the 15th min (28.73 ± 4.26 vs. 50.72 ± 4.05; p < 0.01), at the 30th min (27.72 ± 3.34 vs. 59.94 ± 3.85; p < 0.001), at the 60th min (18.19 ± 2.79 vs. 52.32 ± 2.98; p < 0.001), at the 90th min (15.53 ± 3.01 vs. 43.44 ± 4.52; p < 0.001), and at the 120th min of the testing (15.23 ± 3.46 vs. 38.58 ± 5.03; p < 0.001) in comparison with controls. The isolated alginate from C. crinita showed more efficiency in the inhibition of paw edema when compared with the alginate standard during the late stages of inflammation (from 30th to 120th min; Figure 4, Table 3).




2.6. Effect of Alginate on the Levels of Pro-Inflammatory Cytokines (IL-1β, TNF-α, and IL-6) in Serum and Peritoneal Fluid


A significant decrease in serum levels of IL-1β was observed only in animals treated with the lower dose of alginate from C. crinita (25 mg/kg bw) in comparison with controls (766.07 ± 22.80 vs. 1052.58 ± 114.71; p < 0.05; Figure 5A). As shown in Figure 5B, the levels of TNF-α in the serum of rats treated with both doses of C. crinita alginate were significantly reduced when compared with the control group. Furthermore, the decrease was more distinguished in the group treated with the lower dose of alginate from C. crinita (25 mg/kg bw) than with the higher dose (100 mg/kg bw). The measured levels were 91.33 ± 10.09 vs. 173.48 ± 26.83 (p < 0.05) for the lower dose and 102.49 ± 11.61 vs. 173.48 ± 26.83 (p < 0.05) for the higher dose, respectively. The decreasing effect was also observed in IL-6 serum levels of rats treated with alginate isolated from C. crinita in a dose of 25 mg/kg bw (41.48 ± 6.50 vs. 81.46 ± 12.05; p < 0.05) and 100 mg/kg bw (49.54 ± 4.58 vs. 81.46 ± 12.05; p < 0.05) in comparison with controls (Figure 5C). Again, the effect was more prominent when the lower dose was applied.



A single dose of alginate isolated from C. crinita did not significantly change levels of the pro-inflammatory cytokine TNF-α in the peritoneal fluid of rats with a model of peritonitis in comparison with controls (Figure 6).




2.7. Effect of Alginate on the Levels of Anti-Inflammatory Cytokine (IL-10) in Blood Serum


The administration of single doses of alginate isolated from C. crinita showed a tendency to increase the serum levels of the anti-inflammatory cytokine IL-10 in rats with LPS-induced systemic inflammation, but no statistical significance was observed (Figure 7).





3. Discussion


For the first time, a structural characterization of alginate isolated from C. crinita harvested in the Bulgarian Black Sea coast was reported. The extraction yield of C. crinita alginate (20.18 ± 1.7%) was close to the values mentioned for C. barbata alginate (19%) harvested in the Romanian Black Sea coast [24] and Tunisian C. compressa alginate (21.65%) [18]. Moreover, the obtained yield was higher compared with other Cystoseira species, such as the Tunisian C. barbata (9.9%) [17] and C. sedoides alginate (11%) [18]. The alginate content of C. crinita algae determined in this study was similar to that found for other brown algae from different botanical genera such as Dictyota (D. dichotoma and D. ciliolata 20–21%), Sargassum (S. fluitans 21.1–22.8% and S. oligocystum 18.9–20.5%), Padina (P. boergesenii 24.3% and P. gymnospora 21.5%), Turbinaria (T. triquetra 22% and T. ornata 20.2%), [27,28,29,30]. Nevertheless, Bulgarian Black Sea alginate had a lower extraction yield compared with the species used for the industrial production of alginate, such as Durvillaea willana and D. antarctica (44–53%), Macrocystis pyrifera (43%), Laminaria digitata (40%), and Ecklonia cava (35–38%) [31,32,33].



