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Abstract

:

Polysaccharides are the main nutritional constituents in the Armillaria mellea fruiting bodies. The structure and immunoactivity of Armillaria mellea polysaccharide are valuable to be determined for development. In the present study, two polysaccharides, including Armillaria mellea neutral polysaccharide (AMPN) and Armillaria mellea acidic polysaccharide (AMPA), were prepared and determined. AMPN and AMPA were separated and refined by the ion exchange column and gel chromatographycolumn. Analysis of AMPN and AMPA revealed molecular weights of 4.432 × 103 Da and 7.323 × 103 Da. The monosaccharide composition analysis revealed that AMPN was mainly composed of 68.3%glucose, while AMPA consisted primarily of glucose, mannose, and galactose, accompanied by 8.9% galacturonic acid and 3% fucose. Then, infrared spectra analysis, Congo red staining, methylation, and NMR spectroscopy analysis were conducted as a means to clarify the structure of AMPN and AMPA. The NMR spectra demonstrated that the two polysaccharides included both α and β-configuration glycosidic bonds. The Congo red experiment suggests that AMPN and AMPA all had obvious triple helix structures.The effects of AMPN and AMPA on immune repair ability were compared by immune deficiency mice. The activity experiment showed that AMPN and acidic polysaccharides extracted from the Armillaria fruiting body have biological immune activity. Among them, AMPA showed higher immune activity. These findings suggest that Armillaria mellea fruiting bodies may be used as a source of dietary supplements and functional products.
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1. Introduction


Armillaria mellea (Vahl) P. Kumm is an edible fungus of the Subphylum Bsaidiomycotina, Order Agaricales, Tricholomataceae, and it has a symbiotic association with the orchid saprophytic plant Gastrodia elata [1]. Armillaria mellea fruiting bodies is an edible and medicinal fungus that is highly regarded in the areas of Northeast Asia, North America, and Europe due to its delicious taste and strong flavor [2,3]. This speciesis abundant in bioactive compounds, including polysaccharides, triterpenoids [4], amino acids, proteins, fatty acids, sterols, minerals, and vitamins [5]. It is a healthy food rich in various nutrients. Based on its growth and development stage, Armillaria mellea can be categorized into mycelium, rhizomorph, and fruiting bodies [6]. The majority of domestic and international research has primarily focused on the assessment of mycelium and rhizomorph [7], leading to the creation of diverse products such as Naoxinshu Oral Liquids, Mihunjun Tablets, Yuntongding Capsules, and Yinmi Tablets [2]. The chemical composition of Armillaria mellea has significant potential for application in medicine and functional foods. As a result, researchers have redirected their attention towards Armillaria mellea fruiting bodies, which possess a higher value [8,9]. Still, there isan absence of study on the composition and function of Armillaria mellea fruiting body polysaccharides. Concurrently, Armillaria mellea is rich in polysaccharides and is considered a highly nutritious, low-fat food that should be consumed regularly [10]. Consequently, it is imperative to conduct further investigations into the Armillaria mellea polysaccharides (AMP) extracted from Armillaria mellea fruiting bodies. Polysaccharides, which are natural macromolecules manufactured up of more than ten monosaccharides together by glycoside chainbinding, are highly prevalent in edible mushrooms [8]. Various polysaccharide derivatives derived from renowned mushroom species, such as Ganoderma lucidum polysaccharides, Coriolus polysaccharides of Trametes versicolor, and Lentinus edodes polysaccharides, have been employed as medicinal agents or dietary supplements [11]. Compared with traditional drugs, polysaccharide-extracted fungi may be safer, have no toxic side effects, and could be used as supplements for functional foods [12,13].



The AMP is also the main nutrient component in Armillaria mellea, and it is a heteropolysaccharide mainly containing galactose, glucuronic acid, mannose, xylose, galacturonic acid, and arabinose with small amounts of other monosaccharides [14]. AMP has been proven to have activities of antioxidant [2,15], immune-enhancing [16], antidepressant [17], insomnia modulation [18,19], antiapoptotic [20],hypolipidemic, and hypoglycemic [21,22]. A study showed that AMP could promote splenocyte lymphocytes and macrophage proliferation, exhibiting significant immunomodulatory activities [23].



