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Abstract

:

The fruiting bodies of edible mushrooms represent an important source of biologically active polysaccharides. In this study, Lentinula edodes crude polysaccharides (LECP) were extracted in hot water, and their antioxidant and antiradical activities were investigated. The antioxidant activity of LECP was investigated against reactive species such as 1,1’-diphenyl-2-picrylhydrazyl, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, hydroxyl and superoxide anion radicals, reducing power with EC50 values of 0.51, 0.52, 2.19, 3.59 and 1.73 mg/mL, respectively. Likewise, LECP inhibited the lipid peroxidation induced in methyl linoleate through the formation of conjugated diene hydroperoxide and malondialdehyde. The main sugar composition of LECP includes mannose, galactose, glucose, fucose and glucuronic acid. Characterization by Fourier transform infrared spectroscopy and nuclear magnetic resonance determined that LECP was made up of α and β glycosidic bonds with a backbone of α-D-Glc, →6)-β-D-Glcp-(1→, →6)-α-D-Galp-(1→ and β-D-Manp-(1→ residues. The results showed that LECP can scavenge all reactive species tested in a concentration-dependent manner and with a protective effect in the initial and final stages of lipid peroxidation. The natural antioxidant activity of the LECP that was investigated strengthens the high medicinal and nutritional value of this mushroom.
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1. Introduction


Mushrooms are widely cultivated worldwide due to their high nutritional value and medicinal properties [1,2]. The cultivation of mushrooms improves their ecological value, promotes sustainable use and helps the conservation of the environment [3]. Edible mushrooms are of interest in the food industry because they have been recognized as functional foods due to their sensory characteristics (aroma and flavor) and their favorable chemical composition, content in carbohydrates, dietary fiber, proteins, vitamins and minerals. Mushroom consumption has been shown to help prevent different types of cancer and heart disease, among other benefits [4,5]. Mushrooms contain bioactive compounds such as polysaccharides, proteins and small organic molecules (secondary metabolites) such as polyphenols, as well as polysaccharide–protein and polysaccharide–phenol complexes, which have been recognized as the main bioactive components of medicinal mushrooms [6].



Lentinula edodes (Shiitake mushrooms) is one of the most cultivated edible mushrooms [7]. Recently, bioactive polysaccharides obtained from L. edodes have shown an important role as free radical scavengers in the prevention of oxidative damage and can be explored as for its new potential as a natural antioxidant. Due to public concern about the adverse effects of synthetic chemical antioxidants on human health, there has been a growing interest in the discovery and application of natural antioxidants. Although L. edodes crude polysaccharides (LECP) have been known for their biological potential in recent years, difficulties in their extraction, purification and chemical composition have been an obstacle to their consumption and marketing. Therefore, a basic understanding of lentinan bioactivities is essential for its successful application in disease prevention and treatment [8,9].



In this work, we have extracted and characterized polysaccharides from L. edodes fruiting bodies in hot water and evaluated their antioxidant activity. First, the chemical composition, monomer units and glycosidic bonds of the crude polysaccharides were investigated by spectroscopic and chromatographic analyses. The evaluation of the antiradical and antioxidant activity of the crude polysaccharides demonstrated the synergistic relationship between the different components of the hot water soluble extract and the type of glycoside bond to counteract radical and oxidant species. Thus, water-soluble polysaccharides are a source of natural antioxidants and can promote the consumption of the L. edodes mushroom as a functional food.




2. Materials and Methods


2.1. Materials


The fruiting bodies of the L. edodes mushroom were obtained from the Santa Rita farm, Cardonal Village, located in the town of Cogua, Cundinamarca, Colombia, which is certified in Good Agricultural Practices by the Colombian Agricultural Institute (ICA) in accordance with ICA resolution 30021 of 2017 and 82394 of 2020 and Otro sí No. 13, Framework Contract for Access to Genetic Resources and their Derived Products, 126 of 2016, RGE0156-13, Ministerio de Ambiente y Desarrollo Sostenible, Colombia. 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), pyrogallol, trifluoroacetic acid (TFA), 1-phenyl-3-methyl-5-pyrazolone (PMP), glucose (Glc), galactose (Gal), mannose (Man), fucose (Fuc) and glucuronic acid (GlcA), chondroitin sulfate, carbazole, 1,9-dimethyl-methylene blue, bovine serum albumin (BSA), Bradford reagent, gallic acid, potassium persulfate (K2S2O8), congo red, tris(hydroxymethyl)aminomethane, methyl linoleate (MeLo), butylated hydroxytoluene (BHT), 2-thiobarbituric acid (TBA), Iron (III) chloride (FeCl3), potassium ferricyanide (III) (K3[Fe(CN)6]), sodium tetraborate and deuterium oxide (D2O) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Ascorbic acid (AA) and hydrogen peroxide H2O2 were acquired from PanReac AppliChem (Darmstadt, Germany). Ethanol, acetone, ether, chloroform, butanol, methanol, acetonitrile, hydrochloric acid (HCl), phenol, Folin–Ciocalteu reagent, salicylic acid, ferrous sulfate (FeSO4), sulfuric acid (H2SO4) and sodium hydroxide (NaOH) were purchased from Merck Millipore (Darmstadt, Germany). All reagents were used without any further treatment.




2.2. Extraction of Polysaccharides from the Fruiting Bodies of L. edodes


The extraction of water-soluble polysaccharides was carried out according to previously described methodologies with some modifications [10,11]. Briefly, the dried mushroom was extracted with ethanol for 3 h to remove lipids, pigments, polyphenols and other small molecules. The residue was extracted twice with distilled water (residue of ethanolic extraction: distilled water = 1:20 w/v) at 95 °C for 3 h. The supernatants were concentrated under vacuum rotary evaporation at 50 °C and then mixed with Sevag reagent (n-butanol: chloroform = 1:4, v/v) for 30 min (Sevag reagent: polysaccharide solution = 5:1, v/v). Then, they were centrifuged at 3500 rpm for 15 min, and the process was repeated 2 times. The supernatant was precipitated with ethanol at 4 °C overnight (ethanol: polysaccharide solution ratio 5:1, v/v). The precipitated polysaccharides were collected by centrifugation at 3500 rpm for 15 min and were then washed twice with ethanol, acetone and ether, respectively. The polysaccharides were dissolved in distilled water and dialyzed against distilled water in a dialysis membrane (MWCO12-14 KDa) for 48 h. Finally, the resulting solution was freeze-dried, and the L. edodes crude polysaccharides (LECP) were obtained. The estimation of the molecular weight of the polysaccharides of the crude extract obtained was performed by ultracentrifugation using 10–50, 50–100 and >100 KDa MWCO filters for 30 min at 5000 rpm and finally by lyophilizing the fractions obtained.




