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Grifola frondosa is an edible medicinal mushroom that has been proven to have a variety of health benefits. The main active ingredients of this mushroom are polysaccharides. In this study, ultrasonic-assisted extraction was used to obtain crude Grifola frondosa polysaccharides (GFPs). Then, purified GFP was obtained after purification. The optimum extraction conditions were an extraction time of 71 min, an extraction temperature of 90°C in a solid-to-liquid ratio of 1:37 g/mL, and an ultrasonic power of 500 W. GFP was purified using DEAE-52 and Sephadex G-100. The structural characterization of GFP was performed using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), ion chromatography (IC), and ultraviolet (UV) visible photometry. The morphology of GFP was analyzed by scanning electron microscopy (SEM), thermogravimetric differential scanning calorimetry (TG-DSC), and Congo red testing. In addition, the administration of GFP in oxazolone (OXZ)-induced ulcerative colitis (UC) in mice was found to prevent weight loss. Different doses of GFP (80, 160, and 320 mg/kg body weight) were used, and sulfapyridine (SASP) was used as a positive control (370 mg/kg body weight) for the treatment of OXZ-induced UC. After treatment, the mice were killed, and blood and colon tissue samples were collected. GFP was found to prevent decreases in colon length and the levels of leukocytes, platelets, and neutrophils in UC mice. Moreover, GFP also decreased the expression of pro-inflammatory cytokines [tumor necrosis factor (TNF)-α and interleukin (IL)-1 β], increased IL-10, and reduced colon injury in UC mice. The results showed that Under these conditions, the predicted polysaccharide yield was 21.72%, and the actual extraction rate was 21.13%. The polysaccharide composition (molar ratio) was composed of fucose (0.025), glucosamine hydrochloride (0.004), galactose (0.063), glucose (0.869), and mannose (0.038). GFP was also found to have a typical absorption peak, and the GFP extracted using the ultrasound-assisted extraction protocol was mainly β-glucan. These results indicate that ultrasound-assisted extraction of GFP could reduce OXZ-induced intestinal inflammation as a promising candidate for the treatment of UC, with the potential for development as a food supplement to improve intestinal diseases.
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1. Introduction

Grifola frondosa is a medicinal and edible fungus, commonly known as “Maitake” and “Hen-of-the-woods” (1). GF is rich in active ingredients including polysaccharides, polyphenols, steroids, alkaloids, and trace elements (2). Among these, GFP is one of its main active components. Previous studies have found that the structure of GFP was composed of β-glucans, α-D-glucan, heteroglycans, D-grade, and MZ-grade (3–5), which exert various functions. FangMa, and Zhao et al. demonstrated that GFP could enhance immunity (4, 6, 7). Similarly, Mao and Masuda et al. found that GFP had significant anti-tumor activity (3, 8). Wang et al. reported that β-glucan in GFP could significantly inhibit the cytopathic effect (CPE) induced by herpes simplex virus type I (9). In addition, GFP had been shown to have hypoglycemic (10), anti-hyperlipidemia (11), and anti-radiation effects (12), as well as protecting the gastric mucosa and liver (13). Therefore, GFP has often been referred to as a biological response modifier (BRM) (14). The structure of polysaccharides may determine their biological functions (15), suggesting that the elucidation of the structure of polysaccharides could help researchers improve their understanding of their medicinal functions (16, 17).

Ulcerative colitis (UC) is a chronic inflammatory disease, with only the colonic mucosa as the onset site. It is a long-term disease with an unpredictable healing period that is characterized by alternating periods of deterioration and remission (18). One study found that the annual incidence of UC was 12.6/100,000 people in the United Kingdom (19). It is worth noting that the prevalence of UC appears to be on the rise, with the latest figures for Lothians in the United Kingdom showing a prevalence of 432/100,000 as of 2020 (20). In addition, the study also found that the global incidence of UC has increased sharply in recent years, bringing a huge medical and economic burden to the world (21, 22). To date, the etiology and pathogenesis of UC are not yet fully understood, and there is currently no effective prevention or treatment method (23). Clinically, immunosuppressants (adalimumab and infliximab) and anti-inflammatory drugs (corticosteroids and 5-aminosalicylic acid) are commonly used to treat UC (24). However, these drugs often have some limitations and adverse reactions (25). Therefore, it is necessary to identify natural and non-toxic drugs for the treatment of UC. Presently, plant polysaccharides such as Astragalus membranaceus, Codonopsis pilosula (26), Shaoyao decoction (27), and Scutellaria baicalensis Georgi (28) have been used to treat colitis and have proven to be effective. However, very few studies have been conducted on the treatment of colitis using purified GFP.

The anti-inflammatory effect mediated by GFP has long been the focus of natural product research (29, 30). However, the extraction, purification, and structural characterizations of GFP as a starting point to explore its anti-colitis effects have not yet been reported. A basic understanding of the structure and biological activity of these natural polysaccharides is essential for the future of medicine and other industries worldwide. Thus, the purpose of this study was to identify an optimal method for the extraction and purification of GFP and to evaluate the anti-inflammatory activity of GFP in mice with UC.



2. Materials and methods


2.1. Materials


2.1.1. Samples

Samples were obtained from the fungal medicine industrial base in Qinglong county, Guizhou Province, China. The cultivation conditions (temperature, humidity, and pH) were strictly controlled. The samples were selected by experts and freeze-dried after cleaning. Thereafter, the samples were powdered using a pulverizer for further analysis.



2.1.2. Instruments and reagents


2.1.2.1. Instruments

The analytical instruments used in this study were as follows: multi-purpose constant temperature ultrasonic extraction machine (TL-1000CT; Jiangsu Tianling Instrument Co., Ltd., China), rotary evaporator (RE-52; Shanghai Yarong Biochemical Instrument Factory, China), constant temperature shaker (TS-111B; Shanghai Tiancheng Experimental Instrument Manufacturing Co., Ltd., China), vacuum dryer (DZF-6050; Shanghai Qixin Scientific Instrument Co., Ltd., China), microplate reader (Thermo Fisher Scientific Co., Ltd., China), constant flow pump (BT-100D; Shanghai Qingpu Huxi Instrument Factory, China), high-speed refrigerated centrifuge (TDL-5000bR; Shanghai Anting Scientific Instrument Factory, China), nitrogen blower (UGC-24M; Lichen Technology, China), automatic blood analyzer (Shenzhen Mindray Medical Co., Ltd., China), and electric constant temperature blast drying box (101-1BS; Lichen Technology, China).



2.1.2.2. Reagents

The reagents used in this study were as follows: anhydrous ethanol (Tianjin Zhiyuan Chemical Reagent Co., Ltd., China); Coomassie Brilliant Blue G-250 Solution, Polyamide, Sephadex G-100 (Beijing Soleibo Technology Co., Ltd., China); DEAE Cellulose DE-52 (Beijing Soleibao Technology Co., Ltd., China); trifluoroacetic acid (ACROS A0356762 139725000 AR), 50% sodium hydroxide solution (Z21E036 33382 GR) (Alfa Aesar, China); sodium acetate (191126 059326 GR) (Thermo Fisher Scientific, China), single sugar standard (Bo Rui Sugar Biological Co., Ltd., China); IFN-r Mouse Uncoated ELISA Kit, IL-4 Mouse Uncoated ELISA Kit, and Mouse IgG ELISA Kit (LinkBio, China).





2.2. Methods


2.2.1. Extraction and purification of crude GFP


2.2.1.1. Extraction process

Grifola frondosa powder was added to ultrapure water according to the material-to-liquid ratio reported by Yao (1). For ultrasound-assisted extraction of crude GFP, the mixture was placed in an ultrasonic constant temperature extractor to obtain GFP. Extraction was performed with a 1:3 ratio of the filtrate to absolute ethanol, mixed well, and placed in a 40aced in thator overnight for alcohol precipitation (12 h). Then, the mixture was centrifuged at 2,504 × g for 20 min. The supernatant was discarded and the precipitate was vacuum dried at 60°C. Next, 1.00 g of the dried sample was dissolved in 1 mL of pure water by ultrasonication. Finally, the polysaccharide content was determined using the phenol-sulfuric acid method, and the extraction rate was calculated using the mass ratio method.