The extraction and purification methods have a significant impact on the preparation processes of polysaccharides. Different extraction methods, such as extraction solvent and temperature, will make the obtained polysaccharides show differences regarding structure and activity [24]. Water extraction, enzyme extraction, and ultrasonic-aided extraction are the three primary AMP extraction techniques that have been extensively studied [25]. Studies on the combined extraction of polysaccharides by different extraction methods have also been reported [21]. Hot water reflux extraction is a conventional technique for extracting polysaccharides. It offers the advantages of easy operation and the ability to retain water-soluble polysaccharides [26].



The crude polysaccharide extracted from Armillaria mellea contains protein and other impurities. While removing proteins and impurities, it also achieved the purpose of purifying polysaccharide components [27]. The two popular techniques for protein removal include the Sevag method [15,28] and the freeze–thaw method [29]. The crude polysaccharides obtained after the above separation and treatment still need to be further purified. Gel filtration chromatography and ion exchange chromatography are widely applied in the classification and purification of polysaccharides [30]. Gel filtration chromatography usually purifies several high-content polysaccharides from complex polysaccharide extracts based on their molecular weight. Derived from the properties of polysaccharides, ion exchange chromatography can achieve the segregation of neutral and acidic polysaccharides by gradient elution. The polysaccharides obtained by purifying polysaccharides with different gel chromatography, different types, and different concentrations of eluents are also different, mainly reflected in the molecular weight of polysaccharides, monosaccharide content, and other physical and chemical properties and structures.



The polysaccharides obtained using various extraction methods, separation, and purification methods have different monosaccharide composition ratios, monosaccharide sequences, glycosidic bonds, and polysaccharide configurations [31]. More polysaccharides with smaller molecular weights can be obtained by ultrasonic extraction [32]. These polysaccharides with different structures also showed different biological activities.Compared with ultrasonic-assisted extraction, the polysaccharides acquired during aqueous extraction have stronger activity in scavenging hydroxyl radicals [24]. The molecular weight of most polysaccharides with anti-inflammatory activity was between 6.9~192 kDa [14]. The β- 1,6-Glcchain is a common structure with anti-tumor and immune activity in edible and medicinal fungus polysaccharides [6,33]. Theβ- 1,6- Glc could accelerate the trend of polarization in M1 macrophages [34]. The polysaccharide containing α-1,3-Gal and α- Fuc structures was also confirmed to suppress the release of TNF-α. The α-1,4- Glc and α- 1,4,6- Gal structures possess an effect on promoting lymphocyte proliferation [35,36]. Different types and proportions of monosaccharide composition and structure make polysaccharides exhibit different biological activities. Therefore, we can regard Armillaria mellea as a dietary supplement and explore the structural characteristics of its role in enhancing immunity. The structural analysis of AMP mainly includes molecular weight determination, monosaccharide composition study, and glycosidic bond connection confirmation.



In this study, two polysaccharides, AMPN and AMPA, with different monosaccharide compositions, were extracted from Armillaria mellea fruiting bodies. The crude polysaccharide extracted from Armillaria mellea was isolated and refined through the DEAE-52 column and Sepharose gel chromatography. Meanwhile, the differences in the physicochemical properties of AMPN and AMPA were further analyzed and studied by IR spectra, GC–MS, and NMR spectra. Additionally, the immunomodulatory activities of AMPN and AMPA in immunosuppressed mice were conducted to lay the groundwork for the advancement of Armillaria mellea polysaccharides for use as healthy food.




2. Materials and Methods


2.1. Materials


Amillariellmellea fruiting bodies (crushed to about 0.25 mm pore size) were acquired from Antu Xinyu Edible and Medicinal Fungus Research and Development Co., Ltd. (Yanbian, China). 1-Phenyl-3-methyl-5-pyrazolone (PMP), DEAE-52 cellulose column, standard monosaccharides, trifluoroacetate (TFA), cellulase, papain, and Sepharose CL-6B gel chromatography were acquired from Yuanye Biotechnology Co., Ltd. (Shanghai, China). ELISA kits were acquired from Huangshi Yanke Co., Ltd. (Huangshi, Hubei, China). Other reagents were of analytical grade.




