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Structural and Potential Functional Properties of Alkali-Extracted Dietary Fiber From Antrodia camphorata
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Antrodia camphorata is rich in a variety of bioactive ingredients; however, the utilization efficiency of the residue of A. camphorata is low, resulting in serious waste. It is necessary to deeply study the functional components of A. camphorata residues to achieve high-value utilization. In this study, the components, structural characteristics, and functional properties of alkali-extracted dietary fiber extracted from residues of A. camphorata (basswood and dish cultured fruiting body, respectively) were investigated. There were similar components and structural characteristics of ACA-DK (extract from basswood cultured) and ACA-DF (extract from dish cultured). The two alkali-extracted dietary fiber were composed of mainly cellulose and xylan. However, ACA-DK has better adsorption capacities than ACA-DF on lipophilic substances such as oil (12.09 g/g), cholesterol (20.99 mg/g), and bile salts (69.68 mg/g). In vitro immunomodulatory assays stated that ACA-DK had a good effect on promoting the proliferation of RAW 264.7 cells and can activate cell phagocytosis, NO synthesis, and other immune capabilities. The edible fungus A. camphorata is a good source of functional dietary fiber. The alkali-extracted dietary fiber of A. camphorata might be used as a functional ingredient in the medicine and food industry.
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GRAPHICAL ABSTRACT.



INTRODUCTION

Dietary fiber plays an important role in the inhibition of disease occurrence and development (Chawla and Patil, 2010). High dietary fiber intake could significantly reduce the morbidity and mortality of coronary heart disease, stroke, type 2 diabetes, and colorectal cancer (Marlett et al., 2002). The physical and chemical properties of dietary fiber such as solubility, viscosity, and fermentability determine its function in the gastrointestinal tract, including the influence of nutrient utilization, intestinal motility, stool formation, and microbial specificity (Rodriguez et al., 2020; Gill et al., 2021; Ma et al., 2021). Dietary fiber has a good effect on improving digestive function and lipid metabolism disorders. Bo et al. (2021) have shown that dietary fiber derived from bean dregs has good adsorption ability in vitro. However, the functions of dietary fiber from different sources are quite different. Dietary fiber extracted from grain has a protective effect on T2DM, while fruit fiber has almost no protective effect (Davison and Temple, 2018).

Antrodia camphorata is a unique fungus species with good nutritional and medicinal values (Lu et al., 2013; Kuang et al., 2021). It contains many biological active substances, including polysaccharides, triterpenes, superoxide dismutase, and sterols (Chien et al., 2008; Lin et al., 2017; Zhang et al., 2018). Studies have shown that dietary fiber is an important active component of A. camphorata, especially water-soluble dietary fiber (polysaccharides). Macrophage RAW 264.7 is a good in vitro experimental platform to measure the immunomodulatory or the anti-inflammatory activity of polysaccharides (Shen et al., 2017). Chen et al. (2007) isolated five water-soluble polysaccharide components from A. camphorata mycelium, and the results showed that the component AC-2 had a significant anti-inflammatory effect on LPS-induced RAW 264.7 cells. In addition, the polysaccharides from extracts of A. camphorata mycelia or fruiting bodies show the function of antiangiogenic, anti-inflammatory, and immunomodulatory activities (Cheng et al., 2008, 2016; Meng et al., 2012). However, few studies report the immunomodulatory function of water-insoluble dietary fiber from A. camphorata in RAW 264.7 cells.

The active ingredients in the fruiting bodies of A. camphorata, such as polysaccharides and triterpenes, are prepared into extracts or dripping pills after leaching with ethanol and hot water. However, a large number of residues after leaching have not been well used, and there is almost no research on alkali-extracted dietary fiber in residues of A. camphorata. The extraction residue of edible fungi still contains more functional components, which could be used in functional foods (Kao et al., 2012). Edible fungi residue contains a large amount of dietary fiber, which is also a major source of dietary fiber in addition to grains, fruits, and vegetables. A series of dietary fiber obtained from fruit bodies of mushroom have the functions of adsorbing heavy metals and regulating immunity and anti-hyperlipidemia (Hua et al., 2012; Ren et al., 2017; Choma et al., 2018). In this study, two kinds of residues of A. camphorata fruit body are used as the raw materials to analyze the structural characteristics of dietary fiber. Then, the in vitro adsorption and immunomodulatory activity of dietary fiber from different sources were studied. This research lays the foundation for further application of A. camphorata residues.



MATERIALS AND METHODS


Materials

In this experiment, the residues of A. camphorata fruit body were the gifts from Honest and Humble Biotechnology Co., Ltd. (New Taipei City, China) and stored in the refrigerator at 4°C. The residues were extraction by hot water (95°C for 2 h) before experiments, to remove water-soluble polysaccharides. All the monosaccharide standards, MTT, lipopolysaccharide (LPS), and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Co. (Shanghai, China). High-glucose DMEM was purchased from Wisten Biotechnology Co. Ltd. (Nanjing, China). A mouse IL-6 ELISA kit (Catalog number: M6000B) and a TNF-α ELISA kit (Catalog number: MTA00B) were purchased from R&D Systems China Co. Ltd. (Shanghai, China). All other reagents used in this study were of analytical grade.



Pretreatment of AC Residues

Antrodia camphorata residues were washed with ethanol and distilled water. Then, the residues were dried at 60°C and ground to a powder (filtered by a 60-mesh sieve). The powder was packaged and stored at −20°C until further analysis.



Extraction of Dietary Fiber

The dietary fiber were extracted from A. camphorata residues using the described method with some modifications (Wang et al., 2013). Briefly, the powder of A. camphorata residues was extracted by 0.01 M NaBH4/0.5 M NaOH solution in the solid-to-liquid ratio of 1:10 for 12 h at 4°C. After filtration, the extraction solution was neutralized by glacial acetic acid, placed at 4°C for 4 h, and then centrifugated at 8,000 rpm for 15 min at 4°C, and then the solid residues were collected. The solid residues were washed with distilled water three times and resuspended in the DMSO (contain 0.25 M LiCl), followed by centrifugated at 8,000 rpm for 15 min at 4°C. The supernatants were dialyzed for 3 d and freeze drying at −80°C for 72 h. The dietary fiber extracted from the fruiting body of A. camphorata was coded as ACA-DK. The dietary fiber extracted from dish-cultured hypha of A. camphorata was coded as ACA-DF.



Determination of Molecular Weight and Component Analysis

The molecular weights of dietary fiber were determined by using an HPLC system (Waters 1525 system, Agilent PLgel MIXED column 5 μm), with DMSO as the mobile phase at a flow rate of 1 mL/min at 35°C. Molecular weights of dietary fiber were calculated by the retention time.

Total sugars were estimated by the phenol–sulfuric acid method (DuBois et al., 1956) using an Evolution 300 UV spectrophotometer (Evolution 300, Thermo Fisher Scientific, England). The concentration of uronic acid was evaluated by using the m-hydroxydiphenyl method (Blumenkrantz and Asboe-Hansen, 1973). The moisture contents of dietary fiber were determined by using a moisture analyzer (MB45, OHAUS). The content of protein was determined using the Kjeldahl method with a nitrogen-to-protein conversion factor of 6.25 (AOAC 955.04, AOAC, 2000). The content of dietary fiber was determined by the method described by Yeh et al. (2005).



Scanning Electron Microscopy

Morphological characterization of ACA-DK and ACA-DF was performed according to the method described by Ullah et al. (2017) with some modifications. The samples were fixed on double-sided conducting scotch tapes and coated with a 10-nm gold layer. Subsequently, the surface microstructure of samples was observed using a scanning electron microscope (Hitachi S-4800, Hitachi, Ltd., Tokyo, Japan) at a voltage of 25 kV.