2.2.1.2. Standard curve creation and polysaccharide detection

To prepare 1 mL of polysaccharide standard, 1 mL of 5% phenol-water solution and 5 mL of concentrated H2SO4 were used. Tube 0 was used as a blank tube after measuring the absorbance at 490 nm. A standard curve was obtained (y = 0.0047x + 0.0178, R2 = 0.9994) with a linearity range of 0–800 μg/mL. The polysaccharide content in the samples was detected based on the detection method of the standard.



2.2.1.3. Optimization of crude GFP extraction method

The extraction time, extraction temperature, solid-to-liquid ratio, and ultrasonic power were selected as the influencing factors of the polysaccharide extraction rate, and a single-factor experiment was carried out.

According to the above single-factor test results, three levels of each treatment condition, extraction time, extraction temperature, solid-to-liquid ratio, and ultrasonic power were determined. Using the GFP extraction rate as the response index, the results of the response surface method (RSM) were determined, and the optimal method was analyzed using Design-Expert 13.



2.2.1.4. Purification of crude GFP

(1) Polyamide for the first purification

As described by Hu et al. (31) and Li and Li (32), 0.5, 1.0, 1.5, 2, and 2.5 g of polyamide were soaked in 95% ethanol for 2 h. Next, the ethanol was removed, and the sample was washed with distilled water three times and soaked in distilled water for 2 h, followed by ultrasonication and filtration. The polyamides were then added to 100 mL of GFP solution at the same concentration to prepare polyamides with the addition amounts of 0.5, 1.0, 1.5, 2.0, and 2.5%. The polyamides were shaken at 28°C for 3 h and then filtered using suction. The resulting filtrate was scanned using an ultraviolet (UV) spectrophotometer from 190 to 800 nm. The absorbance of the highest peak, the polysaccharide content, and the protein content were recorded before and after purification. The polysaccharide retention rate, deproteinization rate, and decolorization rate were calculated using Equations (1), (2), and (3), respectively. Finally, the sample was dialyzed (7 kDa molecular weight cutoff dialysis bag) for 72 h for subsequent purification as follows:
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where A1 is the polysaccharide content before purification, A2 is the polysaccharide content after purification, B1 is the protein content before purification, B2 is the protein content after purification, C1 is the pigment scan absorbance before purification, and C2 is the pigment scan absorbance after purification.


•Standard curve creation and protein sample detection

•For standard curve creation and protein sample detection, standard samples of bovine serum albumin of different qualities were dissolved in 1 mL of ultrapure water. Then, 5 mL of Coomassie Brilliant Blue solution was added, with test tube 0 being used as a blank tube. The absorbance was measured at 595 nm, resulting in a standard curve (y = 0.007x − 0.0103, R2 = 0.9993) with a linearity range of 0–100 μg/mL. The protein content in the sample was determined with reference to the standard detection method comprehensive score for polyamide purification.



A comprehensive analysis of the deproteinization rate and polysaccharide retention rate of polyamide was performed using the following Equation:
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where X is the deproteinization rate, Y is the polysaccharide retention rate, Z is the decolorization rate, Xmax is the maximum deproteinization rate, Ymax is the maximum polysaccharide retention rate, and Zmax is the maximum decolorization rate, and 0.5 is a comprehensive coefficient.

(2) DEAE-52 cellulose ion exchange column for the second purification

• Cellulose preparation

As described by Huajie (33), 60.0 g of DEAE-52 cellulose was weighed, soaked in ultrapure water, boiled in a water bath for 30 min, and cooled to 25°C. Then, the upper layer of water was removed, and 0.5 mol/L sodium hydroxide solution was added before heating in a boiling water bath for 30 min. After cooling to room temperature, the upper layer of sodium hydroxide solution was removed, and the precipitate was washed with ultrapure water until the solution became neutral. Next, 0.5 mol/L hydrochloric acid solution was added, boiled in a water bath for 30 min, and cooled to 250 and cooled 30 acid solution was added, boiled in ntil the s, and the precipitate was washed with ultrapure water until the solution became neutral.

• Column equilibration, sample loading, elution, and collection

A chromatography column (2.6 × 60 cm) was installed vertically on an iron stand. After debugging the constant flow pump, the DEAE-52 cellulose wet method was applied to the column. Subsequently, the column was equilibrated with ultrapure water and injected with a constant flow pump. The preliminarily purified polysaccharide solution (5 mL) was slowly added to the chromatography column and eluted with NaCl solutions with concentrations of 0, 0.1, 0.3, 0.5, and 1 mol/L at a flow rate of 2 mL/min. Then, 10 ml was collected in each tube, and the absorbance of the eluent in each tube was measured at 490 nm using the phenol-sulfuric acid method. The resulting elution curve was drawn with the tube number as the abscissa and the polysaccharide absorbance as the ordinate. The eluates from each fraction were pooled, concentrated, and lyophilized.

(3) Sephadex G-100 for the third purification

For the final round of purification, 40.0 g of Sephadex G-100 was soaked in ultrapure water before heating in a 60°C water bath for 1 h until the Sephadex G-100 particles swelled. The water was replaced every 20 min, and the supernatant was discarded, followed by cooling to room temperature (34). Then, Sephadex G-100 was slowly added into a 2.6 × 60 cm column.

λ Column equilibration, sample loading, elution, and collection

The dried polysaccharide was dissolved after the second step of purification into 5 mL of pure water. This solution was slowly added to the above column and eluted with pure water at a flow rate of 1 mL/min. Then, 10 mL of each tube was collected, and the polysaccharide absorbance of the eluate in each tube was measured using the phenol-sulfuric acid method. The elution curve was drawn with the tube number as the abscissa and the polysaccharide absorbance as the ordinate. The fractional eluates were combined, concentrated, and lyophilized.




2.2.2. Structural characterization of GFP


2.2.2.1. Determination of monosaccharide composition

(1) Preparation and calculation of standard solutions

A total of 16 monosaccharide standards were used to obtain a standard stock solution: fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl), mannose (Man), fructose (Fru), ribose (Rib), galacturonic acid (GalA), glucuronic acid (GlcA), galactosamine hydrochloride (GalN), glucosamine hydrochloride (GlcN), N-acetyl-D glucosamine (GlcNAc), guluronic acid (GulA), and mannuronic acid (ManA). Each monosaccharide standard solution was prepared with a precise concentration standard as the mixed standard. The masses of the different monosaccharides were measured according to the absolute quantitative method, and the molar ratio was calculated according to the molar mass of the monosaccharides.

(2) Sample preparation

The sample (5 mg) was placed in an ampoule bottle to which 2 mL of 3M TFA was added. This was then hydrolyzed at 120°C for 3 h. The acid hydrolysis solution was transferred to a tube, dried with nitrogen, and added 5 mL of water before vortexing. Then, 50 μL was pipetted and 950 μL of deionized water was added, followed by centrifugation at 11,279 × g for 5 min. The resulting supernatant was collected for ion chromatography (IC) (ICS5000; Thermo Fisher Scientific, United States) analysis.



2.2.2.2. Chromatographic methods

Dionex Carbopac TM PA20 (3 × 150 mm) was used as the chromatographic column with the following mobile phases: A (H2O), B (15 mM NaOH), and C (15 mM NaOH and 100 mM NaOAC). A flow rate of 0.3 mL/min and an injection volume of 5 μL was applied. The column temperature was 30°C, and analysis was performed using a chemical detector.



2.2.2.3. UV spectrophotometer scan

Grifola frondosa polysaccharides (GFPs) were scanned using a UV spectrophotometer at a scanning wavelength of 190–400 nm.



2.2.2.4. Scanning electron microscopy scan

The freeze-dried samples were sprayed with gold and then scanned using scanning electron microscopy (SEM) (ZEISS 300; Germany) to photograph the morphology of the samples.



2.2.2.5. Fourier transform infrared spectroscopy test

For the test, 2 mg of GFP and 200 mg of pure KBr were ground evenly, placed in a mold, pressed into a transparent sheet on a hydraulic press, and placed in an infrared spectrometer (NICOLET 670; United States). The wavenumber range was 4,000–400 cm–1, the number of scans was 32, and the resolution was 4 cm–1.



2.2.2.6. X-ray diffraction scan

X-ray diffraction (XRD) (Bruker D8 Advance; Germany) was conducted using a copper target with a scanning range of 5–90° and a scanning speed of 10°/min.



2.2.2.7. Thermogravimetric differential scanning calorimetry test

N2 was used as the test gas with a temperature range of 30–4,000°C, and a heating rate of 100f 30ento perform a comprehensive thermal analysis by thermogravimetric differential scanning calorimetry (TG-DSC) (TA SDT 600; United States).