2.3. Characterization of LECP


2.3.1. Sugar and Glucans Composition


The neutral sugar content was measured by the phenol–sulfuric acid method [12]. An amount of 0.03 mL of LECP (1 mg/mL) was mixed with 0.370 mL of distilled water, and 2 mL of H2SO4 was added. Then, the solution was shaken, and 0.40 mL of phenol (5% w/v) was added. The solution was shaken, heated at 90 °C for 5 min and cooled in a water bath. The absorbance was measured at 490 nm. The uronic sugar content was determined by the carbazole–sulfuric acid method [13]. An amount of 0.08 mL of LECP (1 mg/mL) was mixed with 0.32 mL of distilled water, and 2 mL of sodium tetraborate in H2SO4 (0.095% w/v) was added. The solution was stirred and heated at 100 °C for 12 min. Then, 0.04 mL of the carbazole ethanolic solution (0.2% w/v) was added, and the solution was stirred and heated at 100 °C for 10 min. The solution was cooled in a water bath, and the absorbance was measured at 525 nm. The sulfated content of sugar was analyzed by the dimethylmethylene blue method [14]. An amount of 0.10 mL of LECP (1 mg/mL) was mixed with 0.40 mL of distilled water, and 3 mL of 1,9-dimethyl-methylene blue (0.0011% w/v, dissolved in sodium acetate 0.05 M, pH 4.75), was added. The solution was shaken and incubated in the darkness for 30 min. The absorbance was measured at 525 nm. The β-glucan content of LECP was measured using a mushroom and yeast-specific β-glucan kit (Megazyme International, Wicklow, Ireland) following the manufacturer’s instructions.




2.3.2. Protein and Phenol Composition


The total protein content was determined by the Bradford method [15]. An amount of 0.25 mL of LECP (1 mg/mL) was mixed with 0.75 mL of Bradford reagent and stood in the darkness for 5 min. The absorbance was measured at 595 nm. The total content of the phenols was determined by the Folin–Ciocalteu method [6]. An amount of 0.10 mL of LECP (1 mg/mL) was mixed with 1.50 mL of distilled water and 0.10 mL of Folin–Ciocalteu reagent and stood for 10 min at room temperature. Next, 0.30 mL of sodium carbonate (20% w/v) was added, and the mixture was incubated at 40 °C for 30 min. The absorbance was measured at 765 nm. Information about the reference substance and the regression equations for each method used are shown in Table 1.




2.3.3. Ultraviolet and FT-IR Spectroscopy Analysis


The ultraviolet absorption spectra of the LECP aqueous solution were measured by a Thermo Scientific Evolution 60S UV-Visible spectrophotometer between 200–500 nm. The FT-IR spectra were obtained in the PerkinElmer Spectrum Two Spectrometer by the total attenuated reflection (ATR) technique between 500 and 4000 cm−1.




2.3.4. Monosaccharide Composition


The monosaccharide composition of LECP was determined by a PMP high-performance liquid chromatography-diode-array detector (HPLC-DAD) [6]. Briefly, 5 mg of LECP was hydrolyzed in 2 mL of TFA (2.0 M) at 110 °C for 4 h. The hydrolysate was dried by vacuum evaporation at 50 °C, and the residue was dissolved in methanol to remove residual TFA. The methanol was evaporated, and this step was repeated four times [16]. Then, the residue was dissolved in 2 mL of water. An amount of 0.45 mL of hydrolysate solution, 0.45 mL of PMP (0.5 M) methanolic solution and 0.45 mL of NaOH (0.3 M) were mixed and incubated at 70 °C for 30 min. Next, 0.45 mL of HCl was added to stop the reaction. The product was partitioned with chloroform three times and was filtered through a 0.45 µm membrane. HPLC analysis was carried out using an LC 300 HPLC System equipped with DAD detectors and a Pinnacle C18 (250 mm × 4.6 mm). The mobile phase consisted of potassium phosphate buffer saline (0.05 M, pH 6.9) with 83% (solvent A) and 17% acetonitrile (solvent B), and the wavelength for UV detection was 250 nm. Glucose, galactose, mannose, fucose and glucuronic acid were used as reference substances.




2.3.5. NMR Analysis


LECP (30 mg) was dissolved in D2O (0.5 mL). The 1D (1H, and DEPT 135) and 2D (1H–13C HSQC) spectra were measured using a Bruker Ascend III HD 600 MHz spectrometer at 25 °C.




2.3.6. Preliminary Triple Helix of the Conformation by Congo Red Analysis


The triple helix structure of LECP was confirmed by the Congo red test with some modifications [17]. An amount of 0.5 mL of LECP (1 mg/mL) was mixed with 0.5 mL of Congo red solution (80 mM), and then a NaOH (1.0 M) solution was gradually added to the mixtures to a final NaOH concentration of 0, 0.1, 0.2, 0.3, 0.4 and 0.5 M. The solution without polysaccharide was used as a negative control. After reacting for 5 min, the maximum absorption wavelength in the range of 400 to 600 nm was measured.





2.4. Antiradical Activity


2.4.1. DPPH Radical Scavenging Assay


The DPPH radical scavenging activity was measured by the method previously reported with some modifications [9]. An amount of 0.2 mL of LECP with different concentrations (0.05–4.0 mg/mL) and 1.0 mL of DPPH (0.05 mM) methanolic solution were shaken and incubated in the darkness for 30 min. Then, the absorbance of the mixtures was measured at 517 nm using a Thermo Scientific Evolution 60S UV-Visible spectrophotometer. Ascorbic acid (AA) was used as the positive control. The DPPH radical scavenging activity was calculated as:


   DPPH   radical   scavenging   activity     %  =        A   DPPH      −      A     S         A   DPPH             ×    100  



(1)




where ADPPH is the is the absorbance of the DPPH methanolic solution, and AS is the absorbance of the sample (DPPH methanolic solution and LECP at a particular concentration).




2.4.2. ABTS Radical Scavenging Assay


The ABTS radical scavenging activity of LECP was determined according to a previous report with some modifications [18]. Briefly, 2.5 mL of ABTS (7 mM) and 2.5 mL of K2S2O8 (2.45 mM) were mixed and kept in the dark at room temperature for 12–16 h before use. The solution was diluted with distilled water to a final absorbance of 0.70 ± 0.02 at 734 nm. Afterwards, 1.0 mL of diluted ABTS solution and 0.1 mL of LECP with different concentrations (0.2–3.0 mg/mL) were mixed and incubated in the darkness for 6 min. The absorbance was measured at 734 nm, and AA was used as the positive control. The ABTS scavenging activity was given by:


   ABTS   radical   scavenging   activity     %  =        A   ABTS      −      A     S         A   ABTS             ×    100  



(2)




where AABTS is the absorbance of the diluted ABTS solution, and AS is the absorbance of the sample (diluted ABTS solution and LECP at a particular concentration).




2.4.3. Hydroxyl Radical Scavenging Assay


The hydroxyl radical scavenging assay was carried out according to a previous report [18]. Concisely, 0.1 mL of LECP with a different concentration was mixed with 0.5 mL of FeSO4 (0.15 mM), 0.5 mL of H2O2 (6 mM), 0.2 mL of salicylic acid (2 mM, dissolved in ethanol) and 0.2 mL of distilled water. After that, the mixtures were incubated at 37 °C for 1 h and were measured at 510 nm. AA was used as the positive control. The hydroxyl radical scavenging activity was calculated as:


   Hydroxyl   radical   scavenging   activity     %  =   1 −      A i  −  A  ii        A 0       



(3)




where A0 is the control absorbance without the sample; Ai is the absorbance of the sample; and Aii is the background absorbance without H2O2.