The calculated M/G ratio of C. crinita alginate was 1.018, showing approximately equivalent amounts of both β-D-mannuronic (FM = 0.505) and α-L-guluronic (FG = 0.495) acids. Similar results were reported in other research works performed on different Cystoseira species. For example, alginates extracted from C. myriophylloides and C. caespitosa had a M/G ratio of 1.12 and 0.92, respectively [34,35]. These values can be considered as high since many algal alginates have M/G (mannuronic/guluronic) ratios within 0.45 and 1.85 [36]. Based on the results of the current literature, it appears that M/G ratios depend on the biological source and growth conditions, maturity, seasonal environment, and the extraction method [35]. In addition, the value of the M/G ratio also determines the biological effects of alginate polymers. Generally, a high M/G ratio corresponds to a higher biological activity [18,23]. The M/G obtained in this work indicates the potential of the alginate from C. crinita for the development of novel substances with a broad spectrum of biological properties.



Moreover, the various biological activities of alginate polysaccharides often correlate with their physical properties in aqueous medium. The physicochemical properties of alginate depend not only on the M/G ratio but also on the distribution of M and G units along the polymer chain [37]. Based on the data obtained in this study, the homopolymorphic MM or GG regions (FMM = 0.289; FGG = 0.280) were presented in a distribution format almost equivalent to the alternating blocks (FMG and FGM, 0.216). These distributions were almost identical to those encountered in the alginate from Fucus vesiculosus (FMM = 0.330; FGG = 0.260; FMG and FGM, 0.210) [11,38]. Likewise, the M/G ratio of the alginate extracted from Fucus vesiculosus was estimated as 1.17, with an FG and FM evaluated as 0.46 and 0.54 respectively. These structural data of alginate from Fucus vesiculosus, which is close to that of alginate from C. crinita, contribute strongly to the biological properties of these polysaccharides.



A complete description of the alginate monomer sequence is not possible only by the diads analysis (FGG, FMM, FGM, and FMG), as described previously [25]. Nevertheless, the η parameter, defined as η = FMG/(FM × FG), can be used to predict the sequence distributions in algal alginates. Therefore, when η values < 1, this indicates the abundance of MM and GG homopolymeric block types, whereas η = 1 reveals completely random cases, and when 1 < η < 2, this illustrates the alternate-like cases of MG and GM. The η parameter obtained for the alginate extracted from C. crinita was estimated as 0.86 (η < 1). This is comparable to alginate from Fucus vesiculosus (η = 0.846 < 1) and suggests a polymer structure with a homopolymeric block distribution.



It is noteworthy that the biological properties of alginates are closely related to their structure. Several factors may influence their biological activity, including molecular weight, M and G content (M/G ratio), and spatial conformation of alginate molecules.



The estimated molecular weight is not very high but close to that of other Cystoseiraceae species. C. compressa alginate’s molecular weight has the most similarity to that analyzed in this study, with an estimated Mn and Mw in the range of 4.00 × 104 to 6.50 × 104 g/mol and 8.50 × 104 to 1.00 × 105, respectively [18,39]. Other species such as C. barbata have a slightly higher average molecular weight (1.26 × 105 to 2.99 × 105 g/mol) [17,24]. It has been demonstrated that, in C. schiffneri algae, the major factor influencing the Mw is the algae harvest period, with variations ranging from 4.49 × 103 to 1.23 × 106 g/mol. According to the authors, the significant seasonal variations of Mw are due to the life cycle of the algae. During the growth period, new stems containing low Mw polysaccharides are present. They continue to grow by gaining higher Mw alginates and, in the resting stages (December), a new thallus can be formed from old stems containing alginate polysaccharides with a high molecular weight [19].