Monosaccharide Compositions

Monosaccharide composition of dietary fiber were measured by HPAEC-PAD (Dionex ICS 3000) (Yang et al., 2009). Briefly, 100 uL of ACA-DK and ACA-DF (5 mg/mL) were put into the hydrolysis tube, respectively, and then hydrolyzed with 4 mol/L trifluoroacetic acid (TFA) for 2 h at 110°C. The hydrolysates were dried with nitrogen in a water bath at 65°C. Then the hydrolysates were dissolved in water and filtered with a 0.22-μm microporous membrane. HPAEC-PAD was performed to determine the monosaccharide composition with a CarboPacTM PA20 column (6.5 μm, 3.0 × 150 mm i.d.) and eluted with a gradient mobile phase at a flow rate of 0.5 mL/min. The injection volume of samples was 20 μL. The mobile phase consisted of A: H2O, B: NaOH (20 mmol/L) and C: NaOAc (1 mol/L). The elution condition started A:B:C = 92:8:0; 0-20 min, linear gradient to A:B:C =87:8:5; 20-30 min, linear gradient to A:B:C = 78:8:20; 30-50 min, linear gradient to A:B:C = 20:80:0.



Fourier-Transformed Infrared Spectroscopy

The dietary fiber samples (1 mg) were well ground and blended with KBr (9 mg) and then pressed into a 1 mm pellet for FT-IR analysis (IRAfinity-1S, Shimadzu) in the resolution range from 400 to 4,000 cm−1.



X-Ray Diffraction

Crystalline structural analysis of the freeze-dried samples was performed by using an X-ray diffractometer (MiniFlex600) with a Cu-Kα radiation source (λ = 1.542 Å) at a voltage of 40 kV and an incident current of 40 mA (González et al., 2011). The diffraction intensities were scanned from 4 to 70° with an angle step width of 0.02°. The crystallinity index (CrI) of the dietary fiber samples was calculated from the peak area under the curve by MDI Jade 6.5 software; the equation is as follows (1):
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where CrI is the relative degree of crystallinity, I002 is the maximum intensity of the crystalline diffraction peak which is located at a diffraction at 2θ = 22.13°, and Iam is the lowest intensity of diffraction at 2θ = 18°-19°, while Iam represents the amorphous part.



Water Holding Capacity and Water Swelling Capacity

WHC was measured according to the methods reported by Luo et al. (2018). The samples (1.0 g) were hydrated in 20 mL deionized water at room temperature for 18 h. The samples were centrifuged at 4,000 rpm for 15 min and weighted immediately. The WHC was calculated by Equation (2):
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where m2 is the weight of the residue (g) containing water and m1 is the weight of the dry sample (g).

WSC was determined by the method reported by Sowbhagya et al. (2007) with appropriate modifications. The samples (0.5 g) were hydrated in 20 mL distilled water in a graduated tube for 18 h at room temperature to swell fully for swelling volume detection. The bed volumes of mixtures were recorded. WSC was calculated by the following Equation (3):
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where V2 is the volume of the hydrated sample, V0 is the volume of the sample prior to hydration, and M0 is the weight of the sample prior to hydration.



Oil Adsorption Capacity

Oil adsorption capacity was measured according to the method of Luo et al. (2018). The sample (1.0 g) was added to 20 mL soybean oil in a 50-mL centrifuge tube. After mixing for 30 s, the mixture was incubated at 25°C for 18 h. Then the tubes were centrifuged at 4,000 rpm for 15 min to remove the supernatant (excess oil), and the residue was weight. Oil adsorption capacity (OAC) was expressed as the amount of absorbed oil per gram of the sample (g oil / g dry weight). The OAC was calculated using Equation (4):
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where M3 is the weight of the residue (g) containing oil and M1 is the weight of the dry sample (g).



Cholesterol Binding Capacity

Cholesterol binding capacity of the samples were investigated according to the procedure described by previously reported with slight modification (Luo et al., 2018). A fresh egg yolk was diluted with 9 times of its weight distilled water and then homogenized by stirring. The samples (0.5 g) were mixed with 50 mL diluted yolk solution in a centrifuge tube at pH 2.0 and 7.0 (simulating the pH conditions in the stomach and small intestine, respectively). The mixture was placed in an oscillating incubator at 37°C for 2 h and then centrifuged at 4,000 rpm for 20 min at room temperature. The supernatant was diluted with acetic acid and mixed with o-phthalaldehyde at room temperature for 20 min. Then, the absorbance of the supernatant was measured at 550 nm. The amount of cholesterol was quantified based on a standard curve, and CAC was calculated according to Equation (5):
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where C1 is the weight of cholesterol before adsorption, C2 is the weight of cholesterol after adsorption, and M0 is the weight of the sample.



Sodium Cholate Binding Capacity

The sodium cholate binding capacity of dietary fiber was determined according the method of Luo et al. (2018) with some modification. Samples (0.125 g) were incubated with 0.15 mmol/L sodium cholate in 100 mL of sodium phosphate buffer (pH 7.0). The slurry was shaken at 120 rpm for 2 h in a 250-mL flask maintained at 37°C and then centrifuged at 5,000 rpm for 20 min, and the unbinding cholate in the supernatant was determined at 620 nm with a spectrophotometer (UV-2600, Island ferry, Japan). The binding capacity of sodium cholate (SCBC) was calculated by Equation (6):
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where S1 is the content of sodium cholate in the solution before adsorption, S2 is the remaining content of sodium cholate in the supernatant after adsorption, and S0 is the mass of the sample taken.



RAW 264.7 Cell Proliferation Assay and Morphology Observation

Cell proliferation was quantified by a standard MTT assay (Zheng et al., 2019). RAW 264.7 cells (1 × 105 cells/well, DEME per well) were seeded in 96-well culture plates under conditions (5% CO2, 37°C) for 24 h. The DEME mediums containing different concentrations of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL) were added into each well and incubated with the cells for 24 h. LPS (1 μg/mL) was used as the positive control group. After incubation, the medium was removed, and cells were incubated with 100 μL of MTT (0.5 mg/mL) solutions for 4 h. Next, the MTT solution was discarded, and dimethyl sulfoxide (100 μL of DMSO) was added and shaken for 10 min until no visible particulate matter detected. Finally, the absorbance was measured at 570 nm, and the cell proliferation ratio was determined. The morphology of the RAW 264.7 cells was observed via an inverted fluorescence microscope.



Phagocytic Activity Assay in RAW 264.7 Cells

The promoting effects of ACA-DK and ACA-DF on phagocytosis of RAW 264.7 cells were determined by neutral red uptake assay (Liu et al., 2017). RAW 264.7 cells (1 × 105 cells/well, DEME per well) were seeded in 96-well culture plates under conditions (5% CO2, 37°C) for 24 h. The DEME medium containing different concentrations of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL) was added into each well and incubated with the cells for 24 h. LPS (1 μg/mL) was used as the positive control group. After incubation, the medium was removed, and the cells were incubated with neutral red (v/v, 0.075%) solutions for 30 min. Next, the supernatant was discarded, and the cells were washed with PBS (200 μL per well) for three times at room temperature to remove the redundant neutral red. Then, a 100 μL of the lysis solution contained an equal volume ratio of ethanol (v/v, 50%), and acetic acid (v/v, 1%) was added into the well and lysed at 4°C for 12 h. Finally, the absorbance was measured at 540 nm, and the phagocytic activity was determined.



Measurement of NO Production in RAW 264.7 Cells

RAW 264.7 cells (1 × 105 cells/well, DEME per well) were seeded in 96-well culture plates under conditions (5% CO2, 37°C) for 24 h. The RAW 264.7 cells were treated for 24 h with different concentrations of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL). LPS (1 μg/mL) was used as the positive control group. After incubation, the supernatant was collected from cultures and mixed with an equal volume of Griess reagent and incubated for 30 min at room temperature. Nitrite production was determined by measuring absorbance at 540 nm with NaNO2 as a standard.