2.4.4. Superoxide Radical Scavenging Activity


The superoxide radical scavenging assay was executed according to a previous report [19]. Briefly, 0.125 mL of LECP with different concentrations (0.5–10.0 mg/mL) and 1.125 mL of Tris–HCl buffer (50 mM, pH = 8.2) were incubated at 25 °C for 20 min. After that, 0.250 mL of pyrogallol (25 mM) was added to the mixture and incubated at the same temperature for 4 min. The reaction was stopped by adding 0.250 mL of HCl (8 mM). AA was used as the positive control. The absorbances of the mixtures were measured at 325 nm, and the superoxide radical scavenging activity was calculated as:


   Superoxide   anion   radical   scavenging   activity     %  =   1 −      A i  −  A  ii        A 0       



(4)




where A0 is the control absorbance without the sample; Ai is the absorbance of the sample; and Aii is the background absorbance without the pyrogallol solution.




2.4.5. Reducing Power Assay


The reducing power was assessed according to a previously reported method [20]. An amount of 0.250 mL of LECP with different concentrations (0.2–4.0 mg/mL) was mixed with 0.625 mL of phosphate buffer (200 mM, pH 6.6) and 0.625 mL of K3[Fe(CN)6] (1%, w/v) solution. The mixtures were incubated for 30 min at 50 °C. Then, 0.625 mL of TFA (10%, w/v) was added, and the reaction mixtures were centrifuged for 10 min at 5000 rpm. Next, 0.625 mL of supernatant was mixed with 0.625 mL of distilled water and 0.125 mL of FeCl3 (1%, w/v). The mixtures were kept for 10 min in the dark, and the absorbance of the reaction mixture was measured at 700 nm. AA was used as the positive control. The reducing power was calculated as:


   Reducing   power     %  =  A i  −  A  ii    



(5)




where Ai is the absorbance of the sample, and Aii is the absorbance of the sample without FeCl3.





2.5. Antioxidant Activity


The antioxidant activity was investigated by the inhibition of lipid peroxidation in MeLo according to a previous report [21]. An amount of 0.9 mL of MeLo (10 mM) and 0.1 mL of LECP or BHT (2 mg/mL) were exposed to accelerated oxidation for 5 days at 40 °C in test tubes. Later than thermal oxidation, each sample was dissolved in 1 mL of ethanol.



2.5.1. Conjugated Diene Hydroperoxide (CDH)


The concentration of CDH produced during oxidation was measured at 234 nm. The mixtures were diluted with ethanol in a ratio of 1:25. An extinction coefficient of 29,000 M−1 cm−1 was used. The peroxidation level was expressed as mmol CDH kg−1 MeLo.




2.5.2. Thiobarbituric Acid Reactive Substances (TBARS)


The level of lipid peroxidation was also expressed as the malondialdehyde (MDA) content and was determined as TBARS. Briefly, 0.05 mL of the sample, 0.350 mL of ethanol, 0.100 mL of BHT-ethanol and 0.500 mL of TBA (0.37%) in HCl (0.25 mM) were incubated at 90 °C for 30 min. Then, the mixtures were cooled in an ice bath and centrifugated at 3000 rpm for 10 min. The absorbances of the samples were measured at 535 nm and were corrected for non-specific turbidity by subtracting the absorbance at 600 nm. MeLo was used as the control, and the peroxidation was expressed as mmol MDA kg−1 MeLo using a molar extinction coefficient of 156.000 M−1 cm−1.





2.6. Statistical Analysis


The experimental results included three replications, and the data were expressed as mean ± standard deviation (SD). The data were analyzed by an ANOVA (p < 0.05). The extract concentration providing 50% of the radical scavenging activity (EC50) was calculated from the graph of radical scavenging activity percentage against LECP concentration.





3. Results and Discussion


3.1. Extraction and Chemical Characterization of LECP


3.1.1. Chemical Composition and Monosaccharide Composition


LECPs were extracted with hot water from the fruiting bodies of L. edodes and were purified by dialysis. The yield of the LECPs was 2.3% of the mushroom dry weight. The LECPs were mainly composed of 70.23 ± 2.03% neutral sugars, 8.81 ± 1.49% acid sugars, 3.41 ± 0.11% proteins and a low content (2.83 ± 0.08%) of phenolic compounds. The LECPs were composed of 16.94 ± 0.66% total glucans, 13.86 ± 0.79% β-glucans and 3.07 ± 0.14% α-glucans. The content of beta and alpha glucans was comparable with previous reports of extracts from L. edodes, which have a marked impact on their biological activity [22,23]. The beta glucans found in LECP do not represent more than 20% of the extract, suggesting that not only are the beta-glucans present in the extracts responsible for the antioxidant activity, but there are also other monomers that are involved in the bioactivity. This is related to reports of heteropolysaccharides with different types of unions that present high biological activities [24,25].



Although the LECPs were precipitated with ethanol and purified with membrane dialysis (MWCO12-14 KDa) to remove low molecular weight components from the water extract, a small (<3.0%) fraction of phenolic compounds was still present in the LECPs, due to the interactions of phenolic compounds with polysaccharides with high molecular weights. This is related to the possibility to form hydrogen bonding or hydrophobic interactions with polysaccharides [6]. Likewise, the proteins present in the LECP may have interacted with the polysaccharides through covalent bonds, forming polysaccharide–protein (PSP) complexes such as proteoglycans [26]. The LECPs did not present sulfated sugars, as previously reported [27]. The chemical composition of the polysaccharides varied in comparison with previously reported extracts, since the content of bioactive compounds of the mushrooms depends on factors such as age, stage of development, cultivation techniques and the substrate of the strain, among other factors [28]. The range of the molecular weights of LECPs was 80% polysaccharides >100 kDa, 10% polysaccharides from 50 to 100 kDa and 10% polysaccharides from 10 to 50 kDa. These results indicated that LECP is composed of polysaccharides of high molecular weights. This could be related to its antioxidant activity, since it has been reported that polysaccharides with high molecular weights could have more side chains, and this can increase the exposure to functional groups such as C-H and O-H that contribute to antioxidant ability [29].



HPLC-DAD with pre-column PMP derivatization combined with hydrolysis by TFA was used for the determination of the monomeric profiles of LECP. The derivatization protocol was suitable for the simultaneous analysis of neutral and acidic sugars and was performed under relatively mild conditions without the use of specialized columns [30]. According to the chromatogram of mixed standard monosaccharides shown in Figure 1, the LECP was composed mostly of Man, Glc, Gal and Fuc with a low content of GlcA. This result demonstrates the high content of neutral sugars and the small fraction of uronic sugars of LECP, as indicated in the chemical composition analysis.