The anti-inflammatory activities of alginates have been described previously. Most studies have shown biocompatibility and anti-inflammatory effects of alginates [40,41,42,43]. Sodium alginate possesses a local anti-inflammatory effect and is used for rectal administration in cases of chronic hemorrhoids and proctosigmoiditis, and chronic anal fissures after surgical intervention in the region of the rectum [44]. Sodium alginate is also reported to promote the regeneration of the mucous membranes, suppress inflammation in the stomach, and help the restoration of intestinal microbial flora [45]. Sodium alginate possesses a beneficial effect on the inflammation of gastric and esophageal mucosa, and radiation stomatitis [46]. Katayama et al. reported that poraprezinc–sodium alginate has a mucosal protective effect, an activity that is related to hemostatic properties, free radical scavenging, and tissue-repair-promoting action against hemorrhagic erosion and ulcers in patients with gingivostomatitis [47].



However, some research data show the pro-inflammatory potential of alginate. Yang & Jones (2009) reported that sodium alginate (molecular weight: 9500 kDa, M/G 1.96) induced RAW264.7 macrophages. It increased levels of the pro-inflammatory cytokines IL-1β, IL-6, IL-12, and TNF-α, and stimulated innate immune responses through NF-κB activation [48]. There is a report that high mannuronic-acid-containing alginate (HMA) from Macrocystis pyrifera has an immunostimulating effect and increases the number of peritoneal macrophages in mice. Furthermore, HMA induces phagocytosis, and the secretory and tumoricidal activity of macrophages, which is mediated by the production of cytokines and cytotoxic molecules (NO, H2O2, and TNF-α) [49]. Otterlei et al. (1991) showed that alginate with high M- and MG-blocks (isolated from Ascophyllum nodosum) were much more potent in inducing IL-1, IL-6, and TNF-α cytokine production compared with alginate with high G blocks (prepared from Laminaria digitata) [50]. Mannoglucan showed also TNF-α-like antitumor activity [51]. These results are in contrast with the anti-inflammatory activity of alginate demonstrated in our study. The possible explanation may be related to the fact that the experiments in these studies were performed in vitro, in contrast to our study, which was performed in vivo. On the other hand, the previous data show that the chemical composition of alginate may affect the immunogenicity of polymers. The predominance of mannuronic acid in the composition of alginate may be a factor that affects the immunogenicity of the polysaccharide and enhances its immunostimulating effect [49,50,51]. This hypothesis is supported by the difference in the M/G ratio. Yang & Jones’ (2009) experiments were performed with alginate with an M/G ratio of 1.96, while in our studies the content of mannuronic acid was lower (M/G ratio 1.02). It can be concluded that alginate with a high mannuronic acid content induces the synthesis of pro-inflammatory cytokines and stimulates the innate immune response by activating the NF-κB signaling pathway. The influence of other factors, such as molecular weight, algal source, extraction method, etc., should also be taken into account.



Similar to our results, other authors also reported an anti-inflammatory effect of alginate in vivo. Mirshafiey A and Rehm B.H. (2009) researched the effects of alginate gels after oral and intraperitoneal administration in experimental models of ulcerative colitis and glomerulonephritis, and the results showed that alginate can provide therapeutic efficacy in inflammatory diseases [52]. In a rat model of acute colitis, the oral administration in drinking water of low-viscosity sodium alginate (LVA), purified from Macrocystis pyrifera at a concentration of 0.5% (w/v), for one week inhibited the progression of colonic inflammatory lesions and reduced serum and colonic mucosal IL-6, TNF-α, leukotriene B4 (LTB4), and prostaglandin E2 (PGE2) levels [53]. In a rat model of chronic ulcerative colitis, LVA purified from Macrocystis pyrifera administered orally at a concentration of 0.5% (w/v) in drinking water for six weeks reduced the colonic damage score and serum levels of TNF-α, IL-6, LTB4, and PGE2, as well as colonic mucosal production of IL-6, TNF-α, and LTB4 [54]. In a rat model of immune complex glomerulonephritis, the application of LVA purified from Macrocystis pyrifera in a dose of 50 mg/kg bw i.p. showed a significant reduction in proteinuria and serum creatinine, and suppressed antibody production and the glomerular deposition of immune complex, as well as the development of glomerular lesions [55].



