Heliyon 10 (2024) e23370

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Antioxidant activity of Phellinus igniarius fermentation mycelia
contributions of different solvent extractions and their inhibitory
effect on a-amylase

Yating Dong *", Tao Wang ™", Bingcheng Gan*"", Solomon P. Wasser °,

Zhiyuan Zhang“, Jin Zhao *", Xinlian Duan ", Luping Cao ™", Rencai Feng*",
Renyun Miao *", Junjie Yan®", Zhi Wu™"

2 Institute of Urban Agriculture, Chinese Academy of Agricultural Sciences, 36 Lazi East Road, Tianfu New Area, Chengdu, 610000, China

b National Agricultural Science & Technology Center (NASC), 36 Lazi East Road, Tianfu New Area, Chengdu, 610000, China

¢ International Centre for Biotechnology and Biodiversity of Fungi, Institute of Evolution and Faculty of Natural Sciences, University of Haifa, Mt.
Carmel, Haifa, 31905, Israel

4 Sichuan Academy of Agricultural Science, Institute of Agricultural Resources and Environment, SAAS, Institute of Edible Fungi, Shizishan Road NO.
4, Jinjiang District, Chengdu, 610066, China

ARTICLE INFO ABSTRACT
Keywords: Phellinus spp. have historically been used as traditional medicines to treat various diseases owing
Phellinus igniarius QB72 to their antioxidant, antitumor, and antidiabetic activities. Polysaccharides exhibit antidiabetic

Fermentation mycelia
Polysaccharides
a-amylase inhibitory

activity. In the present study, the polysaccharide contents of four Phellinus strains were compared.
Phellinus igniarius QB72 possessed higher polysaccharide production, stronger 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) radical scavenging, and a-amylase inhibitory activity. The three poly-
saccharides were sequentially extracted and partially purified from the fermentation mycelia
using hot water, 1 % (NH4)2C204, and 1.25 M NaOH. Hot water extract polysaccharides exhibited
higher DPPH radical scavenging and strong inhibitory activity against a-amylase with an ICsg
value of 6.84 + 0.37 mg/mL. The carbohydrate content of Al (approximately 17457 Da) was
approximately 88.28 %. The a-amylase inhibitory activity IC50 was decreased (3.178 + 0.187
mg/mL) after DEAE water elution. P. igniarius QB72 hot-water extracts of partially purified
polysaccharides have great potential as a-amylase inhibitors in food and medication-assisted
additives.

1. Introduction

Diabetes mellitus (DM) is a group of chronic diseases characterized by high blood glucose levels, leading to systemic disruption of
all types of metabolism and damage to the micro- and macrovascular systems of the body [1]. Among all types of diabetes mellitus,
type 2 diabetes mellitus (T2DM) is the main pathophysiological reason for DM development. The worldwide incidence of T2DM is
expected to increase to 300 million by 2025 [2]. Controlling postprandial blood glucose levels is vital in the treatment of T2DM.
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Fig. 1. Scheme for extraction from the Phellinus fermentation mycelia by different extraction media.

a-amylase and a-glucosidase are two key enzymes regulating blood glucose absorption postprandial. Effective carbohydrate hydrolysis
by these two enzyme inhibitors is a feasible therapeutic method for ameliorating T2DM by alleviating postprandial hyperglycemia [3].
Medicinal mushrooms have been used for centuries because of their natural bioactive compounds, which can be hypoglycemic and
antidiabetic agents. Bioactive ingredients, such as polysaccharides, phytonutrients, terpenoids, and other compounds from fruiting
bodies, cultured mycelia, and cultivated broth of mushrooms, have been successfully used as biological antihyperglycemic agents with
no harmful side effects in clinical and experimental settings [4,5]. The polysaccharide AAMP-N significantly reduces blood glucose
levels, improves lipid metabolism, and quenches superoxide and hydroxyl radicals in vitro [6]. In addition, oxidative stress is a major
mediator of diabetes and can influence each other to worsen diabetes [7]. Antioxidants can also be used to treat DM. Therefore, natural
products with antioxidant properties can be used to prevent and treat diabetes [8]. Mushrooms contain antioxidants such as poly-
saccharides, flavonoids, and phenolic compounds, which play important roles in alleviating diseases such as diabetes, inflammation,
cancer, and heart disease by fighting reactive oxygen species (ROS) [6]. Phellinus Quél is one of the largest genera in Hymenochae-
taceae, with approximately 220 species identified to date [9]. Some Phellinus fungi, such as P. igniarius, Phellinus baumii, Phellinus
linteus, and Phellinus vaninii, are recorded as traditional medicines for disease treatment in eastern Asian countries [10]. Poly-
saccharides are responsible for the therapeutic potential of the active metabolites of Phellinus mushrooms, and possess excellent
antioxidant, antidiabetic, triglyceride absorption, obesity, and anticancer activities [11]. Mushroom polysaccharides ameliorate hy-
perglycemia and hypocholesteremia associated with diabetes, reduce the blood glucose level and free radical damage, reduce liver
lipid peroxidation, elevate the hepatic antioxidant system, increase glycogen and insulin levels, and aid in the recovery of injured
pancreatic p-cells [2].