3.1.2. UV-Vis Spectra and FT-IR Spectra Analysis of LECP


The UV-Vis spectrum of the LECPs is shown in Figure 1A. The spectrum shows typical absorption bands between 260 and 280 nm associated with proteins and phenols present in the sample, according to the results of the composition analysis. Absorbance within the range of 260–280 nm is commonly attributed to π − π* electron transitions in aromatic and polyaromatic compounds found in most conjugated molecules, including proteins [31,32]. Although the Sevag method was used to deproteinize the LECPs, the protein content detected was 3.41%, suggesting that it could be a protein-bound polysaccharide. It has been reported that the antioxidant activity of protein-bound polysaccharides is enhanced by a synergistic effect [33].



The FT-IR spectrum (Figure 1B) of LECP showed typical absorption peaks of polysaccharides. The absorption of the broad peak at 3240 cm−1 was related to the O–H stretching vibration of the strong inter and intramolecular interactions of the polysaccharide chain. The band around 2890 cm−1 corresponded to the C-H stretching vibration. The absorption bands at 1640 and 1518 cm−1 were related to the presence of proteins and aromatic compounds, such as aromatic polyphenols (C=C and C=O stretching vibrations) [34]. The absorption band around 1390 cm−1 corresponded to OH groups of phenolic compounds [34,35]. These results were consistent with the composition results of the LECPs. The band at 1643 cm−1 was attributed to the stretching vibration of the C=O groups [36]. The peak at 1030 cm−1 indicated the presence of pyranose rings in the LECPs. Furthermore, absorption peaks at 912 and 864 cm−1 indicated the presence of β- and α-glycosidic linkages, respectively [9,37]. After that, it was deduced that the LECPs contained both α- and β- configurations.




3.1.3. NMR Analysis


NMR spectra include 1H, DEPT-135 and HSQC spectra. Resonances were assigned according to values from the literature [38,39,40]. In the 1H NMR spectrum, four anomeric hydrogen signals were observed in the range of δ 4.4–5.4 ppm. This was consistent with the FTIR results, which showed that LECP contained α and β glycosidic bonds.



The 1H NMR spectrum showed the presence of α-d-glucopyranosyl, α-d-galactopyranosyl, β-d-mannopyranosyl and β-d-glucopyranosyl at 5.31, 5.06, 4.74 and 4.46 ppm, respectively (Figure 2A). These results were confirmed by the analysis of the monosaccharide composition for LECP. In the HSQC spectrum (Figure 2C), four cross-peaks (A–D) were observed at 5.31/99.29, 4.46/102.8, 5.06/98.12 and 4.74/101.63 ppm. They were assigned to H1/C1 of α-d-Glc-(1→, →6)-β-d-Glcp-(1→, →6)-α-d-Galp-(1→ and β-d-Manp-(1→, respectively (see Table 2). The DEPT-135 spectra shown in Figure 2B confirmed the C-6 linkages of residues in the HSQC spectrum.




3.1.4. Preliminary Results on Triple-Helix Conformation


The biological and functional activities of polysaccharides are associated with their triple-helix conformation [41]. Polysaccharides with a triple-helix structure have been shown to react with Congo red to form complexes. The maximum wavelength absorption (λmax) of the complex is red shifted in comparison to Congo red [42]. The changes in the λmax for Congo red and Congo red with LECP at different concentrations of NaOH are shown in Figure 1D. The results showed that LECP formed complexes with Congo red in alkaline solution, and the value of λmax increased. When the NaOH concentration was 0.4 M, no significant decrease in the λmax value was detected, which could be related to the strong interchain hydrogen bonds [43]. This confirmed the presence of a triple helix conformation in LECP.





3.2. Antiradical Activity


The antiradical activity of LECP and AA was assessed for different in vitro assays. The EC50 value was defined as the concentration of antioxidant necessary to reduce 50% of the initial free radical [9,44]. A lower EC50 value means higher antiradical activity of the polysaccharide extract. The results of the DPPH, ABTS, hydroxyl and superoxide radical scavenging activity, as well as the reducing power expressed as EC50 (mg extract/mL) values, are shown in Table 3.



3.2.1. DPPH Radical Scavenging Ability


DPPH is stable organic nitrogen radical with an unpaired electron, which can reduce by accepting an electron or hydrogen [18,45]. The DPPH radical scavenging ability of LECP is shown in Figure 3A. LECP showed a dose-dependent radical scavenging ability. In the higher concentration (1.6 mg/mL), LECP exhibited very high radical scavenging activity (89.63%), which was close to that of AA (97.16%). Nevertheless, in the lower concentrations (0.05 to 0.6 mg/mL), the radical scavenging ability of LECP was lower than that of AA. The EC50 value of LECP (0.51 ± 0.05 mg/mL) was lower compared to that reported for Lentinus edodes (2.16 mg/mL) [9], Pleurotus ostreatus (2.36 mg/mL) [46] and Pleurotus djamor (3.83 g/mL) [47] polysaccharides, indicating the great potential of LECP to scavenge DPPH radicals. This enhanced activity of LECP could be related to the presence of proteins, since it has been shown that there is a synergistic effect in the ability to eliminate the DPPH radical between polysaccharides and proteins [33,48].




3.2.2. ABTS Radical Scavenging Ability


The antiradical activity of polysaccharides was measured by an ABTS assay. Polysaccharides can donate an electron or a hydrogen atom to an unstable ABTS radical to form a stable ABTS radical [18]. As shown in Figure 3B, the ABTS radical scavenging activity of LECP increased in a concentration-dependent manner. LECP scavenged 16.70% and 35.40% ABTS radicals, respectively, at concentrations of 0.1 and 0.3 mg/mL, and the activity increased to 57.12% at a concentration of 0.6 mg/mL. Although the ABTS radical scavenging ability increased with polysaccharide concentration, it was lower than that of AA. When the concentration reached 3.0 mg/mL, the scavenging rate of the ABTS radical was 95.30%, which was close to that of AA (99.72%). The EC50 value of LECP (0.52 ± 0.02 mg/mL) was lower compared to that reported for Lentinus edodes (2.17 mg/mL) [9] and Pleurotus djamor (0.82 g/mL) [47] polysaccharides. These differences in the ABTS radical scavenging activity could be related to the active hydroxyl groups associated with monosaccharides [20,49] and the total content of polyphenols [45].




3.2.3. Hydroxyl Radical Scavenging Ability


Hydroxyl radicals are one of the most reactive free radicals, as they can pass through cell membranes and react with DNA, proteins, lipids and carbohydrates [18,47]. The hydroxyl radical scavenging ability of LECP is shown in Figure 3C. It could be observed that both LECP and AA showed antiradical ability in a concentration-dependent manner. The OH radical scavenging rate of LECP significantly increased from 23.41% to 54.81% as the LECP concentration increased from 0.2 to 2.5 mg/mL, and the OH radical scavenging rate of AA increased from 28.04% to 96.85% during the same concentration range. The EC50 value of LECP (2.19 ± 0.18 mg/mL) was approximately twelve times lower than that reported for Pleurotus ostreatus (27.86 mg/mL) [46], demonstrating the great potential of LECP to scavenge hydroxyl radicals compared to other edible mushrooms. The possible mechanism of the hydroxyl scavenging ability could be associated with the number of active hydroxyl groups in the molecule [45,50]. Therefore, the combination of the high amount of glucose and mannose of the polysaccharides linked by α and β glycosidic bonds, as shown in the HPLC and NMR analyses, together with the presence of phenolic compounds coupled to LECPs, gives more active hydroxyl groups to improve the ability to scavenge hydroxyl radicals.