2.2.2.8. Establishment of the UC model

Based on previous studies (35, 36), we established an oxazolone (OXZ)-induced colitis model in mice. Mice were anesthetized with 2% sodium pentobarbital (3.5 μL/g). Then, their abdomens were shaved (2 × 2 cm), and a 3% oxazolone-methanol solution was applied (200 μL per mouse), which were air-dried after they appeared red and swollen. The application was repeated at an interval of 1 day, with the final application on the 5th day.

On the 7th day, a silicone tube was inserted 4 cm into the intestine through the anus. Then, 1% oxazolone-methanol solution was injected into the intestine, and the mouse was inverted for 30 s. The surgery was repeated on the 7th day, the 9th day, and after 11 days. On the 13th day, if the mice had loose stool or bloody stool, it was considered a successful model of enteritis.



2.2.2.9. Mice grouping and treatment

Kunming mice (6–8 weeks old, 28–33 g) were obtained from the Experimental Animal Center of Guizhou Medical University, China. All procedures and experiments were approved by the Experimental Animal Ethics Committee of the Guizhou Medical University, China (approval no. 2200225).

A total of 72 mice (36 females and 36 males) were selected and randomly divided into experimental groups: model group (Model) (mice in the model group were killed after successful modeling) and the GFP-80 mg/kg/day (GFP-80), GFP-160 mg/kg/day (GFP-160), GFP-320 mg/kg/day (GFP-320), sulfasalazine 370 mg/kg/day (SASP) (37), and natural recovery (NR) groups. Another 12 healthy mice (6 females and 6 males) were placed in the control group (Control). The mice were treated by gavage with the above samples/drug for 7 consecutive days. After 7 days, the mice were killed, and samples were collected for analysis.


1)Record the weight change of each group of mice



At 3:00 p.m. every day, the mice were weighed, the data were recorded, and the average value of repeated weighing was recorded three times.


2)Colon length



After the mice were killed, their colon and intestine were measured with a ruler, and the colon length was recorded.


3)Determination of immune factors



After the mice were killed, colon tissues were collected and immediately stored in a refrigerator at −80°C. Before the experiment, the samples were thawed, homogenized using a tissue homogenizer at 2–8ti and centrifuged at 4°C and 4,000 rpm for 10 min. The concentrations of different cytokines (IL-1β, IL-10, and TNF-α) in the supernatants of the colon tissues were quantitatively determined using an enzyme-linked immunosorbent assay (ELISA) kit.


4)Routine blood index detection



Blood samples were collected from the inferior vena cava of mice after the intervention and placed in an EP tube pretreated with ethylenediaminetetraacetic acid (EDTA) to prepare whole blood. White blood corpuscles (WBC), red blood corpuscles (RBC), hemoglobin (HGB), platelet count (PLT), neutrophil (NEUT), and lymphocyte (L) counts were analyzed using an automatic hematology analyzer.



2.2.2.10. Histological analysis

After colon tissue sampling, the colon was fixed with 4% paraformaldehyde at room temperature. After 24 h, the fixed colon tissues were embedded in paraffin. After embedding, the tissue was cut into 4-micron sections using a tissue biopsy machine and tested according to the instructions of the hematoxylin–eosin (HE) staining kit.


1)Statistical analysis and drawing



Statistical analysis was conducted using SPSS 20.0, High Score, GraphPad Prism 8, Adobe Illustrator 2020, Design-Expert 13, and Origin 2022. Differences were considered statistically significant at P < 0.05.






3. Results and discussion


3.1. Single-factor experiment

Previous studies have shown that ultrasonic power, time, liquid-to-solid ratio, and temperature affect the extraction rate of polysaccharides (38–40). The effects of these parameters on the crude GFP extraction rate are shown in Figure 1. As shown in Figure 1A, the extraction time increased from 30 to 60 min, and the extraction rate was highest at 60 min; however, when the extraction time exceeded 60 min, polysaccharide degradation was induced, and the extraction rate decreased (41). In addition, the crude extraction rate of GFP increased with an increase in ultrasonic power in the range of 100–500 W, whereas the extraction rate began to decrease when the power was greater than 500 W (Figure 1B), possibly because the ultrasonic energy promoted the emptying formation of bubbles, the cell wall was destroyed, and the components began to dissolve. However, excessive ultrasonic power can result in structural changes or degradation of the polysaccharides (42). In addition, with an increase in the solid-to-liquid ratio from 1:10 to 1:30 (g/mL), the extraction rate of GFP was improved, and the extraction rate of crude GFP decreased after more than 1:30 (g/mL) (Figure 1C). This may be due to the high solid-to-liquid ratio, which resulted in a decrease in density and viscosity, which diluted the polysaccharides (43). Figure 1D shows that the extraction rate of crude GFP kept increasing at elevated temperatures; however, the increased extraction rate became slower after 80°C. In line with the principle of saving energy, we did not continue to increase the temperature. Ultimately, 80°C, 60 min, 1:30 (g/mL), and 500 W were identified as the optimal extraction conditions.
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FIGURE 1
Effects of extraction time (A), ultrasonic power (B), solid-to-liquid ratio (C), and extraction temperature (D) on the extraction rate of crude GFP. Data are expressed as the mean ± SD (n = 3). All the data between groups were statistically significant (P < 0.05).




3.2. Crude BMF extraction method optimized by response surface methodology (RSM)

Based on the aforementioned results, we used the Boxid not continue ental design (BBD) to optimize the extraction conditions of crude GFP and summarized the BBD matrix and experimental data (Table 1). The final second-order polynomial equation, as shown in Equation 4, is obtained as follows:

[image: image]


TABLE 1    BBD and results of crude GFP extraction experiments.

[image: Table 1]

Analysis of variance (ANOVA) of the quadratic polynomial model was fitted according to BBD (Table 2). The high model F-value (19.07) and very low p-value (< 0.0001) indicated that the model was very meaningful. At the same time, the lack of fit of the F-value (3.75) and p-value (0.1074) indicated that the relative error of this model was not significant. These results confirm the applicability and goodness of fit of the model to the predicted values (44).


TABLE 2    Analysis of variance results for the BBD models of extraction rate.

[image: Table 2]


3.2.1. Analysis of response surface

Design-Expert is a process widely used by researchers to optimize extraction conditions. It can predict the relationship between each influencing factor and the extraction rate and infer the best extraction rate of the method (45). In this study, crude GFP expression was affected by these four factors. In Figure 2, the relationship between the extraction rate of crude GFP and any two influencing factors (other factors were set to zero) is shown. The rounder the contour plot curve appeared in the response surface plot, the smoother the curve trend and the smaller the impact. As shown in Figure 2, the interaction between extraction time, extraction temperature, and the solid-to-liquid ratio were highly significant. The interaction between ultrasonic power and extraction temperature, ultrasonic power and solid-to-liquid ratio, ultrasonic power and extraction time were highly significant of the extraction rate. Solid-to-liquid ratio had no significant effection of the extraction rate of polysaccharides.
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FIGURE 2
Response surface plots (3D) for the ultrasound-assisted extraction of crude GFP: (A) Extraction time vs. extraction temperature; (B) ultrasonic power vs. extraction temperature; (C) solid-to-liquid ratio vs. extraction temperature; (D) ultrasonic power vs. extraction time; (E) solid-to-liquid ratio vs. extraction time; and (F) solid-to-liquid ratio vs. ultrasonic power.




3.2.2. Verification of the predictive model

The optimal process conditions obtained by RSM optimization were as follows: extraction time, 70.59 min; extraction temperature, 90°C; solid-to-liquid ratio, 1:36.58 g/mL; and ultrasonic power, 498.8 W. The theoretical value of the polysaccharide extraction rate was 21.72%. Considering the feasibility of practical operation, the optimal conditions for crude GFP extraction were revised to an extraction time of 71 min, an extraction temperature of 90°C, a solid-to-liquid ratio of 1:37 g/mL, and an ultrasonic power of 500 W. To test the accuracy of the RSM optimization results, crude GFP was extracted under the optimized conditions (n = 3). The results showed that the actual extraction rate was 21.13%, which was 0.59% different from the theoretical value. This indicates that the extraction process of crude GFP optimized by RSM is reliable and stable.