Healthy commercial products from medicinal mushrooms are typically obtained from fruiting bodies [12]. Mushroom biomass
(myecelia) can be consumed in the form of tablets and powders as functional foods and dietary supplements. Submerged fermentation of
mushrooms is a promising alternative for efficient production of valuable products from biomass fermentation [13].

In this study, four Phellinus strains were selected for evaluation of their growth characteristics, fermentation biomass, and anti-
oxidant and a-amylase inhibitory activities. These three solvents were then used to sequentially extract polysaccharides from the
fermentation mycelia. The characteristics of these polysaccharides and their antioxidant and a-amylase inhibitory activities were
evaluated.

2. Materials and methods
2.1. Strains

P. igniarius QB72 is a mutant obtained by pulsed light irradiation and screened using a laccase screening plate. The wild-type strain
used for pulsed-light irradiation was P. igniarius 5.95, which was obtained from the China General Microbiological Culture Collection
Center (CGMCC). 2H is a wild-type strain from Jilin Province, Baishan City, and 5.1260 and 5.891 are two strains from CGMCC. All
four strains were identified using molecular biology methods (Beijing Tsingke Biotech Co., Ltd.). The plate, liquid, and fermentation
media were prepared as described previously [14]. The cultivation time was 13 d for comparison of fermentation biomass.

2.2. Reagents and standards

2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), and 2,2-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) were obtained from Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). Acarbose (purity >95 %)
and a-amylase (11 units/mg) were purchased from Porcine Panireas. Uronic acid and glucose were of (HPLC) grade. All other
chemicals and reagents were of analytical grade.
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2.3. Preparation of the mycelia extracts

2.3.1. Strains for polysaccharides

Before sequential polysaccharide extraction, strains for fermentation from four Phellinus strains were selected for comparison. The
growth speed on the plate and the liquid fermentation were considered, and the DPPH radical scavenging ability and a-amylase
inhibitory activity were evaluated in this study.

The mycelial growth rates (mm/d) of the four strains were measured using the cross method [15]. Mycelium length was measured
every 2 d, and the average growth speed of each strain was calculated. The polysaccharide content was also evaluated to compare the
four strains.

2.3.2. Polysaccharide extraction

Freeze-dried mycelial powder was prepared after 8 d of fermentation by P. igniarius QB72. The freeze-dried mycelial powder was
ground to a fine powder (80-mesh sieve) using a laboratory mill. A diagram of the extraction of the freeze-dried mycelial powder is
shown in Fig. 1.

To obtain water extracts, an extraction procedure was performed according to a previously described method, with some modi-
fications [16]. Ten grams of the freeze-dried mycelia powder was extracted using 200 mL of distilled water for 3 h at 90 °C and
centrifuged at 8000 r/min for 10 min (4 °C). The residue was extracted twice, and the supernatant was combined and concentrated to
100 mL under vacuum at 40 °C using a rotary evaporator (A1). The residue from the water extract was extracted again with 200 mL of
1 %(NH4)2C204 for 3 h at 90 °C. After centrifugation at 8000 r/min for 10 min (4 °C), extraction was repeated twice using the same
method, and the supernatant was combined and concentrated to 100 mL under vacuum at 40 °C using a rotary evaporator (A2). The
residue from the 1 %(NH4)2C204 extract was extracted with 200 mL of 1.25 M NaOH at 25 °C for 3 h, then extracted twice as previously
described. The supernatants were combined, neutralized using 36 % acetic acid, and concentrated to 100 mL under vacuum at 40 °C
using a rotary evaporator (A3). The supernatant was concentrated to 100 mL, precipitated with four volumes of ethanol at 4 °C
overnight, and centrifuged at 8000 rpm for 10 min. The three precipitates were dissolved in distilled water, deproteinized using Sevage
reagent, and dialyzed using an 8000-10000 Da dialysis membrane (RC). All the samples were freeze-dried to obtain partially purified
polysaccharides. UV light was measured using a JASCO V-530 UV/VIS spectrophotometer to determine the purity of the poly-
saccharides [17].