2.2. Preparation of AMPN and AMPA


Fruiting bodies of Amillariellmellea (500g) were weighed and then immersed in 10 L distilled water overnight. The sample was extractedtwice with 100 °C hot water each for 4 hand filtered with a 300-mesh nylon cloth. Then, the Amillariellmellea polysaccharide (AMP) crude extract was merged and condensed under reduced pressure. After adding four times the volume of ethanol (95%), the residue was collected and composed to settle at 4 °C overnight. After centrifugation at 4000 rpm for 15 min, the precipitates underwent freeze-drying and were subsequently redissolved in water (w/v, 1:20) [27]. The sample-to-papain-to-cellulase ratio was set at 250:2:1, and the mixture was incubated at 45 °C for 2 h, followed by boiling for 15 min at 100 °C [37]. The crude extract of Amillariellmellea fruiting body polysaccharides was obtained by collecting the centrifugal supernatant and lyophilizing it.




2.3. Separation and Purification of AMPN and AMPA


The crude Amillariellmellea fruiting body polysaccharide was dissolved and subsequently placed onto the DEAE-52 cellulose column for elution with water and 1 M NaCl. Then, these two components obtained by different eluents were collected and separated through the Sepharose CL-6B column, which obtained the Amillariellmellea neutral polysaccharide (AMPN) and Amillariellmellea acidic polysaccharide (AMPA).




2.4. Determination of Physicochemical Properties and Structure


2.4.1. Chemical Composition


The polysaccharide eluates were measured using a phenol–sulfuric acid assay to determine purity [38]. The protein content had been evaluated utilizing Bradford’s methodology [39].




2.4.2. Molecular Weight and Homogeneity


The molecular weights of AMPN and AMPA were analyzed using HPGPC. The standard curve was calibrated dependent on the dextran standard (T-180, 5250, 9750, 13,050, 36,800, 645,650, 135,350, and 300,600 Da). The UniMate™ 3000 HPLC system was used, and the column temperature of the liquid phase system was 40 °C, the injection volume was 20 μL,and the mobile phase was ultrapure water in 0.5 mL·min−1 [40].




2.4.3. Monosaccharide Composition


Two polysaccharide samples (AMPN and AMPA) were initially hydrolyzed with 0.5 mL 2 M TFA, and this process lastedfor 4 hunder 120°C. The dried hydrolysate was derivatized with PMP solvent and then extracted using chloroform. After drying, the hydrolysate was derived with PMP, and the resulting solution was then extracted using chloroform and repeated three times [23]. The purpose is to remove excessive PMP reagents.The aqueous phase was detected utilizing theDionex™ UniMate™ 3000 HPLC system (Thermo Fisher Scientific, Waltham, MA, USA). The parameters of the HPLC were as follows: 40°C for the column temperature, 250 nm for the detection wavelength, injection volume, 10 μL, mobile phase, acetonitrile (A, 15%), 0.1M phosphate (pH 7.0, 85%) (B), flow rate, 0.8 mL·min−1.




2.4.4. FTIR Analysis


Infrared spectra (IR) had been studied employing an FTIR spectrometer (Vector 33 spectrometer, Bruker, Germany). The polysaccharide samples were dried, mixed with KBr (1:100), and measured at 4000–500 cm−1 [41].




2.4.5. Methylation Analysis


Methylation analysis was performed on native polysaccharides that did not contain uronic acid polysaccharides or reduced polysaccharides [42,43]. The polysaccharide samples were analyzed by GC–MS (Thermo Fisher Scientific, USA) using dichloromethane as the solvent.




2.4.6. NMR Spectroscopy Analysis


AMPN and AMPA were fully dissolved in 0.5 mL D2O solvent as test samples, and the 1D NMR spectra were recorded for the test samples on a Bruker-600FT-NMR spectrometer (Rheinstetten, Germany), including 1H NMR and 13C NMR.