3.3. Purification of crude GFP

After purification by polyamide, the color and protein of crude GFP were removed (Figures 3A, B). Since polyamide can adsorb certain polysaccharides, the comprehensive score was used as a unified evaluation method to remove protein and color while retaining the most polysaccharides. In addition, three polysaccharide fractions appeared after purification with DEAE-52 (Figure 3C), and the purification of the fraction with a higher extraction rate using Sephadex G-100 yielded a chart showing only one elution peak (Figure 3D).
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FIGURE 3
Crude GFP was purified using a three-step purification method. (A) Change in color during purification. (B) Changes in protein, color, polysaccharide, and comprehensive score during polyamide purification. (C) Three components were generated during the separation and purification of DEAE-52. (D) The elution result of GFP by Sephadex G-100.


The eluate in the mixed collection tube was concentrated and freeze-dried to obtain dry polysaccharides from which the polysaccharide content was determined. The results showed that the polysaccharide content was 92.50 ± 2.31%, indicating that the aforementioned purification had a good separation effect on crude GFP and that the obtained GFP had a high purity, providing a guarantee for the accuracy post-experiment.



3.4. Partial structural elucidation of GFP

The monosaccharide composition of GFP is shown in Figure 4B and Table 3. By comparing the retention times of the standards (Figure 4A and Table 3), GFP was confirmed to be a glucan-type polysaccharide (46). After GFP formed a complex with Congo red, the maximum absorption wavelength was red-shifted compared with that of Congo red. When the NaOH concentration was 0.0–0.1 mol/L, the UV absorption shifted to the long wavelength (Figure 4C), indicating that the sample could form a complex with Congo red with a regular helical conformation. In other words, GFP formed an ordered three-dimensional helical structure in the weakly basic range. After UV scanning, no absorption peaks were observed at 260 nm and 280 nm, indicating that there were no nucleic acids or proteins in GFP (Figure 4D) (47). TG and DSC can be used to study the mass loss and thermal transitions during heating under an inert atmosphere. As shown in Figures 4E, F, the TG experiment resulted in two mass loss events for GFP, the first at 158.41°C, which may be attributed to the loss of adsorbed water and structural water of GFP, consistent with previous studies (48, 49). The DSC experiments showed that GFP absorbed 225.38 J/g of heat during an endothermic event around 89.78°C, most likely due to water evaporation, consistent with the TG analysis. The second mass loss with an initial temperature of 158.41°C and a peak temperature of 241.29°C resulted in a 39.458% reduction in the weight of the decomposed polysaccharides. The DSC experiment showed a good correlation with the TG peak temperature. The maximum thermal decomposition temperature of GFP was 241.29°C.
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FIGURE 4
Partial structural analysis of GFP: (A) Ion chromatograms of 16 monosaccharide standards; (B) ion chromatograms of monosaccharides in GFP; (C) Congo red experimental result of GFP; (D) UV scan result of GFP; and (E,F) TG-DSC comprehensive thermal analysis results of GFP.



TABLE 3    Monosaccharide composition in GFP.

[image: Table 3]

XRD can be used to determine whether a polysaccharide has a crystalline structure. As shown in Figure 5A, the XRD results showed that GFP was an amorphous or semi-crystalline substance with a “bun shape” structure and no sharp peak at 22.5°, which is consistent with the results of Zhang et al. (50). The Fourier transform infrared spectroscopy (FTIR) results are shown in Figure 5B. According to these results, characteristic peaks of carbohydrates were observed in the band range from 3,300 to 3,500 cm–1 (51), while a broad peak was observed at 3,430 cm–1, indicating the presence of O-H stretching vibrations (52). This suggests that GFP had typical carbohydrate characteristics. An absorption peak was also observed at 2,931 cm–1, attributed to C-H stretching vibration (53, 54), while an absorption peak around 1,600 cm–1 indicated that GFP had C = C vibration. Furthermore, 1,410 and 1,100 cm–1 were observed near the absorption peaks, indicating that there were C-H variable angle vibrations and C-O stretching vibrations in GFP (53). The absorption peak at 1,265 cm–1 was attributed to the C-O stretching of acetyl groups (55), while in the fingerprint region (1,400–650 cm–1), the absorption peak is usually related to the C-C and C-O stretching bonds and the bending vibration between C-H. A ß-glycosidic chain was observed in the sugar residue at 939 cm–1, indicating that GFP was mainly ß-type. In addition, characteristic peaks at 600id0 cm–1 indicated that GFP was a pyran-type polysaccharide (56). SEM analysis showed that most of the GFP was flat and contained a small number of particles (Figure 5C). This phenomenon may be explained by the existence of hydrogen bonds in polysaccharides (57). Due to the formation of a large number of hydrogen bonds between polysaccharide molecules, high-molecular-weight polysaccharides precipitate rapidly and tend to exhibit a relatively aggregated state.
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FIGURE 5
Partial structural analysis of GFP: (A) XRD scan result of GFP; (B) FTIR detection result of GFP; and (C) SEM detection result of GFP.




3.5. Anti-inflammatory activity of GFP

Abdominal contamination and dehydration are typical symptoms of UC (58). Thus, changes in body weight are an important index for evaluating the success and effect of an acute colitis model (59). In this study, we observed that GFP treatment improved diarrhea and weight loss caused by OXZ, as shown in Figures 6A, B. During the modeling stage, the body weight of the mice decreased significantly due to severe UC. During the intervention stage (Figures 6A, C), the body weight of the mice in each group began to recover. However, weight gain in mice in the NR group was lower than that of mice in the GFP group. Colon shortening is another important manifestation of acute colitis; UC can cause congestion and edema, leading to colon shortening (59). As shown in Figure 6D, we removed and straightened the whole colon from the cecum to the anus and found that there was a statistically significant difference in colon length among the seven groups (P < 0.01) (Figure 6E). This suggests that GFP can significantly restore the colon length of OXZ-induced UC mice and that the symptoms of UC were alleviated earlier in the GFP intervention group than in the NR group. This was consistent with the changes in body weight.
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FIGURE 6
Changes in body weight and colon length of mice in each group. (A) Apparent changes in mice at different stages. (B,C) The body weight of mice at different stages. (D,E) Changes in the colonic length of mice at different stages. Each value represents the mean ± SD of six independent experiments. ##Very significant difference compared with the control group (P < 0.001); *significant difference compared with the model group (P < 0.05), **extremely significant difference compared with the model group (P < 0.001), * or #no significant difference (P > 0.05).


The mechanism of UC is not fully understood and has been listed as a risk factor for the development of colorectal cancer. As a result, there is currently no specific effective drug for the treatment of UC (60). Intestinal mucosal immunity plays an important role in the occurrence and development of intestinal inflammation, and many components of the mucosal immune system, including lymphocytes and leukocytes, are closely related to the development of UC (61). Intact colonic mucosa also serves as a barrier to protection and the intestinal immune system (62). In our study, by observing the changes in the number of blood cells in blood routine indexes, we were able to evaluate the blood condition and conduct a preliminary screening for diseases. We also conducted routine blood tests in the experimental mice (Table 4) and found that the levels of WBC, PLT, NEUT, and L in the model group were significantly higher than those in the control group (P < 0.001). After GFP treatment, the levels of WBC, PLT, NEUT, and L in the GFP groups were significantly lower than those in the model group (P < 0.001). However, no significant differences were observed in the levels of HGB and RBC among the groups (P > 0.05). These results indicate that GFP could reduce WBC and other inflammatory indices and inflammatory lesions in UC model mice.


TABLE 4    Detection of blood routine indices in mice.
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Istological examination of the colon section (×200 μ m) is shown in Figure 7A. The structure of the colon in the control group was clear, while the mucous layer of the normal colon was filled with goblet cells. In the Model group, the basic structure of the colon was completely destroyed, and a large number of inflammatory cells infiltrated from the mucous layer to the muscular layer After the administration of SASP and GFP, the histological injury of the colon induced by OXZ was significantly alleviated, and the degree of remission was better than that of the NR group. A cross-section of the colon from the GFP-80 group showed a large amount of inflammatory cells infiltration and spread widely in the mucous membrane. Compared with the GFP-80 group, the therapeutic effects of the SASP, GFP-160, and GFP-320 groups were better, and only local inflammatory infiltration was observed in the mucosa of the colon tissue. In addition, the spread range of inflammatory cells in the GFP-160 group was smaller than that in the GFP-320 group, which showed that there was no dose-effect relationship between GFP and UC treatment.
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FIGURE 7
Results of histological examination and inflammatory factors in each group. (A) Results of histological examination. Mu, mucosa; Su, submucosa; M, muscle; S, serosa; Cr, crypt; Gc, goblet cell; →, inflammation. (B) The concentrations of TNF-α. (C) The concentrations of IL-1β. (D) The concentrations of IL-10. Each value presents the mean ± SD of three independent experiments. ##Very significant difference compared with the control group (P < 0.001), **extremely significant difference compared with the model group (P < 0.001).