Determination of TNF-α and IL-1β Production in RAW 264.7 Cells

RAW 264.7 cells (1 × 105 cells/well, DEME per well) were seeded in 96-well culture plates under conditions (5% CO2, 37°C) for 24 h. The RAW 264.7 cells were treated for 24 h with different concentration of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL). LPS (1 μg/mL) was used as the positive control group. After incubation, the supernatant was collected from cultures for analysis of TNF-α and IL-1β using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's instructions.



Statistical Analysis

All data are expressed as means ± standard deviation for the in dependently performed experiments. One-way factorial analysis of variance (ANOVA) was used to assess the differences between mean values. Statistical analysis was performed with ANOVA (SPSS 24.0). A P-value of < 0.05 or 0.01 was considered statistically significant.




RESULTS


Chemical Composition, Monosaccharide Composition, and Molecular Weight of ACA-DK and ACA-DF

The samples of A. camphorata from basswood-cultivated and dish-cultured extract used in this experiment were the residues of ethanol and hot water extraction. As shown in Figure 1, the dietary fiber ACA-DK (basswood cultivated) and ACA-DF (dish cultured) were extracted by NaOH-DMSO. As shown in Table 1, the extraction rates of ACA-DK and ACA-DF were 6.92 and 3.29%, respectively. The dietary fiber contents in these two samples reached 88.5 and 84.7%, respectively, and the protein contents were low (<3%). ACA-DK and ACA-DF did not contain uronic acid, indicating that these two dietary fibers are neutral sugars.


[image: Figure 1]
FIGURE 1. Flow chart representative of the extraction processes of dietary fibers ACA-DK and ACA-DF from the residues of A. camphorata.



Table 1. Chemical composition and physicochemical properties of ACA-DK and ACA-DF.
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The monosaccharide composition of dietary fiber has an important influence on its properties. As shown in Supplementary Figures 1A–C, both ACA-DK and ACA-DF contain four kinds of monosaccharides, without glucosamine and galactosamine. It was indicated that ACA-DK and ACA-DF were neutral dietary fiber, which were consistent with the previous results. The monosaccharide composition of ACA-DK and ACA-DF is similar, mainly glucose (65.44, 62.29%), xylose (13.35, 16.25%), mannitol (13.12, 13.15%), and fucosaccharide (6.22, 7.88%) (Table 2). Based on the solubility of these two dietary fibers, the gel chromatography was used to determine their molecular weight. As shown in Supplementary Figure 1D, the values of weight average molecular weight (Mw) and number average molecular weight (Mn) of ACA-DK were 18.28 and 10.04 kDa, respectively. The values of weight average molecular weight (Mw) and number average molecular weight (Mn) of ACA-DF were 15.35 and 10.39 kDa, respectively.


Table 2. Monosaccharide compositions of ACA-DK and ACA-DF.
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Structure Analysis


SEM Analysis of ACA-DK and ACA-DF

The morphology and structure of the ACA-DK and ACA-DF were analyzed by scanning electron microscope (SEM), and the results are shown in Figure 2. The micromorphologies of these two dietary fibers were similar, which showed irregular fragments with reticular lines on the surface. In addition, there are almost no spherical starch or protein particles on the surface of the two dietary fibers, which were consistent with the results of the previous composition determination.


[image: Figure 2]
FIGURE 2. Microstructure of ACA-DK and ACA-DF observed by scanning electron micrographs (magnifications: 200X, 100X, respectively). (a,b) SEM image of ACA-DK; (c,d) SEM image of ACA-DF.




FT-IR and X-Ray Analysis of ACA-DK and ACA-DF

The FT-IR spectroscopy of ACA-DK and ACA-DF was analyzed from 500 to 4,000 cm−1, which reflects functional groups of dietary fiber from A. camphorata. Similar typical peaks were observed from the spectral of ACA-DK and ACA-DF. As shown in Figure 3A, a strong absorption around 3,434 and 3,428 cm−1 for O-H group vibration, mainly of the native hemicelluloses (Sao et al., 1987). The notable bands around 2,930 and 2,931 cm−1 originated from C-H stretching of -CH3 or -CH2, indicating the presence of the typical structure of cellulose (Ma and Mu, 2016). The characteristic absorption band at 1,642 and 1,654 cm−1 was mostly attributed to the C=O stretching of carboxyl groups that are interconnected with cellulose chains by forming intermolecular hydrogen bonds (Qi et al., 2015). The minor peak at 1,364 and 1,365 cm−1 were mainly due to C–H bending vibrations related to the structure of hemicelluloses (Cherian et al., 2008), while the bands at 1,240 and 1,248 cm−1 were the O-H or C-O group vibrations in hemicelluloses (Bian et al., 2012). The prominent broad bands between 1,150 and 1,040 cm−1 originated from the acyl-oxygen (CO-OR) stretching vibration of hemicelluloses, indicating a dominant xylan of the alkali-soluble hemicelluloses (Peng and She, 2014). The results of FT-IR shown that the dietary fiber ACA-DK and ACA-DF had the typical functional groups of cellulose and xylan.


[image: Figure 3]
FIGURE 3. (A) FT-IR and (B) X-ray analysis of ACA-DK and ACA-DF.


X-ray diffractometry was used to analysis the crystalline behavior and structure of ACA-DK and ACA-DF from A. camphorata. As shown in Figure 3B, the X-ray diffraction patterns of ACA-DK and ACA-DF were similar in shape. The distinct diffraction peaks were observed at 2θ = 17.80° and 21.13°, which represents typical crystalline cellulose I region and amorphous area (Qi et al., 2015; Karaman et al., 2017). The characteristics of these two peaks are similar to the dietary fiber previously reported (Qi et al., 2015; Hua et al., 2019). The observed irregular minor peaks from 28.23° to 43.13° might be due to the denaturing effect of alkaline solutions on cellulose (Ma and Mu, 2016). The crystallinity indices of ACA-DK and ACA-DF were 37.21 and 34.23%, which were close to the 36.60% crystallinity index of okara and 34.24% of ginseng (Ullah et al., 2017; Hua et al., 2019).



In vitro Adsorption Capacity of ACA-DK and ACA-DF

The physicochemical properties of ACA-DK and ACA-DF, including water swelling capacity (WSC), water holding capacity (WHC), and oil adsorption capacity (OAC) were presented and compared in Figures 4A,B. There were significant differences between ACA-DK and ACA-DF in terms of WSC characteristics. The WSC of ACA-DF (0.98 mL/g) is twice as much as ACA-DK (0.05 mL/g). The WHC values of ACA-DK and ACA-DF were 8.28 and 6.09 g/g, respectively, which showed better water holding capacity than dietary fiber from foxtail millet and bamboo shell (Luo et al., 2017; Zhu et al., 2018). As shown in Figure 4B, the OAC of ACA-DK (12.09 mg/g) was 2.6 times higher than ACA-DF (4.70 mg/g). ACA-DK and ACA-DF cholesterol binding capacities (CBC) at pH 2.0 and pH 7.0 were measured and are given in Figure 4C. The CBC of ACA-DK at pH 7.0 (20.99 mg/g) was higher than that of ACA-DF (18.02 mg/g) significantly. There is no significant difference at pH 2.0. As shown in Figure 4D, ACA-DK showed superior sodium cholate binding capacity (SCBC) (69.68 mg/g) than that of ACA-DF.