3.2.4. Superoxide Radical Scavenging Ability


Superoxide anion radicals (O2•−) have a longer lifetime than other radicals, although they are less reactive and can participate in other reactions, leading to the formation of other reactive oxygen species, which, in excess, can disrupt the balance of the organism and can promote DNA damage and the spread of various diseases [50,51].



In Figure 3D, it is shown that the superoxide anion scavenging activity of LECP and AA followed a concentration-dependent manner. The scavenging rate increased from 17.22% to 59.91% as the LECP concentration increased from 0.5 mg/mL to 5.0 mg/mL. Compared with LECP, AA showed a higher scavenging ability (98.02%) at 5.0 mg/mL. The EC50 value of LECP (3.59 ± 0.06 mg/mL) was similar to that reported for Lentinus edodes polysaccharides (3.45 mg/mL) [9]. The potential of polysaccharides to scavenge superoxide radicals could be related to the presence of electrophilic groups in their molecular structure that facilitate the release of hydrogen from the OH bond to stabilize the superoxide radical. As the number of electron-withdrawing groups attached to the polysaccharide becomes greater, the energy required to dissociate the OH bond becomes weaker. Thus, an increase in the concentration of LECP and the presence of some electrophilic groups such as keto or aldehyde groups could increase the scavenging activity of the superoxide radical [50,51]. The presence of uronic acids in LECP provides O2•− scavenging activity [52,53], highlighting the health benefit of the crude extract of Lentinula edodes as a natural source of antioxidants.




3.2.5. Reducing Power Assay


The reducing power can be considered an indicator of antioxidant capacity, since it has been described that there is a direct relationship between the antioxidant activity and the reducing power of polysaccharides [48]. The reducing power can be evaluated by the potassium ferricyanide reduction method by electron donation in the reduction of [Fe3+(CN)6]3− into [Fe2+(CN)6]4− [20,45]. As shown in Figure 3E, at a concentration of 0.4 mg/mL, the absorbance value of LECP was 0.159, but in the case of AA, the value was 2.18. The LECP showed an absorbance value of 0.56 at 2.0 mg/mL, whereas the AA showed a value of 2.5 at the same concentration. The reducing power of the LECP increased with the increase in concentration. At higher concentrations, the absorbance value of LECP oscillated at approximately between 2.5 and 2.6, whereas the value of LECP increased. These results suggest that the reducing power of LECP is directly associated with the ability to donate electrons from reducing sugars and polyphenols coupled to the polysaccharide chain, which are capable of reducing the [Fe3+(CN)6]3− ion to generate the colored complex.





3.3. Antioxidant Activity


The antioxidant activity was assessed by the inhibition of lipid peroxidation in MeLo through the production of CDH and TBARS. The results obtained by the lipid model (See Table 4) showed that, in the MeLo assay with BHT and LECP, there was a protective effect in the early stages of lipid peroxidation, which was evidenced by the low formation of CDH (14.36 ± 2.41 mmol/Kg MeLo). A protective effect was also observed in the final stages of lipid peroxidation, which was confirmed with the decrease in the formation of MDA (0.08 ± 0.02 mmol/Kg MeLo) compared to MeLo (10.42 ± 0.95 mmol/Kg MeLo). LECP presented an inhibition in the formation of CDH and MDA similar to that observed with BHT. These results demonstrated the remarkable inhibition of lipid peroxidation by scavenging lipid-derived radicals from LECPs. This activity can be related to the acidic sugars, proteins and polyphenols present in LECP, which indicates the food and pharmaceutical relevance of mushroom extracts. The LECP lipid peroxide radical scavenging assay showed agreement with extracts of edible mushrooms of Oudemansiella radicata, which needs 1 mg/mL to exceed 50% inhibition of lipid peroxidation [54]. Thus, extracts of Lentinula edodes are the most promising lipid peroxidation inhibitors reported previously [55,56].



Although the mechanism by which antioxidant activity occurs is still not understood, it has been reported that the biological activity of polysaccharides is influenced by factors such as the composition of monosaccharides, molecular weight and degree of branching, among other factors. The higher antioxidant capacity of crude polysaccharides could be due to the presence of compounds such as uronic sugars, phenols and proteins [48,57]. Therefore, not performing purification processes of the crude extracts can improve their antioxidant activity and make the process of obtaining them more favorable in terms of time and cost. Furthermore, the results obtained show that LECP could have a potential use as a natural antioxidant and could be used as a functional component in the food industry. The results of this work can allow the promotion of the cultivation and consumption of mushrooms as an important source of compounds with potential use as antioxidants.





4. Conclusions


Crude water-soluble polysaccharides from the cultivated mushroom Lentinula edodes were successfully extracted. LECP mainly contained polysaccharides of the type (1→6)-β-d-glucan, (1→3)-β-d-glucan, (1→3)-α-d-glucan and (1→3),(1→6)-β-d-glucan, proteins, polysaccharide–protein conjugates and a small amount of phenolic compounds according to α and β-glucan, FTIR, HPLC and NMR analyses. The Congo red colorimetric assay confirmed the triple-helix conformation of LECP. The inhibition of lipid peroxidation induced in methyl linoleate, by the formation of conjugated diene hydroperoxide and malondialdehyde, confirmed the excellent antioxidant capacity of LECP. The antioxidant and antiradical activity of LECP was closely related to neutral sugars linked by α and β glycosidic bonds, acid sugars, polysaccharide–protein conjugates and polysaccharide–polyphenols, which allow for the efficient elimination of radical species with a high reducing power. In this way, LECP is a source of natural antioxidants with health benefits as a functional food with potential in the food and pharmaceutical industries, highlighting the cultivation and consumption of mushrooms in Colombia and the world.







Author Contributions


Conceptualization: T.M.-C., J.C.M.-G. and M.Á.P.-M.; methodology, formal analysis, investigation, data curation, writing—original draft preparation: T.M.-C.; reviewing the paper: J.C.M.-G.; supervision, review and editing of the paper: M.Á.P.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the article.