2.4. Principal properties of polysaccharides

The polysaccharide content was measured using the phenol-sulfuric acid colorimetric method, with glucose as a standard [18]. One
hundred microliters of crude polysaccharide solution and 100 pL of 6 % phenol were mixed, then 500 pL of concentrated sulfuric acid
was added and the mixture was maintained at room temperature(10°C-30 °C) for 30 min. The absorbance was recorded at 490 nm
using a microplate reader.

The protein content of the three extracts was determined using the Folin-Ciocalteu method [19], with some modifications using
casein as a standard. An appropriately diluted extract (50 pL) was placed in a 2 mL sterilized centrifugal tube, and distilled water was
added to a total volume of 0.1 mL. Then, an alkaline copper sulfate reagent (0.5 mL) was added and incubated for 10 min at room
temperature. Folin-Ciocalteu’s reagent (50 pL) was added, shaken, and incubated for 30 min at room temperature. The absorbance was
measured at 750 nm using a microplate reader. Distilled water was used as a blank.

The uronic acid content of the three samples was determined using the sulfuric acid-carbazole method, with glucuronic acid as a
standard [20]. With minor modifications, the assay mixture (720 pL) contained 100 pL diluted samples or water as a blank. Then, 600
pL borate sodium sulfuric acid reagent was added. After vortexing and boiling for 20 min, 20 pL of 0.2 % carbazole ethanol was added
to the mixtures and boiled for another 10 min. After cooling to room temperature, absorbance was recorded at 520 nm using a
microplate reader.

2.5. The polysaccharide characteristics of the extracts

2.5.1. Fourier-transform infrared spectroscopy (FT-IR)
FT-IR spectra were obtained using a Spectrum Two FT-IR spectrometer in the range 4000-400 cm ™! (Thermo Fisher, SCIENTIFIC)
[21]. Polysaccharides (1 mg) were ground using potassium bromide (KBr) powder and compressed into slices.

2.5.2. Determination of the molecular weight

High-performance gel permeation chromatography (HPGPC) (Shimadzu, Japan) was used to determine the homogeneity and
average molecular weight of the polysaccharide fractions. The HPGPC system was equipped with a TSKgel GMPWXL column (7.8 x
300 mm, column temperature 35 °C) and Refractive Index Detector (RID-20). A 20 pL sample solution was performed in each run at a
flow rate of 0.6 mL/min, and 0.1 N NaNO3+0.05 % NaN3 was their mobile phase. The column was calibrated with pullulan (642000,
334000, 49400, 22000, and 6300) as the standard, and the molecular weights of the three fractions were measured using the cali-
bration curve.

2.5.3. Congo red test
The Congo red test was used to assess the chain conformation of the polysaccharides, in which a red shift in maximum absorption
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indicated that the polysaccharide chains contained triple helices [22]. Sample aqueous solution (1 mg/mL) 50 pL was combined with
the 91 pM Congo red 50 pL, then the mixture was treated separately with 4 M NaOH at various concentrations ranging 0-0.5 M for 25
min at room temperature. The visible light absorption spectrum of the solution was obtained over the 400-600 nm range using a
microplate reader with deionized water as a control.

2.6. The bioactivity of the extracts

2.6.1. Antioxidant activity
The three antioxidant activities were evaluated to compare the bioactivities of the extracts.

2.6.1.1. Ferric reducing antioxidant power (FRAP). The FRAP assay of the polysaccharide samples was performed according to the
method reported by Benzie and Strain [23]. The FRAP solution, acetate buffer (300 mM, pH 3.6), TPTZ (10 mM, dissolved in 40 mM
HCI), and FeCl3 (20 mM) were mixed at a ratio of 10:1:1 in the FRAP assay solution [24], which was freshly prepared.