[image: Figure 4]
FIGURE 4. Physicochemical and functional properties of ACA-DK and ACA-DF. (A) Water swelling capacity (WSC); (B) water holding capacity (WHC) and oil binding capacity (OBC); (C) cholesterol binding capacity (CBC) at different pH; (D) sodium cholate binding capacity (SCBC). Results of experiments are express as mean ± SEM for each experimental group (n = 3). Significant differences were compared with each two groups (*P < 0.05, ***P < 0.001).




Effect of ACA-DK and ACA-DF on RAW 264.7 Cells

To analyze whether ACA-DK and ACA-DF cause toxicity on RAW 264.7 macrophages, the cell viability was measured by MTT assay. As shown in Figure 5A, compared with the blank group, the two dietary fiber sample (10, 50, 100, 200, 500 μg/mL) treatment groups had significantly increased proliferation of RAW 264.7 macrophages after 24 h of cultured (P < 0.05). While the cell viability of ACA-DK was significantly higher than that of ACA-DF, when the concentration was up to 100 μg/mL. Neutral red uptake was carried out to explore the effects of ACA-DK and ACA-DF on the phagocytic activity of LPS-treated RAW 264.7 macrophages cells. As shown in Figure 5B, RAW 264.7 cells in the LPS treatment group showed a dramatic increase in the level of phagocytic activity as compared with the blank group (P < 0.01). The two dietary fiber samples could both enhance the phagocytic ability of RAW 264.7 cell significantly. However, the phagocytic uptake ability of the RAW 264.7 cells was promoted significantly and presented in a good concentration-dependent manner after treated with ACA-DK. It was noted that the phagocytic ability of RAW 264.7 cells with a high concentration of ACA-DK was significantly lower than that of the LPS-treated group. The results suggest that ACA-DK is superior to ACA-DF in the activation of phagocytosis.


[image: Figure 5]
FIGURE 5. Effect of ACA-DK and ACA-DF on the (A) proliferation, (B) phagocytic activity, and (C) NO production of RAW 264.7 cells. The cells were treated with increasing concentrations of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL) for 24 h, respectively; LPS (1μg/mL) as a positive control. Results of experiments are express as mean ± SEM for each experimental group (n = 6). The significance of differences between the data was assessed using one-way ANOVA by Dunnett's tests, with the level of significance set at P < 0.05.


Effects of ACA-DK and ACA-DF on NO production are presented in Figure 5C. A significant increase in NO production was observed in the LPS-treated group when compared with the blank (P < 0.01). The production of NO was significantly promoted by ACA-DK and ACA-DF in a time- and concentration-dependent manner (P < 0.01), and the two dietary fiber had the similar ability of promoting NO production.



Effect of ACA-DK and ACA-DF on TNF-α and IL-1β Secretion

The effects of each group on RAW 264.7 cell morphology was observed under an inverted microscope. As shown in Figure 6A, the morphology of RAW 264.7 cells activated by LPS was almost completely changed, with pseudopodia protruding and spindle-shaped, and the deformation was greater than that of the blank group. After treatment with ACA-DK and ACA-DF, some RAW 264.7 cells were stretched, extended pseudopods, or spindle-shaped compared with normal cells. The change of RAW 264.7 cells morphology could increase the contact area with the outside material and facilitate phagocytosis and absorption.
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FIGURE 6. Effect of ACA-DK and ACA-DF on the (A) cell morphology, (B) TNF-α, and (C) IL-1β production of RAW 264.7 cells. The cells were treated with increasing concentrations of ACA-DK and ACA-DF (10, 50, 100, 200, 500 μg/mL) for 24 h, respectively; LPS (1 μg/mL) as a positive control. Results of experiments are express as mean ± SEM for each experimental group (n = 6). The significance of differences between the data was assessed using one-way ANOVA by Dunnett's tests, with the level of significance set at P < 0.05.


To further investigate the immunomodulatory effects of ACA-DK and ACA-DF on macrophage cells, pro-inflammatory cytokines, such as TNF-α and IL-1β, were determined using ELISA kits. As shown in Figures 6B,C, stimulation with LPS resulted in a significant increase in the production of pro-inflammatory cytokines of TNF-α and IL-1β compared with the blank group (P < 0.01). Stimulatory activity of ACA-DK and ACA-DF on macrophages for 24 h caused an increase in the production of TNF-α and IL-1β cytokines in a dose-dependent manner. ACA-DK could significantly promote the release of TNF-α and IL-1β cytokines (P < 0.01) compared to ACA-DF in the concentration range of 50–500 μg/mL. After 24 h of the ACA-DK treatment, the secretion of TNF-α and IL-1β reached the highest levels for 484.43 ± 18.77 pg/mL and 60.39 ± 3.47 ng/mL, respectively.





DISCUSSION

Dietary fiber is widely found in grains, fruits, mushrooms, and other foods and has good biological activity. Although dietary fiber is hardly degraded in the intestine, its good adsorption and looseness could promote intestinal peristalsis and promote the excretion of dietary cholesterol and fat from the body. Antrodia camphorata is a medicinal fungus with a variety of bioactivities. At present, most of A. camphorata is treated with solvents to extract small molecular bioactive components and polysaccharides. However, the residue after extraction has not been effectively developed, and the waste of resources is more serious. In this study, the dietary fiber of A. camphorata residue was obtained by alkaline extraction, and its adsorption properties and immune regulation properties were studied.

The dietary fiber extracted from residue of A. camphorata is composed of mainly cellulose and xylan. There are significant differences in the structure of the dietary fiber extract from common foods. The monosaccharide composition of ACA-DK and ACA-DF is significantly different from dietary fiber derived from grains and fruits (Dong et al., 2019; Hua et al., 2019). The ACA-DK and ACA-DF have lower molecular weights, which may be related to the alkaline extraction process. The results of SEM showed that ACA-DK and ACA-DF had a loose and irregular block structure. This irregular structure is similar to the dietary fiber from millet bran and Sagittaria sagittifolia L (Dong et al., 2019; Gua et al., 2020). This loose structure has a great influence on its physical and chemical properties, and could improve its ability to absorb water, oil, and salt (Chen et al., 2013). The fractures of ACA-DK and ACA-DF are irregular, which may be caused by the destruction of the fiber matrix due to alkaline extraction (Khawas and Deka, 2016). At the same time, alkaline extraction also led to the exposure of non-polar groups of dietary fat, the smaller particle size, and the formation of a large number of protrusions on the surface, which significantly increased the specific surface area of dietary fat (Zhu et al., 2015; Wang et al., 2019). This structural characteristic enables A. camphorata dietary fibers to have a strong binding capacity for substances such as oil and cholesterol, thereby avoiding the intake of excessive dietary oil and cholesterol.

To evaluate the crystallinity index, a non-linear multi-peak fitting function was used for peak separation of each XRD (Cleven et al., 1978). The intensity of ACA-DK is higher than that of ACA-DF, indicating that the DMSO/LiCl treatment disintegrated the crystalline and amorphous areas of dietary fiber (Ullah et al., 2017). The DMSO/LiCl solvent system could disrupt the hydrogen bonds between cellulose molecules irreversibly, so as to effectively separate and extract water-insoluble components in A. camphorata cell walls, such as cellulose and hemicellulose (Wang et al., 2013).

The adsorption capacity of dietary fiber plays a very important role in its function. The WSC of A. camphorata dietary fiber were similar to tomato peel fiber and lower than carrot dietary fibers (González et al., 2011; Yang et al., 2021). This may be due to the fact that the dietary fibers of A. camphorata are mainly composed of cellulose and xylan, so the swelling ability is weak when mixed with water (Lecumberri et al., 2007). WHC is an important indicator to evaluate the function of dietary fiber, and it could change the texture of food (Li et al., 2013; Liu et al., 2021). The WHC of ACA-DK and ACA-DF were similar to that of rice bran dietary fiber (Zhao et al., 2018). Additionally, the higher WHC of ACA-DK is associated with the porous matrix structure with hydrophilic sites, which could hold large amounts of water through hydrogen bonds (Margareta and Nyman, 2002).