Free radicals are important mediators that cause or sustain inflammatory processes and, consequently, their neutralization by antioxidants and radical scavengers can attenuate inflammation [56]. There is a report that alginic acid isolated from brown algae Sargassum wightii in a dose of 100 mg/kg administrated orally exhibited anti-inflammatory and antioxidant effects in complete Freund’s-adjuvant-induced arthritis in rats. In this study, alginic acid decreased paw edema, the activities of COX-2 and 5-LOX, and neutrophil infiltration. Alginic acid reduced lipid peroxidation by modulating the cellular antioxidant defense system, and increasing the activity of antioxidant enzymes and the level of reduced glutathione [57]. Mo et al. (2003) found that alginate inhibited the TNF-α-induced expression of intercellular adhesion molecule-1, the production of nitric oxide, and H2O2 [58], revealing the possible role of the antioxidant properties of alginate in its anti-inflammatory activity.



Histamine is a chemical mediator with numerous effects: it stimulates gastric acid secretion, and plays a role in anaphylactic responses, inflammation, and neurotransmission. For investigating the early stage of the inflammatory response, the histamine-induced model of inflammation is often used. Our results showed that alginate isolated from C. crinita exhibited significant anti-inflammatory activity in histamine-induced paw edema in rats. An inhibitory effect of various types of alginic acid on histamine release from mast cells and hyaluronidase was also reported by Asada et al. (1997). Additionally, alginic acids with an M/G ratio of 1.0 and with higher molecular weight (150 to 370 kDa) exhibited the strongest inhibition of both activities. Free or charged carboxyl residues of uronic acids in alginate polymers appear to be essential for these effects because the esterification of the carboxyl residue in alginic acids resulted in enhancement of mast cell degranulation but without inhibition of the hyaluronidase activity [59]. In an allergy model, alginic acid from Macrocystis pyrifera composed of approximately 61% mannuronic and 39% guluronic acid, inhibited dose-dependently the systemic anaphylaxis and passive cutaneous anaphylaxis in experimental animals. It also decreased histamine release from serum and peritoneal mast cells, and histamine synthesis from its precursor L-histidine by inhibiting the enzyme histidine decarboxylase. All these effects were stronger than those of disodium cromoglycate used as a reference drug. Furthermore, alginic acid inhibited IL-1β and TNF-α secretion and mRNA expression but not IL-6 and IL-8 production in vitro [60].



The anti-phlogistic activity of alginate in histamine-induced paw edema in rats is probably related to a decreased secretion of pro-inflammatory cytokines. In our study, we observed reduced levels of the pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 in rat serum after the application of alginate from C. crinita. In our experiments, the treatment with alginate from C. crinita did not significantly change the serum levels of anti-inflammatory cytokine IL-10. In rats with carrageenan-induced peritonitis, no significant changes in the levels of TNF-α were observed after a single dose of alginate isolated from C. crinita. Expression of inflammatory cytokines, including TNF-α, IL-1, and IL-6, is dependent on the activation of a transcription factor, nuclear factor (NF)-kB. Jeong et al. showed that alginic acid inhibited NF-kB activation. The authors suggested that alginic acid acts as a mast cell stabilizer and as an inhibitor of NF-kB activation, and has various regulatory effects, which might explain its anti-anaphylactic and anti-inflammatory properties [60]. We can speculate that the decreased levels of pro-inflammatory cytokines observed in our experiments are related to the inhibition of the NF-kB signal pathway; however, further experiments are necessary to test this hypothesis.



It should be pointed out that the alginate isolated from algae could be contaminated with various impurities such as heavy metals, endotoxins, proteins, and polyphenol compounds, which could increase the immunogenic response. Therefore, to assure the high purity of alginate, proper decontamination methods should be applied during the extraction procedure [61,62,63].




4. Materials and Methods


4.1. Algae Material and Chemicals


Alginate was isolated from Cystoseira crinita (Desf.) Bory, collected near Arapya beach, Black Sea region, Bulgaria, in July 2019. The botanical identification and algae mass pretreatment were previously described in our paper [7].