Twenty microliters of each polysaccharide fraction combined with 180 pL of FRAP solution was placed in a 96-well microplate
(Costar, Cambridge, MA). The cells were incubated at 37 °C for 30 min in the dark. Absorbance was measured at 595 nm using a
microplate reader.

2.6.1.2. ABTS. The ABTS radical scavenging ability was measured according to a previously described method with some modifi-
cations [18]. The resulting ABTS* solution (500 pL) was mixed with 25 pL of diluted sample, and after 10 min of reaction, the
absorbance was read at 734 nm. The scavenging rate of each sample was calculated as follows:

ABTS inhibition (%) = 100 — [(Abss — Absb) x 100]/Absc

where Abss is the absorbance of the sample and Absb is the absorbance value of the blank. where Absc is the absorbance of the control
sample.

2.6.1.3. DPPH. DPPH radical scavenging ability was evaluated according to a previously described method with some modifications
[25]. One hundred microliters of polysaccharide extract was mixed with 100 pL of 0.2 mM DPPH solution. The reaction mixture was
incubated in the dark for 30 min at room temperature and the absorbance was read at 517 nm using a microplate reader. The DPPH
radical-scavenging rate was calculated using the following equation:

DPPHInhibition(%) = 100-[(Abss-Absb) x 100]/Absc

where Abss is the absorbance of the sample, Absb is the absorbance value of the blank, And Absc is the absorbance of the control
sample.

2.6.2. a-Amylase inhibitory assay

The a-amylase inhibitory activity was determined according to a previous method with minor modifications [26]. The reaction was
incubated in a 200 pL EP tube. Twenty-five microliters of 5 mg/mL mushroom extracts was added to 25 pL of 0.02 M sodium phosphate
buffer (pH 6.9 with 0.006 M NaCl) containing porcine pancreatic a-amylase (1.0 U/mL), then the mixture was incubated at 37 °C for
10 min. Then, 50 pL of 1 % starch solution in 0.02 M sodium phosphate buffer (pH 6.9 with 0.006 M NaCl) was added. Incubated at
37 °C for an additional 3 min and stopped with 100 pL of dinitrosalicylic acid color reagent. After boiling for 8 min and cooling to room
temperature, absorbance was measured at 540 nm using a microplate reader. Acarbose was used as a positive control.

2.6.3. Kinetics analysis for the a-amylase inhibition type

The enzyme inhibitory kinetics of acarbose on a-amylase were investigated using the Michaelis-Menten method with Lineweaver-
Burk double reciprocal plots [27,28].

For a-amylase, 25 pL of acarbose with varying concentrations was first preincubated with 25 pL of a-amylase in phosphate-buffered
saline (PBS; (0.1 mol/L, pH 6.9) at 37 °C for 10 min. The reaction was initiated by adding 50 pL cooked starch solution (1 %), and the
mixtures were incubated at 37 °C for 3 min. After termination of the reaction with 100 pL of dinitrosalicylic acid, the tubes were
incubated in a boiling water bath for 8 min followed by cooling using an ice bath. Absorbance was measured at 540 nm to determine
the initial velocity (v). The a-amylase concentration versus v at various acarbose concentrations was evaluated to determine the
reversibility of acarbose inhibition. The v values at different acarbose concentrations (9.765, 13.020 pg/mL) for different starch
concentrations (0.125-2.0 mg/mL) in the presence of a-amylase were determined using the above method to estimate the mode of
inhibition on a-amylase.

2.7. DEAE isolation and purification of A1

Al (100 mg) was dissolved and injected into a DEAE-52 column (26 mm x 30 cm), followed with a stepwise elution with increasing
concentrations of NaCl (0, 0.01, 0.05, 0.1, 0.2 M and 0.3 M NaCl) at a rate of 0.5 mL/min. After concentration, lyophilization, the
fraction that eluted with water was collected. The principal properties of polysaccharides of the water elution part was determined and
the a-amylase inhibitory activity was also evaluated.
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Fig. 2. The strains and their characters. (A) the growth characters of the four strains on the plate. (B) the growth speed of the four strains (n = 13),
the mycelia fermentation (n = 10) of the biomass fermentation, and the polysaccharide production (n = 4). (C) The DPPH radical scavenging ability
of hot water extractions of the four strains(n = 3), Vc 0.025 mg/mL (D) a-amylase inhibitory activity of hot water extracts the four strains (n = 5),
acrobose 0.625 mg/mL (n = 3).