Although dietary fiber not digested by endogenous enzymes within the human intestinal tract, the adsorption capacity of fiber to retain oil, cholesterol and bile salts were important for food applications (Zhu et al., 2018). The OAC, SCBC, and CBC of dietary fiber are commonly used as indicators of lipophilicity (Zhu et al., 2018). The CBC of dietary fiber, which has been shown to reduce serum cholesterol levels and the risk of cardiovascular disease (Nsor-Atindana et al., 2012). In this study, the OAC of ACA-DK was found to be better than that reported for dietary fibers from some vegetables, fruits, and grains (Yang et al., 2021; Zhao et al., 2021) and similar to that of cocoa dietary fiber (Nsor-Atindana et al., 2012). The CBC of ACA-DK was similar to the behavior of grapefruit dietary fiber (Wang et al., 2015) and much better than foxtail millet bran (Zhu et al., 2018). The pH value has a significant impact on the adsorption ability of dietary fiber to cholesterol. For ACA-DK, the binding ability of cholesterol at pH 7.0 is higher than that at pH 2.0 significantly. The result indirectly demonstrated that the CBC of ACA-DK in the small intestine was higher than that in the stomach. The SCBC of ACA-DK was close to that of ginseng dietary fiber (Hua et al., 2019) but higher than that of the dietary fiber isolated from foxtail millet bran and bamboo shoot shell (Luo et al., 2017; Dong et al., 2019).

According to Femenia et al. (1997), oil binding capacity depends on the surface properties of dietary fibers, but not on charge density and the hydrophobic nature of the particles. However, other studies have shown that the total charge density and hydrophobicity of dietary fibers may affect the OBC (Figuerola et al., 2005; Gomez-Ordonez et al., 2010). For similar surface properties, the higher content of cellulose for ACA-DK may be the reason why its binding capacity for oil, cholesterol, and bile salts is higher than that of ACA-DF. It indicated that ACA-DK has potential to be used as an ingredient in dietary fiber-rich food stuffs requiring oil retention and reducing oil absorption during digestion processing in the human. Also it could inhibit the absorption of cholesterol and bile acid in the intestinal tract and promote its elimination.

Biomacromolecules such as polysaccharides and glycopeptides/glycoproteins could activate immune cells to play a role in immunomodulatory. In the intestinal tract, as a biomacromolecules, dietary fiber has a good ability to bind fat and cholesterol and reduce chronic inflammation. In order to further investigate whether the dietary fiber of A. camphorata has a similar function, the immune regulation properties of ACA-DK and ACA-DF on RAW 264.7 cells were investigated. Macrophages are an important in the body's immune system and play crucial roles in both adaptive and innate immunities. Studies have shown that NO has a wide range of immunological significance and plays a key role in the immune system as an important signal transduction medium (Rahat and Hemmerlein, 2013). When macrophages are activated, NO produced has a major cytotoxic effect on nonspecific immunity (Nie et al., 2018). The cytokines (TNF-α and IL-1β) play an important role in inflammatory reactions and immune responses (Cheng et al., 2019). The results of ACA-DK were similar to those of the previously reported potato- and green gram alkali-extracted polysaccharides (Ketha and Gudipati, 2018; Tang et al., 2019). The ACA-DK could promote the release of TNF-α and IL-1β cytokines in macrophages more effectively than ACA-DF. Moreover, ACA-DK was less able to promote cytokine secretion than the LPS group.



CONCLUSION

In this study, the structural and functional properties of dietary fibers in A. camphorata were investigated. The dietary fiber ACA-DK extract from residues of A. camphorata by using the NaOH-DMSO method has the structural characteristics of cellulose, with high purity, lower molecular weight, and appearance of irregular fragments. ACA-DK has good ability in vitro adsorption, especially for oil, cholesterol, and sodium cholate. Cell experiments show that ACA-DK could promote the proliferation of macrophages RAW 264.7, activate the synthesize of NO, phagocytosis, and other immune capabilities. The edible fungus A. camphorata is a good source of functional dietary fiber. The study on A. camphorata dietary fiber is of great significance for the comprehensive utilization of A. camphorata resources. In future, further evaluation of its cholesterol-lowering activity using animal experiments could lay a foundation for the functional expansion of A. camphorata dietary fiber.



DATA AVAILABILITY STATEMENT

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



AUTHOR CONTRIBUTIONS

YX: experiment, investigation, data curation, and writing—original draft. PM and LL: experiment, resources, and methodology. SL, ZT, and XY: experiment and statistical analysis. FX, HZ, and GW: conceptualization, software, and assisted the statistical analysis. ZX, JL, and LA: grammar and revision of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Natural Science Foundation of China (Grant Number 31871757), the Shanghai Agriculture Applied Technology Development Program (Grant Number 2019-02-08-00-07-F01152), and the Shanghai Engineering Research Center of Food Microbiology Program (Grant Number 19DZ2281100).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.921164/full#supplementary-material



REFERENCES

 Bian, J., Peng, F., Peng, X., Xu, F., Sun, R., and Kennedy, J. F. (2012). Isolation of hemicelluloses from sugarcane bagasse at different temperatures: structure and properties. Carbohyd. Polym. 88, 638–645. doi: 10.1016/j.carbpol.2012.01.010

 Blumenkrantz, N., and Asboe-Hansen, G. (1973). New method for quantitative determination of uronic acids. Anal. Bioc. 54, 484–489. doi: 10.1016/0003-2697(73)90377-1

 Bo, L., Wang, H., Swallah, M. S., Fu, H., and Jiang, L. (2021). Structure, properties and potential bioactivities of high-purity insoluble fibre from soybean dregs (Okara). Food Chem. 364, 130402. doi: 10.1016/j.foodchem.2021.130402

 Chawla, R., and Patil, G. R. (2010). Carbohydrate quality and human health: a series of systematic reviews and meta-analyses Soluble Dietary Fiber. Compr. Rev. Food. Sci. F. 9, 178–196. doi: 10.1111/j.1541-4337.2009.00099.x

 Chen, C. C., Liu, Y. W., Ker, Y. B., Wu, Y. Y., Lai, E. Y., Chyau, C. C., et al. (2007). Chemical characterization and anti-inflammatory effect of polysaccharides fractionated from submerge-cultured Antrodia camphorata mycelia. J. Agric. Food. Chem. 55, 5007–5012. doi: 10.1021/jf063484c

 Chen, J., Gao, D., Yang, L., and Gao, Y. (2013). Effect of microfluidization process on the functional properties of insoluble dietary fiber. Food Res. Int. 54, 1821–1827. doi: 10.1016/j.foodres.2013.09.025

 Cheng, J. J., Chao, C. H., Chang, P. C., and Lu, M. K. (2016). Studies on anti-inflammatory activity of sulfated polysaccharides from cultivated fungi Antrodia cinnamomea. Food Hydrocolloid. 53, 37–45. doi: 10.1016/j.foodhyd.2014.09.035

 Cheng, P. C., Hsu, C. Y., Chen, C. C., and Lee, K. M. (2008). In vivo immunomodulatory effects of Antrodia camphorata polysaccharides in a t1/t2 doubly transgenic mouse model for inhibiting infection of Schistosoma mansoni. Toxicol. Appl. Pharm. 227, 291–298. doi: 10.1016/j.taap.2007.10.023