Solutions for injection of diclofenac sodium (Almiral®, Medochemie, Limassol, Cyprus), dexamethasone phosphate (Dexamethasone KRKA®, KRKA, Novo Mesto, Slovenia), and heparin sodium (Heparinum WZF®, Warsaw Pharmaceutical Works Polfa S.A., Warsaw, Poland) were purchased from a pharmacy store. Alginic acid sodium salt (Product No. 180947), lipopolysaccharides from E. coli O55:B5 (LPS), histamine, λ-carrageenan, and all other reagents were obtained from Sigma Aldrich and were of analytical grade. All tested alginates, histamine, λ-carrageenan, and LPS were dissolved in saline.




4.2. Animals


Male Wistar rats with an average weight of 140–280 g were used. Animals were housed under standard laboratory conditions: a 12:12 h light/dark cycle, a temperature of 22 ± 1 °C, humidity 45%, food, and water ad libitum.




4.3. Extraction of Alginate


C. crinita sodium alginate was extracted using an alkaline solvent, according to the protocol described by Hentati et al. [18] and Trica et al. [24]. Primary, 30 g C. crinita algae powder was soaked with an ethanol:chloroform:water solution (80:5:15, v/v/v) for depigmentation and delipidation. Then, the residue was washed with distilled water and added to 0.1 M HCl (600 mL, 2 h, 60 °C, 650 rpm). The acid treatment was repeated twice and then the wet pellet was recovered by centrifugation (40 min, 5000 rpm, 4 °C). The excess acid was removed by washing with distilled water. Subsequently, the alginate was extracted in 600 mL 3% Na2CO3 (pH 11) for 2 h, at a temperature of 60 °C under continuous stirring (650 rpm). The obtained extract was separated by centrifugation (40 min, 5000 rpm, 4 °C) and the filtrate was precipitated with 3 volumes of 96% ethanol (−20 °C). The precipitate was recovered by centrifugation, resolubilized in distilled water (30 g/L), and then acidified with 6 M HCl to precipitate the alginic acid at a pH value of 1.5 < pH < 3. Afterwards, the alginic acid was resuspended in distilled water (30 g/L), and the solution was neutralized to pH 7.5 using 1 M NaOH. The sodium alginate was precipitated by three volumes of 96% ethanol (−20 °C) with slow stirring, separated by centrifugation, and dried at 50 °C (Figure 8).




4.4. Chemical Analyses of C. crinita Alginate


The uronic acid content in C. crinita alginate was determined according to the methodology of Blumenkrantz and Asboe-Hansen [64]. Neutral sugars were quantified by the phenol–sulfuric acid method of Dubois et al. [65]. The sulfation degree was estimated following the turbidimetric method described by Dodgson and Price [66]. Total polyphenols were measured following the procedure of Singleton et al. [67] using Folin–Ciocalteu reagent. Protein concentration was evaluated by the Bradford method, calibrated against bovine serum albumin [68].




4.5. FTIR Spectroscopy


Fourier-Transform Infrared (FTIR) measurements were carried out using a Nicolet iS 10 FTIR spectrometer (Thermo Fisher Scientific, Pittsburgh, PA, USA), equipped with a diamond attenuated total reflection (ATR) accessory. The IR spectra (64 scans) were recorded at room temperature (referenced against air) with a wavenumber range of 650–4000 cm−1 and a resolution of 4 nm.




4.6. SEC-MALS


Molecular weight determination, described in our previous research [7], was performed by size-exclusion chromatography (SEC) equipped with multi-angle light scattering (MALS) (MiniDAWN TREOS II, Wyatt Technology Corporation, Santa Barbara, CA, USA) and a refractive index detector (RID-10 A, Shimadzu, Duisburg, Germany). Briefly, columns (SB-G guard column and three columns in series SB-806 HQ, SB-804 HQ, and SB-803 HQ, 300 mm L × 8 mm I.D., Shodex Showa Denko K.K., Tokyo, Japan) were eluted with NaNO3, 0.1 M, and NaN3, 2.5 mM, at a volume flow of 0.5 mL/min (LC-20AD, Shimadzu, Duisburg, Germany). Alginate (2.5 mg/mL) was filtered through a 0.45 µm membrane filter (Grace Altech, Columbia, USA) and was injected through a 100 µL full loop. Data acquisition and processing were performed using ASTRA 7.2.2 software. Specific refractive index increments (dn/dc) of 0.150 were used according to the literature.