Acknowledgments


Muñoz-Castiblanco, T., acknowledges the doctoral fellowship granted by Minciencias (Programa de Becas de Excelencia Doctoral del Bicentenario, 2019, Primera Corte). This research was supported by project SIIU 2019-25210, Universidad de Antioquia. The authors thank Luis Fernando Giraldo and Efrain Sarmiento from Grupo de Investigacion en Polimeros, Universidad de Antioquia, for their support in the HPLC measurements. The authors thank Freimar Segura and Alejandra Florez from Grupo Biopolimer, Universidad de Antioquia, for their support in the glucan determination.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hyder, M.S.; Dutta, S.D. Mushroom-derived polysaccharides as antitumor and anticancer agent: A concise review. Biocatal. Agric. Biotechnol. 2021, 35, 102085. [Google Scholar] [CrossRef]

	



Kuang, M.T.; Xu, J.Y.; Li, J.Y.; Yang, L.; Hou, B.; Zhao, Q.; Hu, J.M. Purification, structural characterization and immunomodulatory activities of a polysaccharide from the fruiting body of Morchella sextelata. Int. J. Biol. Macromol. 2022, 213, 394–403. [Google Scholar] [CrossRef] [PubMed]

	



Niño-Fernandez, Y.M.; Henao, L.G.; Peña, C.E.R.; Enao, L.G. Aislamiento y producción de semilla de Auricularia fuscosuccinea (Mont.) Henn. y Crepidotus palmarum Sing. usados tradicionalmente en Pauna (Boyacá, Colombia). Rev. Colomb. Ciencias Hortic. 2017, 11, 151–158. [Google Scholar] [CrossRef]

	



Roncero-Ramos, I.; Delgado-Andrade, C. The beneficial role of edible mushrooms in human health. Curr. Opin. Food Sci. 2017, 14, 122–128. [Google Scholar] [CrossRef]

	



Maity, P.; Sen, I.K.; Chakraborty, I.; Mondal, S.; Bar, H.; Bhanja, S.K.; Mandal, S.; Maity, G.N. Biologically active polysaccharide from edible mushrooms: A review. Int. J. Biol. Macromol. 2021, 172, 408–417. [Google Scholar] [CrossRef] [PubMed]

	



Siu, K.-C.; Chen, X.; Wu, J.-Y. Constituents actually responsible for the antioxidant activities of crude polysaccharides isolated from mushrooms. J. Funct. Foods 2014, 11, 548–556. [Google Scholar] [CrossRef]

	



Liu, Y.; Luo, M.; Liu, F.; Feng, X.; Ibrahim, S.A.; Cheng, L.; Huang, W. Effects of freeze drying and hot-air drying on the physicochemical properties and bioactivities of polysaccharides from Lentinula edodes. Int. J. Biol. Macromol. 2020, 145, 476–483. [Google Scholar] [CrossRef]

	



Fimbres-Olivarria, D.; Carvajal-Millan, E.; Lopez-Elias, J.A.; Martinez-Robinson, K.G.; Miranda-Baeza, A.; Martinez-Cordova, L.R.; Enriquez-Ocaña, F.; Valdez-Holguin, J.E. Chemical characterization and antioxidant activity of sulfated polysaccharides from Navicula sp. Food Hydrocoll. 2018, 75, 229–236. [Google Scholar] [CrossRef]

	



Zhu, H.; Tian, L.; Zhang, L.; Bi, J.; Song, Q.; Yang, H.; Qiao, J. Preparation, characterization and antioxidant activity of polysaccharide from spent Lentinus edodes substrate. Int. J. Biol. Macromol. 2018, 112, 976–984. [Google Scholar] [CrossRef]

	



Sun, Z.; Huang, K.; Li, H.; Fu, X.; Cui, Y.; Zhou, Z. A chemically sulfated polysaccharide derived from Ganoderma lucidum induces mitochondrial-mediated apoptosis in human osteosarcoma MG63 cells. Tumor Biol. 2014, 35, 9919–9926. [Google Scholar] [CrossRef]

	



Zhao, X.; Ma, S.; Liu, N.; Liu, J.; Wang, W. A polysaccharide from Trametes robiniophila Murrill induces apoptosis through intrinsic mitochondrial pathway in human osteosarcoma (U-2 OS) cells. Tumor Biol. 2015, 36, 5255–5263. [Google Scholar] [CrossRef] [PubMed]

	



DuBois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A. Colorimetric method for determination of sugars and related substances. Anal. Chem. 1956, 28, 350–356. [Google Scholar] [CrossRef]

	



Li, J.; Kisara, K.; Danielsson, S.; Lindström, M.E.; Gellerstedt, G. An improved methodology for the quantification of uronic acid units in xylans and other polysaccharides. Carbohydr. Res. 2007, 342, 1442–1449. [Google Scholar] [CrossRef] [PubMed]

	



Monsalve-Bustamante, Y.; Rincón-Valencia, S.; Mejía-Giraldo, J.; Moreno-Tirado, D.; Puertas-Mejía, M. Screening of the UV absorption capacity, proximal and chemical characterization of extracts, and polysaccharide fractions of the Gracilariopsis tenuifrons cultivated in Colombia. J. Appl. Pharm. Sci. 2019, 9, 103–109. [Google Scholar] [CrossRef]

	



Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Liu, J.; Shang, F.; Yang, Z.; Wu, M.; Zhao, J. Structural analysis of a homogeneous polysaccharide from Achatina fulica. Int. J. Biol. Macromol. 2017, 98, 786–792. [Google Scholar] [CrossRef]

	



Dong, X.; Zhu, C.P.; Huang, G.Q.; Xiao, J.X. Fractionation and structural characterization of polysaccharides derived from red grape pomace. Process Biochem. 2021, 109, 37–45. [Google Scholar] [CrossRef]

	



Gu, J.; Zhang, H.; Wen, C.; Zhang, J.; He, Y.; Ma, H.; Duan, Y. Purification, characterization, antioxidant and immunological activity of polysaccharide from Sagittaria sagittifolia L. Food Res. Int. 2020, 136, 109345. [Google Scholar] [CrossRef]

	



Shang, X.L.; Liu, C.Y.; Dong, H.Y.; Peng, H.H.; Zhu, Z.Y. Extraction, purification, structural characterization, and antioxidant activity of polysaccharides from Wheat Bran. J. Mol. Struct. 2021, 1233, 130096. [Google Scholar] [CrossRef]

	



Hamed, M.; Bougatef, H.; Karoud, W.; Krichen, F.; Haddar, A.; Bougatef, A.; Sila, A. Polysaccharides extracted from pistachio external hull: Characterization, antioxidant activity and potential application on meat as preservative. Ind. Crops Prod. 2020, 148, 112315. [Google Scholar] [CrossRef]

	



Mejía-Giraldo, J.C.; Winkler, R.; Puertas-Mejía, M. Novel UV filters from Pentacalia pulchella extracts with photoprotective properties and antioxidant activity. Photochem. Photobiol. Sci. 2021, 20, 1585–1597. [Google Scholar] [CrossRef] [PubMed]

	



Bak, W.C.; Park, J.H.; Park, Y.A.; Ka, K.H. Determination of glucan contents in the fruiting bodies and mycelia of Lentinula edodes cultivars. Mycobiology 2014, 42, 301–304. [Google Scholar] [CrossRef]

	



Morales, D.; Piris, A.J.; Ruiz-Rodriguez, A.; Prodanov, M.; Soler-Rivas, C. Extraction of bioactive compounds against cardiovascular diseases from Lentinula edodes using a sequential extraction method. Biotechnol. Prog. 2018, 34, 746–755. [Google Scholar] [CrossRef]

	



Ruthes, A.C.; Smiderle, F.R.; Iacomini, M. Mushroom heteropolysaccharides: A review on their sources, structure and biological effects. Carbohydr. Polym. 2016, 136, 358–375. [Google Scholar] [CrossRef] [PubMed]

	