2.4.7. Congo Red Experiment


The conformational structures of AMPN and AMPA were determined by a Congo red assay according to the method described previously [44]. Congo red solution was blended with the AMPN and AMPA, respectively. Then 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 M NaOH solutions were added, and the mixture was agitated thoroughly. The ultraviolet (UV) range between 400 and 600 nm was chosen to measure the peak performance absorption wavelength.





2.5. Immune Activities of Polysaccharides


2.5.1. Animals and Experimental Design


40 male Kunming mice (18–22 g, 4–5 weeks old) were bought from the Experimental Animal Center, Jilin University (Changchun, China), permission code SCXK 2021–0002. All animals were kept in strict accordance with the PR China legislation on the use and care of laboratory animals, the guidelines issued by the Experimental Animal Center of Changchun University of Chinese Medicine, and ratification by the University Animal Experimentation Committee. The mice were housed in separate cages, free to eat and drink water, at room temperature 22–25 °C, relative humidity 40–60%, in a light-dark environment with a 12-hour cycle. Before the experiment, the mice could adapt to the environment and diet for 7 days. The experimental mice were randomly divided into fourgroups (10 mice in each group), named control group (NC), model group (MC), AMPN group, and AMPA group. The mice in the NC and MC groups were given normal saline (0.1 mL·g−1·d−1) by gavage as a control, and the AMP-treated groups received AMPN and AMPA by gavage (200 mg·kg−1) for 21 days. With the sole instance of injecting normal saline intraperitoneally toward the NC group as a control, intraperitoneal injection of CTX (80 mg·kg−1·d−1) established the immunodeficiency model on the 15th, 17th, 19th, and 21st days in the other groups. The orbital blood was collected and centrifuged (4000rpm, 15 min) from the mice to draw the serum. Following dissection, the thymuses, spleens, and colons of mice were removed and soaked in paraformaldehyde.



Based on the previous pre-experiment, three drug concentrations were explored, which were 50, 100, and 200 mg·kg−1. After a statistical analysis of the mice’s body weight and immune-related index, it was concluded that the best immune effect of AMP in mice is 200 mg·kg−1, and the recovery degree of the mice’s immune activity was proportional to the dose of AMP in a certain dose range. Therefore, the experimental method compares the immune activity of AMP in the high-dose group and analyzes the differences.




2.5.2. Effect of the AMPN and AMPA on the Weight of Immune Organs


The mice’sweight in the thymus and spleen was statistically counted, and the changed immune organ index was computed. The index of the thymus and spleen was articulated as the proportion of organ weight to body weight of mice (mg·g−1) [45].


Organ index (%) = organ weight (mg)/body weight (g) × 100%












2.5.3. Determination of Blood Cell Count


The orbital blood had been extracted and processed by centrifugation to separate the plasma. The plasma was placed in an anticoagulant tube for the determination of white blood cells (WBC), platelets (PLT), red blood cells(RBC), lymphocytes (LYM), and neutrophils (NEU) [46].




2.5.4. Determination of Cytokines


ELISA kits were used for determining the alterations of indicators (IL-2, IL-6, IgM, and IgA) in the serum of mice, and the corresponding instructions were followed [47].




2.5.5. Colon Histopathological Examination


The colon (2 × 2 × 2 cm) of the dissected mice was fixed with a 4% formalin solution, buried in paraffin, sliced, and stained with hematoxylin–eosin (H&E). The histopathologic alterations of colon tissue were pointed out under the microscope [15].





2.6. Statistical Analysis


The one-way analysis of variance (ANOVA) was carried out using SPSS 21.0 statistical software. The data were expressed as mean ± standard deviation (mean ± SD), and p < 0.05 was considered a difference with statistical significance.