4.7. 1H NMR Analysis


The freeze-dried samples were dissolved in D2O at 10–15 g/L. The 1H NMR spectrum was recorded at 80 °C on a Bruker Avance 500 MHz spectrometer operating at 500.08 MHz for 1H, using a multinuclear probe BBI 5 mm. A classical 1D proton was acquired. The sequence repeat was -D1-30°-AQ: where D1 (4 s) is the relaxation delay, 30° is the already determined 30° radio-frequency pulse length and AQ (3.27 s) is the data acquisition time. The spectrum was acquired using 8 scans of 64 K data points, using spectral widths of 10,0000 Hz. The resulting 1H spectrum was manually phased, baseline-corrected, and calibrated to TMSP (TriMethyl Silyl propionate) at 0 ppm, all using TopSpin 3.6 (BRUKER BioSpin, Rheinstetten, Germany).




4.8. Histamine-Induced Paw Edema


The experimental design was described in our previous research [7]. Forty male Wistar rats (weight 140–200 g) were divided into five groups (n = 8) and treated intraperitoneally as follows: 1st group (control)—treated with saline (0.1 mL/100 g bw), 2nd group (diclofenac)—treated with diclofenac sodium in a dose of 25 mg/kg bw, 3rd group (alginate standard)—treated with 100 mg/kg bw alginic acid sodium salt standard, 4th group (alginate test 25 mg/kg)—treated with 25 mg/kg bw alginate from C. crinita, and 5th group (alginate test 100 mg/kg)—treated with 100 mg/kg bw alginate from C. crinita. The volume of each injection was 100 μL/100 g bw. One hour after the treatment, the animals received a subplantar injection of 100 μL of a 0.1% solution of histamine in saline into the right hind paw. Hind paw volume was measured immediately before histamine injection and at the 5th, 15th, 30th, 60th, 90th, and 120th min with a plethysmometer (Ugo Basile, Gemonio, Italy). The paw edema was calculated according to the formula:


Percentage of increase (%) = [(Vn − V0)/V0] × 100



(7)




where Vn = the volume of the right hind paw registered after histamine injection at the n-th min; and V0 = the volume of the right hind paw registered for the same animal before histamine injection.




4.9. Detection of Pro-Inflammatory and Anti-Inflammatory Cytokines


The experimental design was described in our previous research [7]. Twenty-four male Wistar rats (weight 200–280 g) were divided into three groups (n = 8) and treated intraperitoneally as follows: 1st group (control)—treated with saline (0.1 mL/100 g bw), 2nd group (alginate 25 mg/kg)—treated with 25 mg/kg bw alginate from C. crinita, and 3rd group (alginate 100 mg/kg)—treated with 100 mg/kg bw alginate from C. crinita. Thirty minutes after the application, a solution of LPS was injected intraperitoneally in a dose of 250 μg/kg bw. Four hours after the LPS application, the rats were sacrificed, and blood samples were collected in monovettes. The monovettes were transported immediately in an ice container to the Department of Microbiology and Immunology.