 Cheng, X., Wu, Q., Zhao, J., Su, T., Lu, Y., Zhang, W., et al. (2019). Immunomodulatory effect of a polysaccharide fraction on RAW 264.7 macrophages extracted from the wild Lactarius deliciosus. Int. J. Biol. Macromol. 128, 732–739. doi: 10.1016/j.ijbiomac.2019.01.201

 Cherian, B. M., Pothan, L. A., Nguyenchung, T., Mennig, G., Kottaisamy, M., and Thomas, S. (2008). A novel method for the synthesis of cellulose nanofibril whiskers from banana fibers and characterization. J. Agri. Food Chem. 56, 5617–5627. doi: 10.1021/jf8003674

 Chien, S. C., Chen, M. L., Kuo, H. T., Tsai, Y. C., and Lin, B. F. (2008). Anti-inflammatory activities of new succinic and maleic derivatives from the fruiting body of Antrodia camphorata. J. Agri. Food Chem. 56, 7017–7022. doi: 10.1021/jf801171x

 Choma, A., Nowak, K., Komaniecka, I., Wasko, A., Pleszczynska, M., Siwulski, M., et al. (2018). Chemical characterization of alkali-soluble polysaccharides isolated from a boletus edulis (bull.) fruiting body and their potential for heavy metal biosorption. Food Chem. 266, 329–334. doi: 10.1016/j.foodchem.2018.06.023

 Cleven, I. R., Berg, I. C. V. D., and Plas, L. V. D. (1978). Crystal structure of hydrated potato starch. Starch – Stärke. 30, 223–228. doi: 10.1002/star.19780300703

 Davison, K. M., and Temple, N. J. (2018). Cereal fiber, fruit fiber, and type 2 diabetes: explaining the paradox. J. Diabetes Complicat. 32, 240. doi: 10.1016/j.jdiacomp.2017.11.002

 Dong, J. L., Wang, L., Lv, J., Zhu, Y., and Shen, R. (2019). Structural, antioxidant and adsorption properties of dietary fiber from foxtail millet (Setaria italica) bran. J. Sci. Food Agri. 99, 3886–3894. doi: 10.1002/jsfa.9611

 DuBois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., and Smith, F. (1956). Colorimetric method for determination of sugars and related substances. Anal. Chem. 28, 350–356. doi: 10.1021/ac60111a017

 Femenia, A., Lefebvre, C., Thebaudin, Y., Robertson, J., and Bourgeois, C. (1997). Physical and sensory properties of model foods supplemented with cauliflower fiber. J. Food Sci. 62, 635–639. doi: 10.1111/j.1365-2621.1997.tb15426.x

 Figuerola, F., Hurtado, M. L., Estevez, A. M., Chiffelle, I., and Asenjo, F. (2005). Fibre concentrates from apple pomace and citrus peel as potential fibre sources for food enrichment. Food Chem. 91, 395–401. doi: 10.1016/j.foodchem.2004.04.036

 Gill, S. K., Rossi, M., Bajka, B., and Whelan, K. (2021). Dietary fibre in gastrointestinal health and disease. Nat. Rev. Gastroenterol. Hepatol. 18, 101–116. doi: 10.1038/s41575-020-00375-4

 Gomez-Ordonez, E., Jimenez-Escrig, A., and Ruperez, P. (2010). Dietary fibre and physicochemical properties of several edible seaweeds from the northwestern Spanish coast. Food Res. Int. 43, 2289–2294. doi: 10.1016/j.foodres.2010.08.005

 González, I. N., Valverde, V. G., Alonso, J. G., and Periago, M. J. (2011). Chemical profile, functional and antioxidant properties of tomato peel fiber. Food Res. Int. 44, 1528–1535. doi: 10.1016/j.foodres.2011.04.005

 Gua, J., Zhang, H., Yao, H., Zhou, J., Duan, Y., and Ma, H. (2020). Comparison of characterization, antioxidant and immunological activities of three polysaccharides from Sagittaria sagittifolia L. Carbohyd. Polym. 235, 115939. doi: 10.1016/j.carbpol.2020.115939

 Hua, M., Lu, J., Qu, L. D., Zhang, L., Li, S., Chen, J., et al. (2019). Structure, physicochemical properties and adsorption function of insoluble dietary fiber from ginseng residue: a potential functional ingredient. Food Chem. 286, 522–529. doi: 10.1016/j.foodchem.2019.01.114

 Hua, Y., Gao, Q., Wen, L., Bao, Y., Jian, T., You, L., et al. (2012). Structural characterisation of acid- and alkali-soluble polysaccharides in the fruiting body of dictyophora indusiata and their immunomodulatory activities. Food Chem. 132, 739–743. doi: 10.1016/j.foodchem.2011.11.010

 Kao, P. F., Wang, S. H., Hung, W. T., Liao, Y. H., Lin, C. M., and Yang, W. B. (2012). Structural characterization and antioxidative activity of low-molecular-weights beta-1,3-glucan from the residue of extracted ganoderma lucidum fruiting bodies. J. Biomed. Biotechnol. 1, 673764. doi: 10.1155/2012/673764

 Karaman, E., Emin, Y., and Tuncel, N. B. (2017). Physicochemical, microstructural and functional characterization of dietary fibers extracted from lemon, orange and grapefruit seeds press meals. Bioact. Carbohydr. Diet. Fibre. 11, 9–17. doi: 10.1016/j.bcdf.2017.06.001

 Ketha, K., and Gudipati, M. (2018). Immunomodulatory activity of non starch polysaccharides isolated from green gram (Vigna radiata). Food Res. Int. 113, 269–276. doi: 10.1016/j.foodres.2018.07.010

 Khawas, P., and Deka, S. C. (2016). Isolation and characterization of cellulose nanofifibers from culinary banana peel using high-intensity ultrasonication combined with chemical treatment. Carbohyd. Polym. 137, 608–616. doi: 10.1016/j.carbpol.2015.11.020

 Kuang, Y., Li, B., Wang, Z. L., Qiao, X., and Ye, M. (2021). Terpenoids from the medicinal mushroom Antrodia camphorata: chemistry and medicinal potential. Nat. Prod. Rep. 38, 83–102. doi: 10.1039/D0NP00023J

 Lecumberri, E., Mateos, R., Izquierdo-Pulido, M., Rupérez, P., Goya, L., and Bravo, L. (2007). Dietary fibre composition, antioxidant capacity and physico-chemical properties of a fibre-rich product from cocoa (Theobroma cacao L.). Food Chem. 104, 948–954. doi: 10.1016/j.foodchem.2006.12.054

 Li, T., Zhong, J., Wan, J., Liu, M., Le, B., Liu, W., et al. (2013). Effects of micronized okara dietary fiber on cecal microbiota, serum cholesterol and lipid levels in BALB/c mice. Int. J. Food Sci. Nutr. 64, 968–973. doi: 10.3109/09637486.2013.809705

 Lin, H. C., Lin, C. W., Wu, C. H., Cheng, C. H., Mi, F. L., Liao, J. H., et al. (2017). Antroquinonol, a ubiquinone derivative from the mushroom Antrodia camphorata, inhibits colon cancer stem cell-like properties: insights into the molecular mechanism and inhibitory targets. J. Agri. Food. Chem. 65, 51–59. doi: 10.1021/acs.jafc.6b04101

 Liu, T., Wang, K., Xue, W., Wang, L., and Chen, Z. (2021). In vitro starch digestibility, edible quality and microstructure of instant rice noodles enriched with rice bran insoluble dietary fiber. LWT- Food Sci. Technol. 142, 111008. doi: 10.1016/j.lwt.2021.111008

 Liu, X., Xie, J., Jia, S., Huang, L., Wang, Z., Li, C., et al. (2017). Immunomodulatory effects of an acetylated Cyclocarya paliurus polysaccharide on murine macrophages RAW264.7. Int. J. Biol. Macromol. 98, 576–581. doi: 10.1016/j.ijbiomac.2017.02.028