3. Results and Discussion


3.1. Analysis of Physicochemical Properties and Structure


3.1.1. Chemical Composition Analysis of AMPN and AMPA


Amillariellmellea neutral polysaccharide (AMPN) and Amillariell mellea acidic polysaccharide (AMPA) were acquired by water extraction and ethanol precipitation. Subsequently, the sample was eluted and separated by a DEAE column and Sepharose CL-6B chromatography. HPLC spectra and IR spectra of AMPN and AMPA were showed in Figure 1a–d. The two polysaccharide parts all showed a single peak in the HPLC spectrum, indicating that two homogeneous polysaccharide components were gained (Figure 1a,b). The purity of AMPN (47.21%) and AMPA (57.93%) was accepted by the phenol–sulfuric acid method (Table 1).




3.1.2. Molecular Weight Detection


The HPGPC method was used to ascertain the molecular weights of AMPA and AMPN. The standard curve was established to calculate the average molecular weight (Mw). The equation of the standard curve was: log Mw = −0.3085t + 10.147, R2 = 0.9937. The elution time of AMPN and AMPA was 27.071 min and 20.364 min. The average molecular weights of AMPN and AMPA were 4.432 × 103 Da and 7.323 × 103 Da, respectively.




3.1.3. Monosaccharide Composition


Figure 2a–d showed HPLC elution profiles of monosaccharide composition, derived monosaccharide standards, and the Congo red experiment changes in absorption maximum. The AMPN and AMPA monosaccharide content was detected, and the retention time was determined by standard monosaccharide derivatives (Figure 2a–c). The peak area of monosaccharides was integrated, and the ratio of peak area to standard was determined. Finally, the molar ratio of monosaccharides was determined by normalization [12,47]. The investigation of monosaccharide content (Table 1) specified that AMPN was mainly composed of glucose (68.3%) without uronic acid. AMPA was an acid heteropolysaccharide dominated by glucose, mannose, and galactose, with glucuronic acid (8.9%). These findings showed that glucose was the predominant monosaccharide in AMPN, while glucose, mannose, and galactose were the predominant monosaccharides in AMPA.




3.1.4. IR Spectra Analysis


When determining the functional structure of polysaccharides, IR spectra are a common and reliable method, with wave numbers ranging from 4000–500 cm−1 (Figure 1c,d). The absorption peaks located at 3409.52 cm−1 and 3413.39 cm−1 are broad and strong, which are the characteristic absorption of the O–H bond. The signal at 2931.26 cm−1 was assigned to the C–H stretching vibration absorption of polysaccharides. The absorption signal located at 1754.91 cm−1 that was observed in AMPA was attributedto the carboxyl groups, indicating that AMPA contains uronic acid. The signals at 1419.35 cm−1 and 1415.52 cm−1 are united by C=C bonds. In addition, the appearance of the signal at 1241.93 cm−1 means that the polysaccharide structure has the characteristic signal of C–O–H on the pyran ring, and the absorption signals at 1033.66 cm−1 and 1045.22 cm−1arerelated to the stretching vibration of C=O on the pyran ring [30]. The findings suggest that AMPA and AMPN may contain a pyran ring structure.




3.1.5. Methylation Analysis


Methylation has been utilized to investigate the structure of polysaccharides. Because the presence of Glc A will make the values of Glc and Glc A in the methylation analysis results inaccurate, AMPA first carried out the reduction reaction of uronic acid, followed by the methylation reaction. The methylation results and the glycosidic bond connection of AMPN and AMPA-R are shown in Table 2. The finding indicated that 1,2,4-linked glucosyl (62.0%) was the most abundant component in AMPN;the 1,2,4-linkedglucosyl (33.9%), 1-mannose (22.4%), and 1-galactosyl (26.7%) residues were mainly present in the backbone structure of AMPA. This result verified the conclusion of the monosaccharide composition analysis:Glc content is the majority in the AMPN, while AMPA isdominated by Glc, Man, and Gal.