According to the literature, the epithelial and immune cells in the intestines of the UC mice express a variety of inflammatory mediators (63). UC is associated with a decrease in the anti-inflammatory cytokine IL-10 and an increase in pro-inflammatory cytokines, such as IL-1 β and TNF-α (64, 65). When a large number of pro-inflammatory cytokines and chemokines are released into the tissue, B cells are actively secreted, produce antibodies, increase the humoral immune response, and stimulate the complement system, thereby triggering an inflammatory response (66). As an effective NF-κB activator, IL-1 β occurs in the early stages of intestinal inflammation and maintains the inflammatory environment in the colon (67). TNF-α is an effective pro-inflammatory cytokine that plays an important role in immune regulation, inflammatory response, proliferation, and death of all cell types (68). The level of TNF-α was often increased in the blood, fecal samples, and mucosa of patients with UC (69). The release of IL-10 can reduce the degree of the immune response, promote intestinal mucosal repair, and improve colonic inflammation. In this study, compared with the control group, IL-1 β and TNF-α in the OXZ group increased significantly, while the content of the anti-inflammatory cytokine IL-10 decreased significantly (Figures 7B–D). Treatment with GFP and SASP significantly enhanced the expression of the anti-inflammatory cytokine IL-10 and reduced the levels of pro-inflammatory cytokines (IL-6 and TNF-α). In addition, SASP and GFP-160 exhibited superior anti-inflammatory effects. These results further demonstrate the role of GFP in relieving OXZ-induced UC.




4. Conclusion

In summary, the amount of crude GFP obtained using ultrasonic-assisted extraction was 21.13% with a purification yield of 64.13%. The purity of purified GFP reached 92.50%. The polysaccharide composition was composed of the following molar ratios: fucose (0.025): glucosamine hydrochloride (0.004): galactose (0.063): glucose (0.869): mannose (0.038). After detection by XRD, FT-IR, and UV, GFP was found to be mainly β-glucan. In addition, GFP was found to inhibit colonic shortening caused by UC, reduce the secretion of pro-inflammatory factors, and increase the secretion of anti-inflammatory factors. These results suggest that GFP therapy could improve UC caused by ZOX and that the dietary polysaccharides found in Grifola frondosa could be used in the treatment of colitis in the future. Further studies will be needed to determine the specific changes in the structure of polysaccharides extracted by ultrasound-assisted extraction, as well as to better understand the occurrence, development mechanisms, and treatment mechanisms of UC to enable the development of specific therapeutic drugs.



Data availability statement

The original contributions presented in this study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

This animal study was reviewed and approved by the Guizhou Medical University Laboratory Animal Ethics Committee, Guizhou Medical University.



Author contributions

XL conceived and designed the experiments and wrote the manuscript. KH and SW revised the manuscript and performed visual analysis. SC, JX, and HL contributed to data processing and result analysis. XL and QZ conducted experiments and collected and organized data. SW and PL involved in conceptualization, supervision, project funding acquisition, supervision, and administration. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Guizhou Science and Technology Department Support Plan Project (Guizhou Science and Technology Combined Support [2021]134), the National Natural Science Foundation of China (8176057), and the First-Class Discipline Construction Project in Guizhou Province (Public Health and Preventive Medicine, 2017).



Acknowledgments

We thank all members of the research group for their cooperation in the laboratory.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1078868/full#supplementary-material



References

1. Yao S. Extraction, Purification, Separation and in Vivo Bioavailability of Grifola frondosa Polysaccharides. Changchun: Jilin University (2019).

2. Liu J, B H, Tuli G. Research progress on chemical constituents and pharmacological activities of Grifola frondosa. Microbial Res. (2018) 16:150–7.

3. Masuda Y, Kodama N, Nanba H. Macrophage J774. 1 cell is activated by MZ-fraction (Klasma-MZ) polysaccharide in Grifola frondosa. Mycoscience. (2006) 47:360–6. doi: 10.1007/S10267-006-0315-7

4. Ma X, Meng M, Han L, Cheng D, Cao X, Wang C. Structural characterization and immunomodulatory activity of Grifola frondosa polysaccharide via toll-like receptor 4–mitogen-activated protein kinases–nuclear factor κB pathways. Food Funct. (2016) 7:2763–72. doi: 10.1039/C6FO00279J

5. Wu J, Siu K, Geng P. Bioactive ingredients and medicinal values of Grifola frondosa (Maitake). Foods. (2021) 10:95. doi: 10.3390/foods10010095

6. Fang Z, Sun Y, Zhang M. Efficient physical extraction of active constituents from edible fungi and their potential bioactivities: a review. Trends Food Sci Technol. (2019) 105:468–82.

7. Zhao S, Gao Q, Rong C, Wang S, Zhao Z, Liu Y, et al. Immunomodulatory effects of edible and medicinal mushrooms and their bioactive immunoregulatory products. J Fungi. (2020) 6:269. doi: 10.3390/jof6040269

8. Mao G, Ren Y, Feng W, Li Q, Wu H, Jin D, et al. Antitumor and immunomodulatory activity of a water-soluble polysaccharide from Grifola frondosa. Carbohydr Polym. (2015) 134:406–12. doi: 10.1016/j.carbpol.2015.08.020

9. Wang W, S H, Xu Z. In vitro anti-herpes simplex virus type I test of Grifola frondosa β-glucan. China Vet J. (2012) 48:10–3.

10. Jiang T, Wang L, Ma A, Wu Y, Wu Q, Wu Q, et al. The hypoglycemic and renal protective effects of Grifola frondosa polysaccharides in early diabetic nephropathy. J Food Biochem. (2020) 44:e13515. doi: 10.1111/jfbc.13515

11. Wang C, Zeng F, Liu Y. Coumarin-rich Grifola frondosa ethanol extract alleviate lipid metabolism disorders and modulates intestinal flora compositions of high-fat diet rats. J Funct Foods. (2021) 85:104649.

12. Weiyun W. Study on the antiradiation effect of Grifola Grifola polysaccharides. J Anhui Agric Univ. (2003) 30:2.

13. Zhang B, W Y, Liu W, Qiu H, Sun P, Zhang A. Research progress on the preparation and pharmacological activity of Grifola frondosa polysaccharides. Edible Med Mushrooms. (2019) 27:99–105.

14. Miao Y, Zhang Y, Hua L. Advances in research on immunoregulation of macrophages by plant polysaccharides. Front Immunol. (2019) 10:145. doi: 10.3389/fimmu.2019.00145

15. Gao X, Hang Q, Shan S, Song C, Baranenko D, Li Y, et al. A novel polysaccharide isolated from Ulva pertusa: structure and physicochemical property. Carbohydr Polym. (2020) 233:115849. doi: 10.1016/j.carbpol.2020.115849

16. Hou C, Yin M, Lan P, Wang H, Nie H, Ji X. Recent progress in the research of Angelica sinensis (Oliv.) Diels polysaccharides: extraction, purification, structure and bioactivities. Chem Biol Technol Agric. (2021) 8:13. doi: 10.1186/s40538-021-00214-x

17. Ji X, Guo J, Ding D, Gao J, Hao L, Guo X, et al. Structural characterization and antioxidant activity of a novel high-molecular-weight polysaccharide from Ziziphus Jujuba cv. Muzao. J Food Meas Charact. (2023) 16:2191–200.

18. Ordás I, Eckmann L, Talamini M, Baumgart D, Sandborn W. Ulcerative colitis. Lancet. (2012) 380:1606–19. doi: 10.1016/S0140-6736(12)60150-0

19. Pasvol T, Horsfall L, Bloom S, Segal A, Sabin C, Field N, et al. Incidence and prevalence of inflammatory bowel disease in UK primary care: a population-based cohort study. BMJ Open. (2020) 10:e036584.