López-Legarda, X.; Arboleda-Echavarría, C.; Parra-Saldívar, R.; Rostro-Alanis, M.; Alzate, J.F.; Villa-Pulgarín, J.A.; Segura-Sánchez, F. Biotechnological production, characterization and in vitro antitumor activity of polysaccharides from a native strain of Lentinus crinitus. Int. J. Biol. Macromol. 2020, 164, 3133–3144. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Chisti, Y. Polysaccharopeptides of Coriolus versicolor: Physiological activity, uses, and production. Biotechnol. Adv. 2003, 21, 109–122. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, S.; Wang, X.; Zhang, L.; Cheung, P.C.K. Advances in lentinan: Isolation, structure, chain conformation and bioactivities. Food Hydrocoll. 2011, 25, 196–206. [Google Scholar] [CrossRef]

	



Amirullah, N.A.; Zainal Abidin, N.; Abdullah, N. The potential applications of mushrooms against some facets of atherosclerosis: A review. Food Res. Int. 2018, 105, 517–536. [Google Scholar] [CrossRef]

	



Siriamornpun, S.; Kaewseejan, N.; Chumroenphat, T.; Inchuen, S. Characterization of polysaccharides from Gynura procumbens with relation to their antioxidant and anti-glycation potentials. Biocatal. Agric. Biotechnol. 2021, 32, 101957. [Google Scholar] [CrossRef]

	



Vojvodić Cebin, A.; Komes, D.; Ralet, M.C. Development and Validation of HPLC-DAD Method with Pre-Column PMP Derivatization for monomeric profile analysis of polysaccharides from agro-industrial wastes. Polymers 2022, 14, 544. [Google Scholar] [CrossRef]

	



Trabelsi, L.; M’sakni, N.H.; Ouada, H.B.; Bacha, H.; Roudesli, S. Partial characterization of extracellular polysaccharides produced by cyanobacterium Arthrospira platensis. Biotechnol. Bioprocess Eng. 2009, 14, 27–31. [Google Scholar] [CrossRef]

	



Feriani, A.; Tir, M.; Hamed, M.; Sila, A.; Nahdi, S.; Alwasel, S.; Harrath, A.H.; Tlili, N. Multidirectional insights on polysaccharides from Schinus terebinthifolius and Schinus molle fruits: Physicochemical and functional profiles, in vitro antioxidant, anti-genotoxicity, antidiabetic, and antihemolytic capacities, and in vivo anti-inflammator. Int. J. Biol. Macromol. 2020, 165, 2576–2587. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Wang, A.; Liu, L.; Tian, G.; Xu, F. Effect of deproteinization methods on the antioxidant activity of polysaccharides extracted from Lentinus edodes stipe. J. Food Meas. Charact. 2019, 13, 1382–1389. [Google Scholar] [CrossRef]

	



Kozarski, M.; Klaus, A.; Nikšić, M.; Vrvić, M.M.; Todorović, N.; Jakovljević, D.; Van Griensven, L.J.L.D. Antioxidative activities and chemical characterization of polysaccharide extracts from the widely used mushrooms Ganoderma applanatum, Ganoderma lucidum, Lentinus edodes and Trametes versicolor. J. Food Compos. Anal. 2012, 26, 144–153. [Google Scholar] [CrossRef]

	



Li, Y.-M.; Zhong, R.-F.; Chen, J.; Luo, Z.-G. Structural characterization, anticancer, hypoglycemia and immune activities of polysaccharides from Russula virescens. Int. J. Biol. Macromol. 2021, 184, 380–392. [Google Scholar] [CrossRef] [PubMed]

	



He, P.; Li, F.; Huang, L.; Xue, D.; Liu, W.; Xu, C. Chemical characterization and antioxidant activity of polysaccharide extract from spent mushroom substrate of Pleurotus eryngii. J. Taiwan Inst. Chem. Eng. 2016, 69, 48–53. [Google Scholar] [CrossRef]

	



Tang, W.; Liu, C.; Liu, J.; Hu, L.; Huang, Y.; Yuan, L.; Liu, F.; Pan, S.; Chen, S.; Bian, S.; et al. Purification of polysaccharide from Lentinus edodes water extract by membrane separation and its chemical composition and structure characterization. Food Hydrocoll. 2020, 105, 105851. [Google Scholar] [CrossRef]

	



Agrawal, P.K. NMR Spectroscopy in the structural elucidation of oligosaccharides and glycosides. Phytochemistry 1992, 31, 3307–3330. [Google Scholar] [CrossRef]

	



Jeff, I.B.; Yuan, X.; Sun, L.; Kassim, R.M.R.; Foday, A.D.; Zhou, Y. Purification and in vitro anti-proliferative effect of novel neutral polysaccharides from Lentinus edodes. Int. J. Biol. Macromol. 2013, 52, 99–106. [Google Scholar] [CrossRef] [PubMed]

	



Maity, S.; Kar Mandal, E.; Maity, K.; Bhunia, S.K.; Behera, B.; Maiti, T.K.; Mallick, P.; Sikdar, S.R.; Islam, S.S. Structural study of an immunoenhancing polysaccharide isolated from an edible hybrid mushroom of Pleurotus florida and Lentinula edodes. Bioact. Carbohydr. Diet. Fibre 2013, 1, 72–80. [Google Scholar] [CrossRef]

	



Chen, J.; Zhang, X.; Huo, D.; Cao, C.; Li, Y.; Liang, Y.; Li, B.; Li, L. Preliminary characterization, antioxidant and α-glucosidase inhibitory activities of polysaccharides from Mallotus furetianus. Carbohydr. Polym. 2019, 215, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Niu, L.L.; Liu, H.P.; Wu, Y.R.; Li, M.Y.; Jia, Q. Structural characterization of a novel polysaccharide from Pleurotus citrinopileatus and its antitumor activity on H22 tumor-bearing mice. Int. J. Biol. Macromol. 2021, 168, 251–260. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Qi, J.; Ho, C.T.; Li, B.; Mu, J.; Zhang, Y.; Hu, H.; Mo, W.; Chen, Z.; Xie, Y. Structural characterization and immunomodulatory activity of a water-soluble polysaccharide from Ganoderma leucocontextum fruiting bodies. Carbohydr. Polym. 2020, 249, 116874. [Google Scholar] [CrossRef]

	



Sánchez, C. Reactive oxygen species and antioxidant properties from mushrooms. Synth. Syst. Biotechnol. 2017, 2, 13–22. [Google Scholar] [CrossRef]

	



Wang, W.; Li, X.; Chen, K.; Yang, H.; Jialengbieke, B.; Hu, X. Extraction optimization, characterization and the antioxidant activities in vitro and in vivo of polysaccharide from Pleurotus ferulae. Int. J. Biol. Macromol. 2020, 160, 380–389. [Google Scholar] [CrossRef]

	



Qu, Y.; Yan, J.; Zhang, X.; Song, C.; Zhang, M.; Mayo, K.H.; Sun, L.; Cheng, H.; Zhou, Y. Structure and antioxidant activity of six mushroom-derived heterogalactans. Int. J. Biol. Macromol. 2022, 209, 1439–1449. [Google Scholar] [CrossRef] [PubMed]

	