3.1.6. NMR Spectroscopy Analysis


The structures of AMPN and AMPA were further analyzed by NMR (Figure 3). Nearly all NMR proton signals manifested within the scope of1Hδ 4.5–5.5 ppm and 13Cδ 90–108 ppm, which is a typical distribution of polysaccharides in NMR signals. In the 1H protons region, the signals δ 4.3–3.0 ppm belong to the signal generated by the ring protons of carbons on the glycosidic ring, signifying the skeleton has glycosidic bonds [48]. The anomeric protons with a chemical shift higher than δ5.0 are generally resonance signals of polysaccharide residues with α-glycosidic bonds, while small δ5.0 is a β-glycosidic bond commonly. The chemical shift in 13C NMR of the α-configuration is δ92–100 ppm, and the 13C NMR signal of the β-configuration is δ100–108 ppm [49,50]. The strong signal in 1H at 4.69 ppm was the response of the residual solvent (D2O). The glycosidic bond was positioned accordingtothe previously reported literature and methylation results;→2,4)-α-Glc(1→ was assigned to the signals at δ 5.32/98.59 [36]. Chemical shifts of δ 5.32, 5.22, 5.16, 5.12, and 5.08 ppm in 1H and δ 108.23, 107.51, 104.19, 102.3, 98.59, 97.96, and 96.01 in 13Cindicate two polysaccharides all had α and β glycoside bonds.There was no signal peak at 82–88 ppm in the 13C NMR spectrum, verifying that both polysaccharide residues were pyranose [51]. Meanwhile, the signals at 175.07 ppm (in AMPA) belong to the C-6 characteristic absorption peak of uronic acid, which verifies that AMPA is an acidic polysaccharide. The results of NMR determined the regions of proton hydrogen and anomeric carbon of the two polysaccharides. It can be concluded that both AMPA and AMPN are pyran-type polysaccharides containing α and β anomeric configurations of glycosidic bonds [36,52].Due to the high overlap of the correlation between H-1 and H-2/3/4/6, it was hard to distinguish the remaining monosaccharide structures. Therefore, further exploration of its deep structure needs to be judged by 2D-NMR.




3.1.7. Congo Red Analysis of AMPN and AMPA


The changes in the Congo red experiment’s absorption maximum are shown in Figure 2d. Congo red is a jujube red acid dye. Congo red is often combined with polysaccharides, which have a triple helix conformation, to form complexes. With the addition of NaOH solution, the complex formed by Congo red and polysaccharide gradually disappears, illustrating the red shift in the maximum absorption wavelength. In a certain concentration range, it can be inferred whether the AMPN and AMPA have a helical conformation by the changing trend of the wavelength [31,53]. The UV spectrum maximum absorption wavelength started to decrease after NaOH approached 0.1 M (Figure 2d), suggesting the presence of a three-stranded spiral conformation in AMPN and AMPA.





3.2. Effects of AMPN and AMPA in Immunosuppressive Mice


3.2.1. Effects of the AMPN and AMPA on Body Weight


Cyclophosphamide is a potent immune suppressant that causes CTX-induced damage to the body’s normal cells, leading to biological weight loss [45]. Figure 4a,b showed the effects of AMPN and AMPN on body weight and the secretion of immune organ index. The mouse body weight variation trend showed an upward trend among all groups in the first 15 days (Figure 4a). The weight development velocity during the same period was propinquity in each group. On the 15th day, the MC group and the administration groups were injected with CTX every other day. The body weight of mice in the AMPN, AMPA, and MC groups decreased significantly due to the injection of cyclophosphamide, while the weight in the NC group continued to increase. The mice showed emaciation, withered hair, curled up, slow response, low food intake, and timidity. In the comparison of the three CTX injection groups of AMPN, AMPA, and MC, the AMPN and AMPA administration groups significantly alleviated the weight loss of mice. It demonstrates that AMPN and AMPA may lead mice to gain additional body weight by resisting the side effects of CTX.