20. Jones G, Lyons M, Plevris N, Jenkinson P, Bisset C, Burgess C, et al. IBD prevalence in Lothian, Scotland, derived by capture-recapture methodology. Gut. (2019) 68:1953–60. doi: 10.1136/gutjnl-2019-318936

21. Kaplan G. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroenterol Hepatol. (2015) 12:720–7. doi: 10.1038/nrgastro.2015.150

22. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel J. Ulcerative colitis. Lancet. (2017) 389:1756–70. doi: 10.1016/S0140-6736(16)32126-2

23. Zhou X, Lu Q, Kang X, Tian G, Ming D, Yang J. Protective role of a new polysaccharide extracted from Lonicera japonica Thunb in mice with ulcerative colitis induced by dextran sulphate sodium. Biomed Res Int. (2021) 2021:1–9. doi: 10.1155/2021/8878633

24. Yadav V, Varum F, Bravo R, Furrer E, Bojic D, Basit AW. Inflammatory bowel disease: exploring gut pathophysiology for novel therapeutic targets. Transl Res. (2016) 176:38–68. doi: 10.1016/j.trsl.2016.04.009

25. Gisbert J, Marin A, Chaparro M. The risk of relapse after anti-TNF discontinuation in inflammatory bowel disease: systematic review and meta-analysis. Am J Gastroenterol. (2016) 111:632–47. doi: 10.1038/ajg.2016.54

26. Tang S, Liu W, Zhao Q, Li K, Zhu J, Yao W, et al. Combination of polysaccharides from Astragalus membranaceus and Codonopsis pilosula ameliorated mice colitis and underlying mechanisms. J Ethnopharmacol. (2021) 264:113280. doi: 10.1016/j.jep.2020.113280

27. Wei Y, Fan Y, Ga Y, Zhang Y, Han J, Hao Z. Shaoyao decoction attenuates DSS-induced ulcerative colitis, macrophage and NLRP3 inflammasome activation through the MKP1/NF-κB pathway. Phytomedicine. (2021) 92:153743. doi: 10.1016/j.phymed

28. Cui L, Guan X, Ding W, Luo Y, Wang W, Bu W, et al. Scutellaria baicalensis Georgi polysaccharide ameliorates DSS-induced ulcerative colitis by improving intestinal barrier function and modulating gut microbiota. Int J Biol Macromol. (2021) 166:1035–45. doi: 10.1016/j.ijbiomac.2020.10.259

29. Su C, Tseng Y, Lo K, Lai M, Ng L. Differences in anti-inflammatory properties of water soluble and insoluble bioactive polysaccharides in lipopolysaccharide-stimulated RAW264.7 macrophages. Glycoconj J. (2020) 37:565–76. doi: 10.1007/s10719-020-09934-y

30. Jiang X, Hao J, Zhu Y, Liu Z, Li L, Zhou Y, et al. The anti-obesity effects of a water-soluble glucan from Grifola frondosa via the modulation of chronic inflammation. Front Immunol. (2022) 13:962341. doi: 10.3389/fimmu.2022.962341

31. Hu H, Zhao Q, Pang Z. Study on deproteinization and decolorization method of polysaccharide from pineapple peel residue and its antioxidant activity. Food Res Dev. (2018) 39:12–20.

32. Li X, Li W. Isolation and purification of polysaccharides from Inonotus obliquus and determination of their antioxidant activity. Food Ind Sci Technol. (2021) 42:192–7.

33. Huajie Z. Structural Characterization of Mycelial Polysaccharides From A. Black-Skinned Fungus and Research on the Repair of Chronic Liver Injury. Taian: Shandong Agricultural University (2020).

34. Wenzhen L. Research on the Chemical Structure, Biological Activity and Functional Antitumor Drugs of Bamboo Fungus Polysaccharide. Guangzhou: South China University of Technology (2015).

35. Zhang L, Cao N, Wang Y, Wang Y, Wu C, Cheng X, et al. Improvement of oxazolone-induced ulcerative colitis in rats using andrographolide. Molecules. (2019) 25:76. doi: 10.3390/molecules25010076

36. Kanauchi Y, Yamamoto T, Yoshida M, Zhang Y, Lee J, Hayashi S, et al. Cholinergic anti-inflammatory pathway ameliorates murine experimental Th2-type colitis by suppressing the migration of plasmacytoid dendritic cells. Sci Rep. (2022) 12:54. doi: 10.1038/s41598-021-04154-2

37. Changyi K, Chunjing Z. Study on the effect of polysaccharides from Baihe on ulcerative colitis. Chin Pharm. (2011) 22:3.

38. Babamoradi N, Yousefi S, Ziarati P. Optimization of ultrasound-assisted extraction of functional polysaccharides from common mullein (Verbascum thapsus L.) flowers. J Food Process Eng. (2018) 41:e12851. doi: 10.1111/jfpe.12851

39. Wang Y, Wang C, Guo M. Effects of ultrasound treatment on extraction and rheological properties of polysaccharides from Auricularia cornea var. Li. Molecules. (2019) 24:939. doi: 10.3390/molecules24050939

40. Wei EW, Yang R, Zhao HP, Wang PH, Zhao SQ, Zhai WC, et al. Microwave-assisted extraction releases the antioxidant polysaccharides from seabuckthorn (Hippophae rhamnoides L.) berries. Int J Biol Macromol. (2019) 123:280–90. doi: 10.1016/j.ijbiomac.2018.11.074

41. Wang J, Lu H, Muhammad U, Han J, Wei Z, Lu Z, et al. Ultrasound-assisted extraction of polysaccharides from Artemisia selengensis Turcz and its antioxidant and anticancer activities. J Food Sci Technol. (2016) 53:1025–34. doi: 10.1007/s13197-015-2156-x

42. Wang J, Zhang M, Fang Z. Recent development in efficient processing technology for edible algae: a review. Trends Food Sci Technol. (2019) 88:251–9. doi: 10.1016/j.tifs.2019.03.032

43. Guo H, Yuan Q, Fu Y, Liu W, Su Y, Liu H, et al. Extraction optimization and effects of extraction methods on the chemical structures and antioxidant activities of polysaccharides from snow chrysanthemum (Coreopsis tinctoria). Polymers (Basel). (2019) 11:215. doi: 10.3390/polym11020215

44. Yip K, Xu J, Tong W, Zhou S, Yi T, Zhao Z, et al. Ultrasound-assisted extraction may not be a better alternative approach than conventional boiling for extracting polysaccharides from herbal medicines. Molecules. (2016) 21:1569. doi: 10.3390/molecules21111569

45. Zhao J, Zhang M, Zhou H. Microwave-assisted extraction, purification, partial characterization, and bioactivity of polysaccharides from Panax ginseng. Molecules. (2019) 24:1605. doi: 10.3390/molecules24081605

46. Gong Y, Cao C, Ai C, Wen C, Wang L, Zhao J, et al. Structural characterization and immunostimulatory activity of a glucan from Cyclina sinensis. Int J Biol Macromol. (2020) 161:779–86. doi: 10.1016/j.ijbiomac.2020.06.02

47. Yuan Q, Zhang J, Xiao C, Harqin C, Ma M, Long T, et al. Structural characterization of a low-molecular-weight polysaccharide from Angelica pubescens Maxim. F. biserrata Shan et Yuan root and evaluation of its antioxidant activity. Carbohydr Polym. (2020) 236:116047. doi: 10.1016/j.carbpol.2020.116047

48. Vendruscolo CW, Ferrer C, Pineda EA, Silveira JL, Freitas RA, Jiménez-Castellanos MR, et al. Physicochemical and mechanical characterization of galactomannan from Mimosa scabrella: effect of drying method. Carbohydr Polym. (2009) 76:86–93. doi: 10.1016/j.carbpol.2008.09.028

49. Yin Z, Zhang W, Zhang J, Liu H, Guo Q, Chen L, et al. Two novel polysaccharides in psoralea corylifolia l and anti-a549 lung cancer cells activity in vitro. Molecules. (2019) 24:3733. doi: 10.3390/molecules24203733

50. Zhang S, Liu B, Yan G, Wu H, Han Y, Cui H. Chemical properties and anti-fatigue effect of polysaccharide from Pholiota nameko. J Food Biochem. (2022) 46:e14015. doi: 10.1111/jfbc.14015

51. Mahdiani M, Soofivand F, Ansari F. Grafting of CuFe12O19 nanoparticles on CNT and graphene: eco-friendly synthesis, characterization and photocatalytic activity. J Clean Prod. (2018) 176:1185–97.