2.8. Statistical analysis

The results were analyzed for statistical significance using one-way analysis of variance (ANOVA) in SPSS 17.0. All data are
expressed as the mean + S.D. The test numbers are shown at the corresponding locations in the figure and tables.

3. Results
3.1. Strain selection for mycelia fermentation

Four strains were selected the test strains for mycelial fermentation. The growth characteristics differed according to the different
strains (Fig. 2. A), with 5.891 having the highest growth rate among the four strains, 2H and 5.126 having almost the same growth rate,
and P. igniarius QB72 having the lowest growth rate (5.057 mm/d).

The 5.891 and 2H strains had relatively high growth rates, and the hyphal margins of the two strains were sparse. At 5.1260, the
growth rate was higher than that of P. igniarius QB72; however, the lawn of P. igniarius QB72 was thicker than that at 5.1260 (Fig. 2. B).
Interestingly, the mycelial fermentation of P. igniarius QB72 was the highest among the four strains (29.60 g/L), and strains 5.891 and
5.1260 had nearly the same biomass (18.6 and 18.76 g/L), whereas for strain 2H, the mycelia fermentation was not as high as that of
the other strains (Fig. 2. B). The same trend was observed for polysaccharide production: P. igniarius QB72 had the highest poly-
saccharide production compared to the other three Phellinus strains (Fig. 2. B). For bioactivity, the highest DPPH radical scavenging
ability occurred in the 5.891 strain (Fig. 2. C); however, for a-amylase inhibitory activity, the highest inhibitory activity occurred in the
P. igniarius QB72 strains (Fig. 2. D). Collectively, P. igniarius QB72 was selected as the strain for polysaccharide purification.

3.2. Preliminary properties and compositions of three partially purified polysaccharides

Polysaccharide components were obtained from QB72 fermentation mycelia using sequential extraction from hot water, 1 %
(NH4)2C204 and NaOH extracts after ethanol precipitation and dialysis. The total polysaccharide, protein, and uronic acid contents of
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Table 1
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Preliminary properties and compositions of polysaccharides extracts from the Ph. igniarius QB72 freezed dried mycelia powder.

Physicochemical properties Water(A1) 1 %(NH4)2C204(A2) 1.25 M NaOH(A3)
Color Clear Milky white Light brown
Solubility Easily soluble Soluble Soluble
Yield(%) 6.2 % 0.795 % 3.519 %
Carbohydrate(%) (n = 3) 88.28 + 5.61a 64.14 + 5.92b 42.29 + 5.69¢
Protein(%) (n = 3) 2.098 + 0.262¢ 2.882 +0.119 4.337 £ 0.316a
Uronic acid(%) (n = 3) 12.84 + 1.48a 11.32 + 1.57a 3.46 + 0.28b
Mw(Da) 17457 12468 28334
1049
Mn 8373 6852 10989
905
Mw/Mn 2.08491 1.81958 2.57838
1.16003
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Fig. 3. UV scan of the three partially purified polysaccharides(A). Structural properties of three polysaccharides in aqueous solutions at various
NaOH concentrations(n = 3)(B).

the three polysaccharides and their compositions were determined (Table 1). The hot water extract polysaccharides (A1) yielded 6.2
%, with clear and easily soluble characteristics, and (A2 and A3) yielded 0.795 % and 3.519 %, respectively. However, the two
polysaccharides were not as soluble as A1, with milky white and light brown colors, respectively. The carbohydrate contents of the
three polysaccharides were 88.28 + 5.61, 64.14 + 5.92, and 42.29 + 5.69 %, respectively. However, the uronic acid (%) from the hot
water extracts 12.84 + 1.48 % was higher than that from the other two extracts (11.32 + 1.57 and 3.46 + 0.28 %). The results are
shown in the ultraviolet—visible (UV/VIS) spectra of the three polysaccharides (Fig. 3 (A)). Al from the hot water extracts showed no
absorption peak at 280 nm but had a slight absorption peak at 260 nm. A2 and A3 had no notable absorption peaks at 260 and 280 nm,
suggesting that the water extracts contained small amounts of protein and nucleic acid, which was in keeping with the protein content
2.098 + 0.262 %, 2.882 + 0.119 %, and 4.337 + 0.316 %, respectively, measured using the Folin-Phenol method.