3.2.2. Effects of the AMPN and AMPN on Immune Organ Index


The thymus and spleen are vital immunological organs in organisms. Immune cells undergo development and multiplication in these two locations. The thymus is the central immune organ that mainly mediates cellular immunity, and the spleen is a secondary immune organ involved in humoral immunity [54]. The thymus and spleen index, which is a crucial indicator for assessing the immunological function of organs, can show the growth and development of the thymus and spleen [55]. Meanwhile, research has demonstrated that polysaccharides can significantly increase spleen cell proliferation [48,56,57], which is the same as the data obtained in this study(Figure 4b). Compared with the NC group, the immune organ levels of the MC group were significantly lower, which shows that cyclophosphamide caused damage to the mice’s immune system [58]. The AMPN and AMPA groups were able to promote higher thymus and spleen indexes in comparison to the MC group. The AMPN treatment group’s spleen and thymus indexes increased by 35.1% and 18.8%, respectively. The AMPA treatment group’s spleen and thymus indexes increased by 33.0% and 21.5%, respectively. Based on the decreased or increased immune organ index, we may conclude that AMPN and AMPA may play an immunoregulatory role by repairing damaged immune organs to restore the function of immune organs.




3.2.3. Effect of AMPN and AMPN on Clinical Biochemical Parameters


The immune system is an important physiological function. It is a multifunctional defense system that protects the host from pathogenic microorganisms or damaged cells produced in the body by monitoring and identifying its own and nonself components to maintain health. We evaluated the levels of white blood cells (WBCs), lymphocytes (LYMs), red blood cells (RBCs), neutrophils (NEUs), and platelets (PLTs) in the mouse blood cell count experiment (Figure 5a–e). Compared with the NC group, due to the injection of CTX, the number of immune cells in the MC group significantly decreased. Compared with the MC group, the cell indicators of the AMPN and AMPA administration were significantly restored. The indicators of WBC, RBC, LYM, PLT, and NEU in the AMPN treatment group increased by 27.8%, 4.3%, 49.3%, 28.2%, and 23.3%, and the AMPA treatment group increased by 41.9%, 9.9%, 53.1%, 28.2%, and 61.8%. AMPN played a stronger role in promoting the growth of immune cell indexes in mice. It was discovered that AMPN and AMPA had the function of preventing CTX from damaging lymphocytes.



An ELISA kit was used to detect the concentration changes of immunoglobulin IgM, IgA, IL-2, and IL-6 (Figure 5f–i). The concentration of antibodies in the MC group was markedly lower compared to the NC group. Under the action of AMPN and AMPA, the concentrations of immunoglobulin in the AMPN group were significantly increased by 2.3%, 6.9%, 6.5%, and 4.8%, whereas the degrees of immune antibody in the AMPA treatment group were increased by 9.7%, 9.0%, 6.4%, and 8.4%. In conclusion, AMPN and AMPA could significantly promote the production of cytokines, which indicates that AMP could enhance immunocompetence.




3.2.4. Effects of AMP on Colon Tissue


The integrity of intestinal morphology determines whether the intestinal barrier function can function normally [59,60]. The crypt depth and villus height serve as markers for assessing the intestinal morphology’s integrity [61,62]. In general, the longer intestinal villus and the deeper crypt represent the intestinal tract in a better state; the structure and function are normal, and the intestinal tract can play a normal immune role [63]. The impact of AMPN and AMPA on the internal morphology of colon tissue in mice was observed after H&E staining of colon tissue (Figure 6). The NC group of the mice morphological structure of intestinal villus distributed on the intestinal surface was normal. Compared with the NC group, the crypt depth and villus height decreased after the injection of CTX. Additionally, mucosal epithelial cell degeneration, loose cytoplasmic light staining, and sparsely arranged intestinal glands in the lamina propria were observed. Compared with the mice’s colonic tissue that was observed in the MC group, the morphology recovery of the AMPN and AMPA groups was better. These indicate that AMPN and AMPA can improve the damage to intestinal mucosal cells.