52. Ji X, Guo J, Pan F, Kuang F, Chen H, Guo X, et al. Structural elucidation and antioxidant activities of a neutral polysaccharide from Arecanut (Areca catechu L.). Front Nutr. (2022) 9:853115. doi: 10.3389/fnut.2022.853115

53. Dadkhah M, Ansari F, Salavati-Niasari M. Thermal treatment synthesis of SnO2 nanoparticles and investigation of its light harvesting application. Appl Phys A. (2016) 122:1–9.

54. Mahdiani M, Sobhani A, Ansari F. Lead hexaferrite nanostructures: green amino acid sol–gel auto-combustion synthesis, characterization and considering magnetic property. J Mater Sci Mater Electron. (2017) 28:17627–34.

55. Peng P, Peng F, Bian J, Xu F, Sun RC, Kennedy JF. Isolation and structural characterization of hemicelluloses from the bamboo species Phyllostachys incarnata Wen. Carbohydr Polym. (2011) 86:883–90.

56. Gao Z, Zhang C, Tian C. Characterization, antioxidation, anti-inflammation and renoprotection effects of selenized mycelia polysaccharides from Oudemansiella radicata. Carbohydr Polym. (2018) 181:1224–34. doi: 10.1016/j.carbpol.2017.12.007

57. Tan M, Chang S, Liu J, Li H, Xu P, Wang P, et al. Physicochemical Properties, Antioxidant and antidiabetic activities of polysaccharides from quinoa (Chenopodium quinoa Willd.) seeds. Molecules. (2020) 25:3840. doi: 10.3390/molecules25173840

58. Matsunaga T, Hashimoto S, Yamamoto N, Kawasato R, Shirasawa T, Goto A, et al. Protective effect of daikenchuto on dextran sulfate sodium-induced colitis in mice. Gastroenterol Res Pract. (2017) 2017:1298263. doi: 10.1155/2017/1298263

59. Huang Y, Zheng Y, Yang F, Feng Y, Xu K, Wu J, et al. Lycium barbarum Glycopeptide prevents the development and progression of acute colitis by regulating the composition and diversity of the gut microbiota in mice. Front Cell Infect Microbiol. (2022) 12:921075. doi: 10.3389/fcimb.2022.921075

60. Cui L, Yuan W, Chen F, Wang Y, Li Q, Lin C, et al. Pectic polysaccharides ameliorate the pathology of ulcerative colitis in mice by reducing pyroptosis. Ann Transl Med. (2022) 10:347. doi: 10.21037/atm-22-877

61. Abreu M. Updates in mucosal immunology for inflammatory bowel diseases. Curr Opin Gastroenterol. (2018) 34:375–6. doi: 10.1097/MOG.0000000000000484

62. Vancamelbeke M, Vermeire S. The intestinal barrier: a fundamental role in health and disease. Expert Rev Gastroenterol Hepatol. (2017) 11:821–34. doi: 10.1080/17474124.2017.1343143

63. Kim H, Jeon H, Bae C, Lee Y, Kim H, Kim S. Rumex japonicus Houtt. Alleviates dextran sulfate sodium-induced colitis by protecting tight junctions in mice. Integr Med Res. (2020) 9:100398. doi: 10.1016/j.imr.2020.02.006

64. Zhu Y, Li X, Chen J, Chen T, Shi Z, Lei M. The pentacyclic triterpene Lupeol switches M1 macrophages to M2 and ameliorates experimental inflammatory bowel disease. Int Immunopharmacol. (2016) 30:74–84. doi: 10.1016/j.intimp.2015.11.031

65. Tao J, Duan J, Jiang S, Feng N, Qiu W, Ling Y. Polysaccharides from Chrysanthemum morifolium Ramat ameliorate colitis rats by modulating the intestinal microbiota community. Oncotarget. (2017) 8:80790–803. doi: 10.18632/oncotarget.20477

66. Zheng X, Feng Y, Liu H. Effect of Huangqin decoction on CD4+ T cells and its costimulatory molecules in rats with damp-heat ulcerative colitis. Chin J Exp Pharmacol. (2011) 1:169. doi: 10.3969/j.issn.1005-9903.2011.01.050

67. Cheng F, Zhang Y, Li Q, Zeng F, Wang K. Inhibition of dextran sodium sulfate-induced experimental colitis in mice by angelica sinensis polysaccharide. J Med Food. (2020) 23:584–92. doi: 10.1089/jmf.2019.4607

68. Nikolaus S, S S. Treatment of inflammatory bowel disease. Dtsch Med Wochenschr. (2013) 138:205–8. doi: 10.4292/wjgpt.v7.i1.5

69. Mitselou A, Grammeniatis V, Varouktsi A, Papadatos S, Katsanos K, Galani V. Proinflammatory cytokines in irritable bowel syndrome: a comparison with inflammatory bowel disease. Intest Res. (2020) 18:115–20. doi: 10.5217/ir.2019.00125


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Structural properties and anti-inflammatory activity of purified polysaccharides from Hen-of-the-woods mushrooms (Grifola frondosa)



		1. Introduction



		2. Materials and methods



		2.1. Materials



		2.1.1. Samples



		2.1.2. Instruments and reagents



		2.1.2.1. Instruments



		2.1.2.2. Reagents











		2.2. Methods



		2.2.1. Extraction and purification of crude GFP



		2.2.1.1. Extraction process



		2.2.1.2. Standard curve creation and polysaccharide detection



		2.2.1.3. Optimization of crude GFP extraction method



		2.2.1.4. Purification of crude GFP







		2.2.2. Structural characterization of GFP



		2.2.2.1. Determination of monosaccharide composition



		2.2.2.2. Chromatographic methods



		2.2.2.3. UV spectrophotometer scan



		2.2.2.4. Scanning electron microscopy scan



		2.2.2.5. Fourier transform infrared spectroscopy test



		2.2.2.6. X-ray diffraction scan



		2.2.2.7. Thermogravimetric differential scanning calorimetry test



		2.2.2.8. Establishment of the UC model



		2.2.2.9. Mice grouping and treatment



		2.2.2.10. Histological analysis















		3. Results and discussion



		3.1. Single-factor experiment



		3.2. Crude BMF extraction method optimized by response surface methodology (RSM)



		3.2.1. Analysis of response surface



		3.2.2. Verification of the predictive model







		3.3. Purification of crude GFP



		3.4. Partial structural elucidation of GFP



		3.5. Anti-inflammatory activity of GFP







		4. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Nutrition

Structural properties
and anti-inflammatory activity
of purified polysaccharides
from Hen-of-the-woods
mushrooms (Grifola frondosa)












OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition







OPS/images/email.jpg





OPS/images/fnut-10-1078868-g001.jpg
>

Extraction rate (%)

Extraction rate (%)

25

20 r

15

10

G i

i 200

400

600

Ultrasonic power (W)

800

1000

18

16 |

14 |

12

L

10 ‘
0 30

60

120
Extraction time {min)

150

180

Extraction rate (%)

Extraction rate (%)

15

12

i

1:10

1:20

Solid-liquid ratio (g/mL)

1:30

1:40

1:50

16

14 |

12

10
50

60

70

80

90

100

Extraction temperature ("C)

110





OPS/images/fnut-10-1078868-g002.jpg
<« (%) e1es uoporNX3 O (%) 81es uonoeAx3 w (%) @1es uogoesx3





OPS/images/fnut-10-1078868-g003.jpg
24008 aa|suayasdwon
e © © - ~ o o et - ~ e
~ - - - - -~ [=] o o (=] =
T T T T T T T T T
dry ® ve @ 43
11
s M Mm . -
Mm-.m |
s | |
523
<
p wm. M ¢ v "e - S
Ao
SLAA X |
C
- v e - e 12 E
=
[
o
-
> b 4 < L ] £ - ”
. ; B " o3
: 1 1 1 .“ o
= o o . o @oueqQIOsSqQY
w o o0 - ™~
(11] (%) orey (o) (W10I) 1N
~ = o < - e =
- - = = = = =
- T —— e m
g
k]
L | &
 §=;
L.
< 7
;
— J 7 m
B 2
.
o
,-~
—
r e
? 3
3 ’- — L] I.l‘i
—y L
by
- __ 1 “
) i
-.
—— "
.lﬁ.l' e
" |- " - A L & d - | e
- v, - v - " -
~ 4 -t - - = =