 Lu, M., Elshazly, M., Wu, T., Du, Y., Chang, T., Chen, C., et al. (2013). Recent research and development of Antrodia cinnamomea. J. Pharmacol. Ther. 139, 124–156. doi: 10.1016/j.pharmthera.2013.04.001

 Luo, X., Wang, Q., Fang, D., Zhuang, W., Chen, C., Jiang, W., et al. (2018). Modification of insoluble dietary fibers from bamboo shoot shell: Structural characterization and functional properties. Int. J. Biol. Macromol. 120, 1461–1467. doi: 10.1016/j.ijbiomac.2018.09.149

 Luo, X., Wang, Q., Zheng, B., Lin, L., Chen, B., Zheng, Y., et al. (2017). Hydration properties and binding capacities of dietary fibers from bamboo shoot shell and its hypolipidemic effects in mice. Food Chem. Toxicol. 109, 1003–1009. doi: 10.1016/j.fct.2017.02.029

 Ma, M., Nguyen, L. H., Song, M., Wang, D. D., Franzosa, E. A., Cao, Y., et al. (2021). Dietary fiber intake, the gut microbiome, and chronic systemic inflammation in a cohort of adult men. Genome. Med. 13, 102. doi: 10.1186/s13073-021-00921-y

 Ma, M. M., and Mu, T. H. (2016). Effects of extraction methods and particle size distribution on the structural, physicochemical, and functional properties of dietary fiber from deoiled cumin. Food Chem. 194, 237–246. doi: 10.1016/j.foodchem.2015.07.095

 Margareta, E., and Nyman, G. L. (2002). Modifification of physicochemical properties of dietary fiber of carrots by mono-and divalent cations. Food Chem. 76, 273–280. doi: 10.1016/S0308-8146(01)00271-0

 Marlett, J. A., Mcburney, M. I., and Slavin, J. L. (2002). Position of the American dietetic association: health implications of dietary fibe. J. Amer. Diet Assoc. 102, 993–1000. doi: 10.1016/S0002-8223(02)90228-2

 Meng, L. M., Pai, M. H., Liu, J. J., and Yeh, S. L. (2012). Polysaccharides from extracts of Antrodia camphorata mycelia and fruiting bodies modulate inflammatory mediator expression in mice with polymicrobial sepsis. Nutrition. 28, 942–949. doi: 10.1016/j.nut.2012.01.006

 Nie, C., Zhu, P., Ma, S., Wang, M., and Hu, Y. (2018). Purification, characterization and immunomodulatory activity of polysaccharides from stem lettuce. Carbohyd. Polym. 188, 236–242. doi: 10.1016/j.carbpol.2018.02.009

 Nsor-Atindana, J., Fang, Z., and Mothibe, K. (2012). In vitro hypoglycemic and cholesterol lowering effects of dietary fiber prepared from cocoa (Theobroma cacao L.) shells. J. Funct. Foods. 3, 1044–1050. doi: 10.1039/c2fo30091e

 Peng, P., and She, D. (2014). Isolation, structural characterization, and potential applications of hemicelluloses from bamboo: a review. Carbohyd. Polym. 11, 701–720. doi: 10.1016/j.carbpol.2014.06.068

 Qi, J., Yokoyama, W., Masamba, K. G., Majeed, H., Zhong, F., and Li, Y. (2015). Structural and physico-chemical properties of insoluble rice bran fiber: effect of acid–base induced modifications. RSC Adv. 5, 79915–79923. doi: 10.1039/C5RA15408A

 Rahat, M. A., and Hemmerlein, B. (2013). Macrophage-tumor cell interactions regulate the function of nitric oxide. Frot. Physiol. 4, 144. doi: 10.3389/fphys.2013.00144

 Ren, Z., Li, J., Xu, N., Zhang, J., Song, X., Wang, X., et al. (2017). Anti-hyperlipidemic and antioxidant effects of alkali-extractable mycelia polysaccharides by pleurotus eryngii var. tuolensis. Carbohyd. Polym. 175, 282. doi: 10.1016/j.carbpol.2017.08.009

 Rodriguez, J., Neyrinck, A. M., Zhang, Z. X., Seethaler, B., and Delzenne, N. M. (2020). Metabolite profiling reveals the interaction of chitin-glucan with the gut microbiota. Gut Microbes. 12, 1810530. doi: 10.1080/19490976.2020.1810530

 Sao, K., Mathew, M. D., and Ray, P. K. (1987). Infrared spectra of alkali treated Degummed Ramie. Text. Res. J. 57, 407–414. doi: 10.1177/004051758705700706

 Shen, C. Y., Zhang, W. L., and Jian, J. G. (2017). Immune-enhancing activity of polysaccharides from Hibiscus sabdariffa linn. via mapk and nf-kb signaling pathways in raw264.7 cells. J. Funct. Foods. 34, 118–129. doi: 10.1016/j.jff.2017.03.060

 Sowbhagya, H. B., FlorenceSum, P., Mahadevamma, S., and Tharanathan, R. N. (2007). Spent residue from cumin - a potential source of dietary fiber. Food Chem. 104, 1220–1225. doi: 10.1016/j.foodchem.2007.01.066

 Tang, C., Sun, J., Zhou, B., Jin, C., Liu, J., Gou, Y., et al. (2019). Immunomodulatory effects of polysaccharides from purple sweet potato on lipopolysaccharide treated RAW 264.7 macrophages. Int. J. Biol.Macromol. 123, 923–930. doi: 10.1016/j.ijbiomac.2018.11.187

 Ullah, I., Yin, T., Xiong, S., Zhang, J., Din, Z. U., and Zhang, M. (2017). Structural characteristics and physicochemical properties of okara (soybean residue) insoluble dietary fiber modified by high-energy wet media milling. LWT Food Sci. Technol. 82, 15–22. doi: 10.1016/j.lwt.2017.04.014

 Wang, C., Li, L., Sun, X., Qin, W., Wu, D., Hu, B., et al. (2019). High-speed shearing of soybean flour suspension disintegrates the component cell layers and modifies the hydration properties of okara fibers. LWT- Food Sc Technol. 116, 108505. doi: 10.1016/j.lwt.2019.108505

 Wang, L., Xu, H., Yuan, F., Pan, Q., Fan, R., and Gao, Y. (2015). Physicochemical characterization of five types of citrus dietary fibers. Biocat. Agri. Biotechnol. 4, 250–258. doi: 10.1016/j.bcab.2015.02.003

 Wang, Z., Akiyama, T., Yokoyama, T., and Matsumoto, Y. (2013). Fractionation and characterization of wood cell wall components of Fagus crenata Blume using LiCl/DMSO solvent system. J. Wood Chem. Technol. 33, 188–196. doi: 10.1080/02773813.2013.773042

 Yang, B., Jiang, Y. M., Zhao, M. M., Chen, F., Wang, R., Chen, Y. L., et al. (2009). Structural characterisation of polysacchairdes purified from longan (Dimocarpus longan Lour.) fruit pericarp. Food Chem. 115, 609–614. doi: 10.1016/j.foodchem.2008.12.082

 Yang, X., Dai, J., Zhong, Y., Wei, X., Wu, M., Zhang, Y., et al. (2021). Characterization of insoluble dietary fiber from three food sources and their potential hypoglycemic and hypolipidemic effects. Food Funct. 14, 1–26. doi: 10.1039/D1FO00521A

 Yeh, H. Y., Su, N. W., and Lee, M. H. (2005). Chemical compositions and physicochemical properties of the fiber-rich materials prepared from shoyu mash residue. J. Agri. Food Chem. 53, 4361–4366. doi: 10.1021/jf050243g