In the Department of Microbiology and Immunology, blood samples and peritoneal fluids were immediately centrifuged at 1000× g for 10 min at room temperature. The supernatants were subsequently achieved, aliquoted (250–500 μL) to avoid repeated freeze–thaw cycles, and stored at −80 °C until the analysis was performed. The serum concentrations of IL-1β, TNF-α, IL-6, and IL-10 and the concentrations of TNF-α in the peritoneal fluid were measured by a specific enzyme-linked immunosorbent assay (ELISA) using pre-coated strip plates. The tests were performed using the Rat IL-1β ELISA KIT of Diaclone (CEDEX—Besançon, Franche-Comté, France), Rat TNF-α ELISA KIT of Diaclone (CEDEX—Besançon, Franche-Comté, France), Rat IL-6 ELISA KIT of Diaclone (CEDEX—Besançon, Franche-Comté, France), and Rat IL-10 ELISA KIT of Diaclone (CEDEX—Besançon, Franche-Comté, France), strictly following the manufacturer’s instructions. The optical density was detected at 450 nm with an optional 620 nm reference filter using the Tecan Sunrise Microplate Reader (Tecan Austria GmbH, Groedig, Salzburg, Austria) and Magellan™ Data Analysis Software (Tecan Trading AG, V 7.2., Männedorf, Switzerland). Each sample concentration was calculated from the linear equation derived from the standard curve of the concentrations of the cytokine. The concentrations of cytokines were presented as picograms per milliliter (pg/mL).




4.10. Carrageenan-Induced Peritonitis


The experiment was performed as described by de Carvalho et al. [69]. Twenty-four male Wistar rats (weight 170–280 g) were divided into three groups (n = 8) and treated intraperitoneally as follows: 1st group (control)—treated with saline (0.1 mL/100 g bw), 2nd group (dexamethasone)—treated with dexamethasone phosphate in a dose of 0.2 mg/kg bw, and 3rd group (alginate)—treated with 25 mg/kg bw alginate from C. crinita. One hour after the application, 1 mL of λ-carrageenan solution (500 μg/mL) was injected intraperitoneally. Four hours after carrageenan application, the rats were sacrificed, and peritoneal fluid was obtained after washing the peritoneal cavity with 10 mL of saline containing 50 UI of heparin. The abdominal part of the rats was massaged gently, and a volume of 5 mL peritoneal fluid was obtained from each animal. The monovettes containing the fluid were transported immediately to the Department of Microbiology and Immunology in an ice container.




4.11. Statistical Analysis


Statistical analysis was performed using SPSS 17.0. The normal distribution was evaluated with the One-sample Kolmogorov–Smirnov test. One-way ANOVA and Bonferroni post hoc tests were employed for further analysis. The number of tested animals is given as n. The results are presented as mean ± SEM and are considered significant at p < 0.05.





5. Conclusions


Alginate isolated from C. crinita harvested in the Bulgarian Black Sea exhibited significant anti-inflammatory activity in the histamine-induced model of paw inflammation and reduced the levels of some pro-inflammatory cytokines (IL-1β, TNF-α, and IL-6) in serum after LPS application in rats. Alginate did not significantly change the level of anti-inflammatory cytokine IL-10. The anti-phlogistic activity of alginate is probably related to a decreased secretion of pro-inflammatory cytokines. However, further studies are required to elucidate the key molecular mechanism involved in the anti-inflammatory potential of alginate isolated from C. crinita.
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Figure 1. FTIR of (A) alginate extracted from C. crinita and (B) alginate standard from Sigma Aldrich (Inc. St. Louis, MO, USA). 
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Figure 2. Expanded regions of the 1H NMR spectrum (80 °C) of sodium alginate extracted from C. crinita harvested in the Bulgarian Black Sea. M and G refer to protons of D-mannuronic acid and L-guluronic acid residue, respectively. Signal I = guluronic acid anomeric proton (G-1), signal II = overlap between the mannuronic acid anomeric proton (M-1) and the H-5 of alternating blocks (GM-5), signal III = guluronic acid H-5 position (block GG-5). Underlined M and G denote signals from M and G residues, respectively, whereas letters not underlined denote neighboring residues in the polymer chain. Numbers indicate which proton is causing the signal. 
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Figure 3. SEC-MALS chromatogram of C. crinita crude alginate giving Mw (g/mol) versus V (mL) (black), RI signal (blue), and light scattering at 90° (red). 
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Figure 4. Effects of diclofenac, alginic acid sodium salt standard (100 mg/kg bw), and alginate test from C. crinita (25 and 100 mg/kg bw) on paw edema induced by histamine in rats. * p < 0.05 vs. controls at the same time; ** p < 0.01 vs. controls at the same time; *** p < 0.001 vs. controls at the same time. 
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Figure 5. Effect of a single application of alginate from C. crinita (25 and 100 mg/kg bw) on serum levels of the pro-inflammatory cytokines IL-1β (panel A), TNF-α (panel B), and Il-6 (panel C) in LPS-induced systemic inflammation in rats. * p < 0.05 vs. same cytokine controls. 
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Figure 6. Effect of a single application of dexamethasone (0.2 mg/kg bw), and alginate from C. crinita (25 mg/kg bw) on the levels of TNF-α in the peritoneal fluid of rats with carrageenan-induced peritonitis. ** p < 0.01 vs. controls, # p < 0.05 vs. dexamethasone. 
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Figure 7. Effects of a single dose of alginate from C. crinita (25 and 100 mg/kg bw) on serum levels of IL-10 in rats with LPS-induced systemic inflammation. 
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Figure 8. Extraction process of alginate from C. crinita. 
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Table 1. Extraction yield and chemical composition of C. crinita alginate.