Maity, G.N.; Maity, P.; Khatua, S.; Acharya, K.; Dalai, S.; Mondal, S. Structural features and antioxidant activity of a new galactoglucan from edible mushroom Pleurotus djamor. Int. J. Biol. Macromol. 2021, 168, 743–749. [Google Scholar] [CrossRef]

	



Hong, Y.; Ying, T. Isolation, molecular characterization and antioxidant activity of a water-soluble polysaccharide extracted from the fruiting body of Termitornyces albuminosus (Berk.) Heim. Int. J. Biol. Macromol. 2019, 122, 115–126. [Google Scholar] [CrossRef]

	



Hammami, N.; Gara, A.B.; Bargougui, K.; Ayedi, H.; Abdalleh, F.B.; Belghith, K. Improved in vitro antioxidant and antimicrobial capacities of polysaccharides isolated from Salicornia arabica. Int. J. Biol. Macromol. 2018, 120, 2123–2130. [Google Scholar] [CrossRef]

	



Cheng, Z.; Zhang, Y.; Song, H.; Zhou, H.; Zhong, F.; Hu, H.; Feng, Y. Extraction optimization, characterization and antioxidant activity of polysaccharide from Gentiana scabra bge. Int. J. Biol. Macromol. 2016, 93, 369–380. [Google Scholar] [CrossRef]

	



Liu, J.; Pu, Q.; Qiu, H.; Di, D. Polysaccharides isolated from Lycium barbarum L. by integrated tandem hybrid membrane technology exert antioxidant activities in mitochondria. Ind. Crops Prod. 2021, 168, 113547. [Google Scholar] [CrossRef]

	



Tian, L.; Zhao, Y.; Guo, C.; Yang, X. A comparative study on the antioxidant activities of an acidic polysaccharide and various solvent extracts derived from herbal Houttuynia cordata. Carbohydr. Polym. 2011, 83, 537–544. [Google Scholar] [CrossRef]

	



Chen, H.; Zhang, M.; Xie, B. Quantification of uronic acids in Tea polysaccharide conjugates and their antioxidant properties. J. Agric. Food Chem. 2004, 52, 3333–3336. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Zhu, M.; Geng, X.; Wang, H.; Ng, T.B. Characterization of polysaccharides with antioxidant and hepatoprotective activities from the edible mushroom Oudemansiella radicata. Molecules 2017, 22, 234. [Google Scholar] [CrossRef]

	



Li, X.; Wang, Z.; Wang, L.; Walid, E.; Zhang, H. In vitro antioxidant and anti-proliferation activities of polysaccharides from various extracts of different mushrooms. Int. J. Mol. Sci. 2012, 13, 5801–5817. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, L.M.; Cheung, P.C.K. Mushroom extracts with antioxidant activity against lipid peroxidation. Food Chem. 2005, 89, 403–409. [Google Scholar] [CrossRef]

	



Quan, H.; Qiong-Yao, Y.; Jiang, S.; Chang-Yun, X.; Ze-Jie, L.; Pu-Ming, H. Structural characterization and antioxidant activities of 2 water-soluble polysaccharide fractions purified from tea (Camellia sinensis) flower. J. Food Sci. 2011, 76, 462–471. [Google Scholar] [CrossRef]








[image: Antioxidants 11 01770 g001 550] 





Figure 1. Characterization of LECP: (A) UV-Vis spectrum, (B) FT-IR spectrum, (C) HPLC chromatogram profile of monosaccharide composition, and (D) Changes in maximum absorption wavelength of Congo red (control) and Congo red with the LECP at different concentrations of NaOH. The abbreviations can be found in the Section 2.1. 
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Figure 2. (A) 1H, (B) DEPT-135 and (C) HSQC spectrum of LECP (A, B, C and D refer to the residues in the structure of LECP. A: α-D-Glc; B: →6)-β-D-Glcp-(1→; C: →6)-α-D-Galp-(1→; D: β-D-Manp-(1→). 
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Figure 3. Antiradical activity of LECP and AA: DPPH radical scavenging activity (A), ABTS radical scavenging activity (B), hydroxyl radical scavenging activity (C), superoxide radical scavenging activity (D) and reducing power (E). 
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Table 1. Information about the chemical characterization of LECP.
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	Parameter,

%, w/w
	Reference Substance
	Regression Equation, Correlation Coefficient





	Neutral sugar
	Glucose
	y = 0.010x − 0.006, R2 = 0.999



	Uronic sugar
	Glucuronic acid
	y = 0.008x + 0.027, R2 = 0.996



	Sulfated sugar
	Chondroitin sulfate
	y = 0.006x + 0.011, R2 = 0.997



	Protein
	Bovine serum albumin
	y = 0.002x + 0.001, R2 = 0.998



	Total phenols
	Gallic acid
	y = 0.088x − 0.012, R2 = 0.996
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Table 2. 13C and 1H NMR chemical shift data for sugar residues in L. edodes extracts.






Table 2. 13C and 1H NMR chemical shift data for sugar residues in L. edodes extracts.





	
Glycosyl Residues

	
Chemical Shifts (ppm)




	
H1/C1

	
H2/C2

	
H3/C3

	
H4/C4

	
H5/C5

	
H6a, H6b/C6






	
A

	
α-d-Glc

	
5.31

	
3.56

	
3.78

	
3.48

	
3.89

	
3.78




	
99.29

	
71.61

	
70.83

	
72.78

	
73.17

	
60.3




	
B

	
→6)-β-d-Glcp-(1→

	
4.46

	
3.26

	
3.45

	
3.39

	
3.59

	
4.16, 3.8




	
102.8

	
73.17

	
75.51

	
69.66

	
74.76

	
68.88




	
C

	
→6)-α-d-Galp-(1→

	
5.06

	
3.83

	
3.97

	
3.83

	
3.89

	
3.69




	
98.12

	
69.66

	
71.61

	
66.54

	
77.07

	
60.69




	
D

	
β-d-Manp-(1→

	
4.74

	
4.05

	
3.61

	
3.64

	
3.34

	
3.78




	
101.63

	
70.05

	
70.05

	
66.54

	
76.29

	
67.71
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Table 3. Antiradical activity of L. edodes extract and AA.






Table 3. Antiradical activity of L. edodes extract and AA.





	
Crude Extract

	
EC50 (mg/mL)




	
DPPH

	
ABTS

	
Hydroxyl Radical

	
Superoxide Radical

	
Reducing Power






	
LECP

	
0.51 ± 0.05

	
0.52 ± 0.02

	
2.19 ± 0.18

	
3.59 ± 0.06

	
1.73 ± 0.02




	
AA

	
0.010 ± 0.001

	
0.040 ± 0.001

	
0.79 ± 0.02

	
0.46 ± 0.03

	
0.042 ± 0.002
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Table 4. Results of antioxidant activity of LECP and AA.
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	CDH (mmol/Kg MeLo)
	MDA (mmol/Kg MeLo)





	LECP
	14.36 ± 2.41
	0.08 ± 0.02



	BHT
	30.68 ± 3.43
	0.06 ± 0.01



	MeLo
	163.72 ± 10.16
	10.42 ± 0.95







CDH: conjugated diene hydroperoxide; MDA: malondialdehyde; BHT: butylated hydroxytoluene.
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