 Zhang, Y., Wang, Z., Li, D., Zang, W., Zhu, H., Wu, P., et al. (2018). A polysaccharide from Antrodia cinnamomea mycelia exerts antitumor activity through blocking of TOP1/TDP1-mediated DNA repair pathway. Int. J. Biol. Macromol. 120, 1551–1560. doi: 10.1016/j.ijbiomac.2018.09.162

 Zhao, D., Guo, C., Liu, X., and Xiao, C. (2021). Effects of insoluble dietary fiber from kiwi fruit pomace on the physicochemical properties and sensory characteristics of low-fat pork meatballs. J. Food Sci. Tech. 58, 1524–1537. doi: 10.1007/s13197-020-04665-2

 Zhao, G., Zhang, R., Dong, L., Huang, F., Tang, X., Wei, Z., et al. (2018). Particle size of insoluble dietary fiber from rice bran affects its phenolic profile, bioaccessibility and functional properties. LWT Food Sci. Technol. 87, 450–456. doi: 10.1016/j.lwt.2017.09.016

 Zheng, Y., Hong, L., Fu, W., Ming, Y., and Shun, S. (2019). Optimized purification process of polysaccharides from Carex meyeriana Kunth by macroporous resin, its characterization and immunomodulatory activity. Int. J. Biol. Macromol. 132, 76–86. doi: 10.1016/j.ijbiomac.2019.03.207

 Zhu, F., Du, B., and Xu, B. (2015). Superfine grinding improves functional properties and antioxidant capacities of bran dietary fibre from Qingke (hull-less barley) grown in Qinghai-Tibet Plateau, China. J. Cereal. Sci. 65, 43–47. doi: 10.1016/j.jcs.2015.06.006

 Zhu, Y., Chu, J., Lu, Z., Lv, F., Bie, X., Zhang, C., et al. (2018). Physicochemical and functional properties of dietary fiber from foxtail millet (Setaria italic) bran. J. Cereal Sci. 79, 456–446. doi: 10.1016/j.jcs.2017.12.011

Conflict of Interest: JL was employed by Honest and Humble Biotechnology Co., Ltd.

The remaining 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.

Copyright © 2022 Xia, Meng, Liu, Tan, Yang, Liang, Xie, Zhang, Wang, Xiong, Lo and Ai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_4.gif
0AC(g/g) =

M- M
M,

@





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Structural and Potential Functional Properties of Alkali-Extracted Dietary Fiber From Antrodia camphorata



		Introduction



		Materials and Methods



		Materials



		Pretreatment of AC Residues



		Extraction of Dietary Fiber



		Determination of Molecular Weight and Component Analysis



		Scanning Electron Microscopy



		Monosaccharide Compositions



		Fourier-Transformed Infrared Spectroscopy



		X-Ray Diffraction



		Water Holding Capacity and Water Swelling Capacity



		Oil Adsorption Capacity



		Cholesterol Binding Capacity



		Sodium Cholate Binding Capacity



		RAW 264.7 Cell Proliferation Assay and Morphology Observation



		Phagocytic Activity Assay in RAW 264.7 Cells



		Measurement of NO Production in RAW 264.7 Cells



		Determination of TNF-α and IL-1β Production in RAW 264.7 Cells



		Statistical Analysis







		Results



		Chemical Composition, Monosaccharide Composition, and Molecular Weight of ACA-DK and ACA-DF



		Structure Analysis



		SEM Analysis of ACA-DK and ACA-DF



		FT-IR and X-Ray Analysis of ACA-DK and ACA-DF



		In vitro Adsorption Capacity of ACA-DK and ACA-DF



		Effect of ACA-DK and ACA-DF on RAW 264.7 Cells



		Effect of ACA-DK and ACA-DF on TNF-α and IL-1β Secretion













		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/math_3.gif
v
WSClml/g) = ———2

Yo

@)





OPS/images/math_6.gif
()





OPS/images/math_5.gif
)





OPS/images/math_2.gif
WHC(g/g) =

e

@)





OPS/images/math_1.gif
Crl=

Joo2 — a

m









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





OPS/images/fmicb-13-921164-g005.gif
Phagocytic index

(umol/L)

BACADK BACADE [

ac
cc L
aa bam °€

Concentration of dietary fibers (ug/mL)

@acADK

ACADE ak

of dictary fbers (ug/nl)

@ACADK @ACADF

Bk 10 S0 10 200 soo L

Concentration of dictary fibers (ug/mL)





OPS/images/fmicb-13-921164-g006.gif
ACADK-500 ACADES00

R R
Concentration of dictary fibers (ug/mL) Concentration of dietary fibers (ug/mL)





OPS/images/fmicb-13-921164-g003.gif
<00 3500 To0n 3500 0001500 10 00 T EEREE:
‘Wavenumber (em) Diffraction angle 20 (°)






OPS/images/fmicb-13-921164-g004.gif
o2
Fo0-
2o
bt
%o
oor

AcADK AcaDE
wiie oac

ACADK  ACADF

09 maca N
macADE %

capacity (me)

‘Sodium cholate binding






OPS/images/fmicb-13-921164-t002.jpg
Samples Monosaccharide compositions (%)

Fuc Glu Xyl Man

ACA-DK 6.22+023" 6544+211* 13365+0.31° 13.85+0.27*
ACA-DF 7.88+040° 6229+035%° 16.25+0.15° 12.67 +£0.338°

Values are represented as mean < SD (standard deviation).

Fuc, fucosaccharide; Glu, glucose; Xyl xylose; Man, mannose.

The significance of differences between the data was assessed using One-way ANOVA
by Dunnett’s tests, with the level of significance set at P < 0.05.





OPS/images/fmicb-13-921164-g007.gif
Proliferation
® Cholesterol Phagoeytic activit
NO production

- and IL-1p

* Bilesalts

Good adsorption capacities Good immunomodulatory
on lipophilic substances activities on RAW264.7 cells

e fungus A. camphorata is a good source of functional dietary fiber





OPS/images/fmicb-13-921164-t001.jpg
Component (%) ACA-DK ACA-DF

Moisture 3.02+037° 4.57 +0.24°
Protein 167 £0.22° 291£032°
Total sugar 558:+032° 4.83+0.26°
IDF 88.5+025° 847 £0.34°
Extraction yield 692:£0.112 3.34:£0.13°
Uronic acid 0 0

Data are presented as mean values = SD (n = 3). Results were expressed as %, content
percentage from the ACA-DK and ACA-DF residues, and all the other data were measured
with ACA-DK and ACA-DK as sample.

The significance of differences between the data was assessed using One-way ANOVA
by Dunnett's tests, with the level of significance set at P < 0.05.





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Structural and Potential Functional
Properties of Alkali-Extracted Dietary
Fiber From Antrodia camphorata





OPS/images/fmicb-13-921164-g001.gif
The residucs of Antrodia
camphorata were crushed

Basswood cultured  Dish cultured

The residus of
A. camphorata

ACA-DKIACA-DF

!

Dialysis 3 days and
then frecze drying at
80°C for 72 h

Supernatant

Extract the powder of Antrodia camphorata (1kg)
with hot water(10 L) twice at 100°C, 2 h o remove
the soluble polysacehar

Centrifugated at 4000 rpm for 10 min at $°C
Sediment

Extract the sediment
With 0.5 M NaOH (contain 0.01M NaBH4 ) twiee
atec 12

Supernatant

Neutralize pi t0 7.0 with glacial aceti acid, st
placing 4 at $°C

inatd°C

Centrifugated at 8000 rpm for 15

Sediment

Resuspend the sediment with
DMSO (contain 0.25 M

Centrifugated at 8000 rpm for 15 min at 4°C





OPS/images/fmicb-13-921164-g002.gif