The Congo red test was used to detect the chain conformation of polysaccharides, and a red shift in the maximum absorption
indicated whether the polysaccharide chains contained a triple helix [29]. The results are shown in Fig. 3 (B), in the range of 0.1-0.5 M
NaOH, the maximum absorption wavelength of the three polysaccharides did not change visibly, suggesting that none of them had a
triple-helical conformation in solution.

3.3. GPC of the different extracts of the polysaccharides

Natural polysaccharides isolated from medicinal mushrooms and fungi have different molar masses (10°-10% Da). In this study, the
molecular properties and chain conformations of water-soluble polysaccharides, partially purified from P. igniarius QB72, were
investigated. The Mw of the three polysaccharides was determined using size-exclusion chromatography, and the results are shown in
Fig. 4. The HPGPC results in Fig. 4 (A) show that the water-soluble extracts of Al had a single symmetrical peak, indicating that they
were homogeneous Fig. 4 (B). The molecular weight of Al is approximately 17457 Da. For the 1 %(NH4)2C204 extraction poly-
saccharides from the water extract residue A2, there were two peaks, and their molecular weights were approximately 12468 and
1049 Da, respectively. For the A3 polysaccharides from the 1.25 M NaOH extracts of the acid extract residues, the molecular weight
was approximately 28334 Da.
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Fig. 4. The GPC of the different extracts of the polysaccharides (A), and the molecular weight distribution curve (B).

3.4. The bioactivity of each extract from the P. igniarius QB72 fermentation mycelia

Three antioxidant and a-amylase inhibitory activity assays were used to evaluate the bioactivity of three partially purified poly-
saccharides from P. igniarius QB72 fermentation mycelia. All three partially purified polysaccharides possessed antioxidant activities;
however, different results were obtained using different methods. Fig. 5 (A) shows the DPPH radical-scavenging ability of the three
polysaccharide samples. The activities of all three antioxidants were evaluated at a concentration of 2 mg/mL. The DPPH radical
scavenging ability of the three polysaccharides was approximately 50 %; however, for ABTS radical scavenging, the polysaccharides
from the acid extraction possessed a relatively higher scavenging ability than the other two polysaccharides Fig. 5 (B). A3 from the
1.25 M NaOH extraction with a higher FRAP value Fig. 5 (C). Among the three polysaccharides, the water extraction polysaccharides
possess excellent a-amylase inhibitory ability at a concentration of 5 mg/mL Fig. 5 (D).



Y. Dong et al. Heliyon 10 (2024) e23370

40

35
30 T[’

25

-
=]
S
1
®

®
S
T

a
T

20

15

-
>
T
ABTS radical scavenging rate (%)

DPPH radical scavenging rate (%)

Al Al A2 A3 Ve
Three polysaccharides and V¢ 0.025 mg/mL Three polysacchardes and Vc 0.025 mg/mL
70
0T 60 .
06 - g b
2 50 -
05 é
H Z 40 -
= 04 =
z 2
El 30 F
gosr b =
= 5 L € Sl
3 ¢ c
0.1 d I 10 T
- I
0 - L T L L 0 L L ! L
Al A2 A3 Al A2 A3 acarbose
Samples and Ve 0.025 mg/mL Three polysacchariedes and acarbose 0.625 mg/mL

© (D)
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3.5. FTIR of the polysaccharide

FTIR was used to determine the type of sugar ring and functional groups in polysaccharide samples. From the FTIR spectra, the
polysaccharide samples were analyzed for structural characteristics based on the position, intensity, and shape of the peaks. The results
(Fig. 6.) showed that all three polysaccharides had O-H and C-H stretching vibration peaks, which are the main absorption peaks of
polysaccharide compounds [30].