4. Conclusions


Two novel water-soluble polysaccharides were isolated from the fruiting bodies of Armillaria mellea by DEAE-52 ionex change column and gel chromatography, and their structures were identified. Analyses of chemical composition and structure revealed that AMPN had a molecular weight of 4.432 × 103 Da and AMPA had a molecular weight of 7.323 × 103 Da. AMPN was made up of mannose, arabinose, galactose, and glucose. AMPA is made up of galacturonic acid, fucose, glucose, mannose, arabinose and galactose. Meanwhile, the results obtained from the experiment show that both AMPN and AMPA are pyranoses containing α and β configuration glycosidic bonds, and it is judged that both polysaccharides have a triple helix structure. Among them, AMPA has a richer monosaccharide composition and shows more proton signals in 13C NMR. In the study of immune activity, we found that AMPN and AMPA can alleviate weight loss and immune organ atrophy caused by immunosuppressive mouse models. Notably, AMPA exhibited more effective resistance to the effect of CTX-induced immunosuppression and recovery of immune organ index than AMPN, indicating that the former showed more effective potential for immunomodulator applications. Overall, AMP has the potential for immunomodulatory activity, which warrants further research.
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Figure 1. Sepharose CL-6B preparative chromatography of AMPN (a) and AMPA (b). IR spectra (4000–500 cm−1) of AMPN (c) and AMPA (d). 
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Figure 2. HPLC elution profiles of monosaccharide composition, derived monosaccharide standards (a), AMPN (b), AMPA(c), and the Congo red experiment changes in absorption maximum (d). 
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Figure 3. The results of the NMR spectrum analysis. 1H NMR spectra of AMPN (a), 13C NMR spectra of AMPN (b), 1H NMR spectra of AMPA (c), and13C NMR spectra of AMPA (d). 
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Figure 4. Effects of AMPN and AMPN on body weight (a) and the secretion of immune organ index (b). The data are expressed as mean ± SD. * comparison with NC group, * p < 0.05, ** p < 0.01. # comparison with the MC group, # p < 0.05, ## p < 0.01. 
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Figure 5. The levels of WBC (a), RBC (b), LYM (c), PLT (d), NEU (e), IgM (f), IgA (g), IL-2 (h), and IL-6 (i) in the blood cell count. The data are expressed as the mean ± SD. * comparison with NC group, * p < 0.05, ** p < 0.01. # comparison with MC group, # p < 0.05, ## p <0.01. 
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Figure 6. Colon tissue with H&E staining (magnification 400×, scale bars 20 μm). The white line segment represents the villus length and the red line segment shows the crypt depth. 
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Table 1. Chemical characterization of the AMPN and AMPA.
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Group

	
Total Sugar (%)

	
Protein (%)

	
Monosaccharide Composition (mol%)




	
Man

	
Glc

	
Ara

	
Gal

	
GlcA

	
Fuc






	
Armillaria mellea neutral polysaccharide (AMPN)

	
47.21

	
0.11

	
16.6

	
68.3

	
2.4

	
12.7

	
-

	
-




	
Armillaria mellea acidic polysaccharide (AMPA)

	
57.93

	
0.17

	
26.9

	
31.3

	
7.5

	
22.4

	
8.9

	
3








“-”: not detected.













 





Table 2. Methylation results of AMPN and AMPA.
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Methylated Sugar

	
Type of Linkage

	
Molar (%)




	
AMPN

	
AMPA






	
2,3,4,6-Me4-Gal

	
Gal-(1→

	
3

	
26.7




	
2,3,4,6-Me4-Man

	
Man-(1→

	
16.2

	
22.4




	
2,3,4-Me3-Gal

	
→6)-Gal-(1→

	
0.2

	
-




	
2,3,4-Me3-Man

	
→6)-Man-(1→

	
0.3

	
-




	
2,3,5-Me3-Ara

	
Ara-(1→

	
1.4

	
1.1




	
2,3,6-Me3-Glc

	
→4)-Glc-(1→

	
6.2

	
-




	
2,3-Me2-Ara

	
→5)-Ara-(1→

	
1.1

	
4.7




	
2,4,6-Me3-Gal

	
→3)-Gal-(1→

	
7.9

	
-




	
3,6-Me2-Glc

	
→2,4)-Glc-(1→

	
62

	
33.9




	
3-Me-Fuc

	
→2,4)-Fuc-(1→

	
-

	
2.2




	
2,3,4-Me3-Fuc

	
Fuc-(1→

	
-

	
1.4




	
2,4,6-Me3-Man

	
→2)-Man-(1→

	
-

	
7.4
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