Table 1. Extraction yield and chemical composition of C. crinita alginate.





	Sample
	ExtractionYield (%)
	Neutral Sugars (%, w/w)
	Uronic Acid (%, w/w)
	Sulfates (%, w/w)
	Total Polyphenols (%)
	Protein (%)





	C. crinita alginate
	20.18 ± 1.72
	19.66 ± 1.05
	50.14 ± 1.12
	0.63 ± 0.02
	<0.10
	<0.04
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Table 2. Structural characterization of alginate extracted from C. crinita harvested in the Bulgarian Black Sea.
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	Fraction
	FG
	FM
	FGG
	FGM or FMG
	FMM
	M/G





	Alginate
	0.495
	0.505
	0.280
	0.216
	0.289
	1.018
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Table 3. Mean percentages of increase in the rat paw volume in a model of histamine-induced edema after treatment with saline (controls), diclofenac sodium in a dose of 25 mg/kg bw, alginic acid sodium salt standard in a dose of 100 mg/kg bw, and alginate test from C. crinita in doses of 25 and 100 mg/kg bw, respectively.
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Time Point

	
5th Minute

	
15th Minute

	
30th Minute

	
60th Minute

	
90th Minute

	
120th Minute




	
Groups

	






	
Controls

	
Mean (%)

	
31.94

	
50.72

	
59.94

	
52.32

	
43.44

	
38.58




	
SEM

	
2.23

	
4.05

	
3.85

	
2.98

	
4.52

	
5.03




	
diclofenac 25 mg/kg

	
Mean (%)

	
12.57 **

	
19.25 ***

	
20.48 ***

	
18.05 ***

	
15.24 ***

	
12.90 ***




	
SEM

	
1.73

	
1.50

	
2.13

	
1.91

	
2.40

	
2.22




	
alginate standard 100 mg/kg

	
Mean (%)

	
19.77

	
28.73 **

	
27.72 ***

	
18.19 ***

	
15.53 ***

	
15.23 ***




	
SEM

	
2.09

	
4.26

	
3.34

	
2.79

	
3.01

	
3.46




	
alginate test 25 mg/kg

	
Mean (%)

	
17.39 *

	
21.23 ***

	
24.64 ***

	
10.73 ***

	
7.04 ***

	
6.10 ***




	
SEM

	
4.68

	
3.57

	
3.43

	
1.70

	
1.47

	
1.85




	
alginate test 100 mg/kg

	
Mean (%)

	
21.31

	
28.99 **

	
25.46 ***

	
12.16 ***

	
10.37 ***

	
8.27 ***




	
SEM

	
4.49

	
3.75

	
5.46

	
2.83

	
3.06

	
2.53








* p < 0.05 vs. controls at the same time; ** p < 0.01 vs. controls at the same time; *** p < 0.001 vs. controls at the same time.
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