Conventionally, the stretching vibration absorption peak in the 3600-3200 cm " region is attributed to intramolecular hydroxyl
O-H bonds. The stretching vibration absorption peak of the C-H bond typically appears in the region 3000-2800 cm ™. The infrared
spectrum of Al is shown in Fig. 6 (A). The bands at 3306 and 2927.07 cm ! were the stretching vibration peaks of O-H and C-H,
respectively. A2 has bands at 3291.19 and 2930.54 cm ™! Fig. 6. (II), and for A3, the bands of the stretching vibration peaks of O-H and
C-H occurred at 3294.38 and 2961.43 cm ™}, respectively Fig. 6. (IIT). A similar band appeared at 1640 cm ™, which represented the
C=O0 group [30]. The three polysaccharides showed absorption peaks at approximately 1649.26, 1643.53, and 1656.83 cm™*. The
weaker absorption peak in the 1400-1200 cm ™! region is the angular vibration absorption peak of the C~H bond. Three polysaccharide
vibration absorption peaks of the C-H bond occurred at 1362.92, 1314.94, and 1313.38 cm ™. In addition, the broad peak at
1200-1000 cm ™! verified the existence of the pyran ring, which is primarily caused by the C-O stretching vibration of C-O-H and
C-O-C. All the three polysaccharides exhibited three stretching vibrations; however, the strengths of the three absorption peaks were
different. The 1000-700 cm ™! region in the infrared spectrum is the fingerprint region, which is typically used to judge the type of
polysaccharide and the configuration of the sugar ring. The C-O-H bond on the deformation vibration of the a-pyran ring produces an
absorption peak at 800 cm !, Two weak absorption peaks appeared at 801.76 and 862.98 cm ™! for polysaccharide A2 (Fig. 6. (II)). The
absorption peaks at approximately 876 and 808 cm ™! are characteristic signals of glucose and mannose, respectively [30].

3.6. Inhibitory effect of A1 on a-amylase

The a-amylase inhibitory activity of A1, A1 DEAE water elution and acarbose showed a dose-dependent inhibitory effect at the
tested concentrations. The a-amylase inhibitory activities of A1, A1 DEAE water elution and acarbose are shown in Fig. 7. (A, C). The
ICs0 values of the a-amylase inhibitory activities of acarbose, Al and the A1 DEAE water elution were 0.455 + 0.095, 6.84 + 0.37 mg/
mL and 3.178 + 0.187 mg/mL, respectively. The carbohydate content of the A1 DEAE water elution is about 90.65 %. The full sacn of
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(NH,4)2C204 extraction of the water extract residue. (III)A3 was a partially purified polysaccharide from 1.25 M NaOH extraction of the 1 %
(NH4)2C20,4 extract residue.

the A1 DEAE water elution without obvious protein and the content of the protein is minor. After isolation using the DEAE water
elution, the a-amylase inhibitory increased.

4. Discussion

Phellinus spp. have been known for their bioactivity for centuries and deserve further development. The fruiting bodies of wild
Phellinus are rare, and the relatively slow process of traditional cultivation of fruiting bodies significantly affects the availability of this
resource. Thus, using biotechnological fermentation techniques to maximize the productivity [31] of fermentation biomass is an
alternative method of obtaining this type of resource. Polysaccharides (50-60 %) are the major structural components of mushroom
cell walls [32]. In addition to polysaccharides, secondary metabolites from fruiting bodies and fermentation mycelia also possess
excellent bioactivities. The biomass and metabolic composition of the fermented mycelia varied depending on the medium used. In
addition, the use of natural culture media is a good choice for obtaining biocompounds and utilizing inexpensive raw materials.

In this study, a natural culture medium was applied to four Phellinus strains to evaluate their growth, metabolism, and antioxidant
and a-amylase inhibitory activities. Among the media used in this study, QB72 strain achieved the highest biomass fermentation.
Polysaccharides are the main biocompounds in the fruiting body and even fermentation mycelia; thus, the media in this study have the
potential to obtain P. igniarius polysaccharides in large-scale production. Strain 5.891 was identified as P. vaninii HZNK, a widely
cultivated Phellinus strain [33] in China. Biocompounds are typically obtained from fruiting bodies; however, liquid fermentation is
also an alternative and fast method for flavonoid production [34] and hispidin polyphenols [35]. Strain 5.1260 was identified as
Phellinus tuberculosus isolate fs102, which possesses antioxidant and potent radical-scavenging activities [36]. In recent years, research
has focused on identifying sesquiterpenoids in fungal cultures [37,38]. In this study, the DPPH radical scavenging ability of 5.1260 was
not higher than that of 5.891 but was higher than that of QB72 and 2H, and the results partially agree with previous research [36]. The
2H strain, identified as the wild-type strain, was Sanghuangporus alpinus voucher SH2022. However, limited research has been con-
ducted on polysaccharides or other biocomponents. The fermentation biomass of this strain was not higher than that of the other three
strains, and the growth rate of this strain on the plate was not the lowest. Therefore, this strain may be suitable for cultivation. The
small molecule content of the four strains must be compared in future research. Strain improvement was also required for these four
strains using a protoplast fusion approach.