Number of tubes

Tubes





OPS/images/fnut-10-1078868-e001.jpg
B,—B,
Deproteinization rate (%) = (‘572) x 100%  (2)
1





OPS/images/fnut-10-1078868-e000.jpg
A
Polysaccharide retention rate (%) = AJ x 100% (1)
1





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnut-10-1078868-e004.jpg
14.11 4 5.47Xy + X2 + 1.07X3 — 0.38X4 — 0.23X, X ()
—0.88X1 X3 — 14X1 Xy — 1.38X2X; +0.97X2Xy

—0.72X3Xs + 1.69X2 — 0.64X2 — 4.25X% — 2.09X2





OPS/images/fnut-10-1078868-e003.jpg
@)





OPS/images/fnut-10-1078868-e002.jpg
C1-G
Decolorization rate (%) = (‘(47) x 100%  (3)
1





OPS/images/fnut-10-1078868-g004.jpg
Response value (nC)

S0

515

210

Sl

4%3

Ahsorhanee (nm)

471

445

ian ¢

o

fill

40

B
P,
100
BD
Suld —_
o
=
3 1]
[
=
=
% Al
r
20
o
D
.5
2.0
E
—
TR
:
=
1.0
ns
l | [ L | | 1 i
i i n.z n. .4 L5
Na(OH concentration (mol/L)
T 1 T T :
TG
prG| 140
-1 0l
=
4 .02
e
. -4
Sy
o
103 &
=
‘ =
- 04
- 0.8
= i
| | 1 1 L 1 | L
L] [ 1M 200 Jim) 4ind S0
Temperature (°C)

Time {min)

2k

240 280 FL ] i
Wavelength (nm)

1M 200 k[ JI) 4}
Temperature ("C)






OPS/images/fnut-10-1078868-g005.jpg
Intensity (a.u.)

g

ENT= 500NV
AT « 8.6 mm

Sugnai A e S0P Dwie 11 May 2022

Megs 30X

" T " T o T . T
.
-
; |
|
‘ -
= f
b
- I
-
[
-
—
—
" ' ' -
l ' . l e l
0 oh 50 100
2 Thate (degree)

Wavenumbers (cm™)

100 " | 07 g . 7\ 5 L) >
' \
. !
|‘4| .
: 3 b}
80 | | ANy g
1‘ [ i l, v | ‘ '
| | ! -~
| '\ | \( =] \
" : ‘ R \
‘ | = | . ‘
o [ & L 9
~ | \’r‘ :' E
’ | 3 =\ 1
.' 1 \f\ &
| |
| | J2
“. | :
| ’ :
‘ —
| z
20
\/
]
-
- §
“ l s l 2 l
4000 RILU 2000 L0
Transmittance (%)

Livl= SO0V
N = 30w

Signel A= 53
Meg+ WOOKX

Oele 11 May 2022
Aggriue Sie « 30 70 pvw






OPS/images/fnut-10-1078868-g006.jpg
vy
W
&

-

Body weight (g)

N
=)}

N
Py

Model

NR

GFP
-80

GFP
-160

GFP
-320

SASP

Control

O I
Day5 Day 7

w
N

w
o

N
[+ ]

Day 11

|

O
Day 20

Skin sensitization stage Enema stage Treatment stage
C 36¢
Model ~&-  Normal
__ 34} 4 GFP-320
2 r 4 NR
E 32 g T I - 4
.% -+~ SASP
I [ = : ~= GFP-160
- GFP-80
26 | Control
A A M M M A A A N i 24 L " i i " A A
2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7
Days Days
15
deke
-
—
o
§ 10
5 w i
3 . B
B
£
g 5
-d
e S
2 N =
& qu? .





OPS/images/fnut-10-1078868-g007.jpg
' .
W

Ly
i o

B, ST T Ny 1
TR B

ocpfff "é"f}efﬁ






OPS/images/fnut-10-1078868-t003.jpg
Name Molar ratio of each monosaccharide in GFP

Fuc 0.025
GIcN 0.004
Gal 0.063
Glc 0.869
Man 0.038

Fug, fucose; Gal, galactose; Glc, glucose; Man, mannose; GIcN, glucosamine hydrochloride.
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Index Control GFP-80 GFP-160 GFP-320 SASP NR Model
WBC/(10°/L) 2.4140.10 5.533 £ 0.26* 3.61£0.15%* 3.76 £ 0.20* 3.39 £ 0.18% 6.33+0.24 6.70 £ 0.11%
RBC/(10'2/L) 7.75£0.16 7.70 £ 0.28 7.61+0.32 7.354+0.26 7.40 £0.33 7.54£0.13 7.44 £0.15
HGB/(g/L) 139.37 £ 5.09 130.74 + 8.56 127.67 £7.95 136.37 £ 12.44 140.63 + 14.47 138.15£7.17 136.67 £ 9.09
PLT/(10°/L) 550.00 & 22.19 872224 14.19% | 696.67 £16.82** | 722.22£21.69"* |  727.78 £20.58** |  895.56 & 23.12 902.22 £ 11.60%*
NEUT/(10°/L) 0.4140.02 0.64 = 0.02** 0.52 £ 0.03** 0.59 £ 0.01** 0.46 £+ 0.01%* 0.69 % 0.02* 0.79 % 0.02%
L/(10°/L) 1.56 +0.04 5.3140.12% 3.35£0.33% 33.57 +0.05* 1.92 £ 0.02% 6.140.11 6.18 + 0.38"

Each value represents the mean 4

group (P < 0.05), **extremel

y significant difference compared with the model group (P < 0.001).

£ SD of three independent experiments, **very significant difference compared with the control group (P < 0.001); *significant difference compared with the model
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No. X; (extraction X2 X3 X4 (solid- Y
temperature, |(extraction| (ultra- | to-liquid |(extrac-

°C) time, min) | sonic ratio, tion
power,  g/mL) |rate, %)

1 1 -1 0 0 19.22
2 1 1 0 0 21.47
3 0 0 -1 -1 7.94
4 1 0 0 1 20.17
5 0 0 0 0 14.52
6 -1 0 1 0 8.47
7 0 0 0 0 13.53
8 0 1 1 0 10.35
9 —1 -1 0 0 8.47
10 -1 0 -1 0 4.11
11 =] 0 0 -1 5.05
12 —1 1 0 0 10.94
13 0 -1 1 0 10.94
14 0 1 0 -1 12.06
15 1 0 1 0 16.58
16 0 0 0 0 15.07
17 0 0 0 0 14.52
18 0 1 0 1 11.88
19 0 0 1 1 6.23
20 0 -1 =i 0 5.94
21 1 0 -1 0 15.76
22 0 -1 0 -1 12.17
23 0 0 0 0 12.93
24 1 0 0 -1 19.82
25 0 0 1 -1 10.99
26 0 -1 0 1 8.12
27 0 0 -1 1 6.05
28 -1 0 0 1 10.99
29 0 1 =i 0 10.88

In Equation 4 and table, Y represents the extraction rate, and X;, X, X3, and Xy denote
the extraction temperature, extraction time, ultrasonic power, and solid-to-liquid ratio,
respectively.
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Sum of DF Mean | F-value P-value

squares square
Model 590.38 14 4217 19.07 | <0.0001
Xi 359.6 1 359.6 162.59 | <0.0001
Xz 12.04 1 12.04 5.44 0.0351
X3 13.82 1 13.82 6.25 0.0255
Xy 1.76 1 1.76 0.79 0.388
X1Xa 0.21 1 0.21 0.096 | 0.7616
X1 X3 3.13 1 3.13 1.42 0.2538
X1 Xy 7.81 1 7.81 3.53 0.0812
X, X3 7.65 1 7.65 3.46 0.0841
XoX4 3.74 1 3.74 1.69 0.2142
X3X4 2.06 1 2.06 0.93 0.351
X;? 18.55 1 18.55 8.39 0.0117
X% 2.62 1 2.62 1.18 0.295
X;32 117.04 1 117.04 52,92 |<0.0001
X2 28.44 1 28.44 12.86 0.003
Residual 30.96 14 221
Lack of fit 27.98 10 2.8 3.75 0.1074
Pure error 2.99 4 0.75
Cor total 621.34 28
R? 0.9502
R agj 0.9003
cv 0.73%
Adeq. precision 16.166

X1, Xz, X3, and X4 denote the extraction temperature, extraction time, ultrasonic power, and
solid-to-liquid ratio, respectively.