The structure-activity relationship and mechanism of action of polysaccharides are important research topics in glycobiology. The
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bioactivity of polysaccharides is closely related to their structure and conformation [39]. Carbohydrate-hydrolyzing enzymes are
essential for the development of drugs to delay glucose absorption for the treatment of T2DM to delay glucose absorption [40].
a-Glucosidase and a-amylase inhibitors are two key enzymes that decrease glucose release from starch and delay carbohydrate ab-
sorption by inhibiting the activity of carbohydrate-hydrolyzing enzymes in the small intestine. Cheng et al. evaluated the hypogly-
cemic effect of a neutral polysaccharide (SSIPS1) in vitro and found that polysaccharides can inhibit the activity of a-amylase and
a-glucosidase [41]. Crude heteropolysaccharides from P. linteus are composed of glucose, arabinose, fucose, galactose, xylose,
mannose, and arabinose, which increase the levels of short-chain fatty acids (SCFAs) by increasing the abundance of SCFA-producing
bacteria. Thus, the lipopolysaccharide content in the blood is reduced, which helps to reduce systemic inflammation and reverse
insulin resistance [42]. In one study, P. linteus polysaccharide (PLP) was homogeneous (153 kDa), and neutral sugar composition
analysis revealed Ara (7.0 %), Xyl (3.7 %), Glc (21.1 %), Gal (24.1 %), and Man (44.2 %), which significantly decreased FBG levels and
improved glucose intolerance by altering the metabolism of hepatic phospholipids and rescuing insulin signal transduction via the
FOXO signaling pathway [43]. PLP also suppressed the cytokine expression of inflammatory markers such as macrophages,
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interleukins, IFN-y, and TNF-a [44].

In this study, hot water extract polysaccharides exhibited inhibitory activity against a-amylase with an ICsq value of 2.189 + 0.097
mg/mL, whereas they had no effective inhibition of a-glucosidase (data not shown in the text). Both Al and acarbose showed mixed
competitive inhibition against a-amylase.

Acarbose (Fig. 8.) is an oligosaccharide (with a molecular weight of 645.605) which can slow glucose release from starch and delay
carbohydrate absorption. Al is a polysaccharide obtained from hot water extracts, and its carbohydrate content is approximately 88 %,
with an Mw of 17457 Da. However, the structure of A1 was analyzed and identified after purification. Evaluation of the effect of A1 and
the purified polysaccharide components on sugar absorption in the cell model requires further efforts, and the cytokine expression of
inflammatory markers such as macrophages, ILs, I[FN-y, and TNF-a also should be studied further. In addition, the structure-activity
relationship must be discussed. According to previous research, mixed-type inhibition can be explained by the binding of the sam-
ple to the enzyme, which causes a conformational change that reduces enzyme activity. In addition, irreversible modifications of the
a-amylase structure may occur. This inhibition could arise because the sample interacts with a later intermediate in the reaction but
not with the initial enzyme-substrate complex.In this research, the carbohydrate content of the A1 water elution is about 90 %, the Al
DEAE water elution part need more work to make sure purify enough to conducted the a-amylase inhibitory again. After purification,
the inhibitory activity is increase, but it may not as effective as medicine acarbose, for the polysaccharides purify partially from the
biomass of the fermentation could applied for the food and even medication-assisted additives.

5. Conclusion

One therapeutic approach for preventing DM is to retard glucose absorption via the inhibition of a-amylase. Therefore, the search
for a-amylase inhibitors in natural sources is important. Phellinus spp. as a medicinal mushroom could be treated one of the potential
a-amylase inhibitors. Four Phellinus strains were evaluated, among the four Phellinus strains, hot water extracts from P. igniarius QB72
had obvious a-amylase inhibitory activity compared with the other three strains. Partially purification Al from the hot water poly-
saccharides (17457 Da) with better a-amylase inhibitory activity (ICsp value of (2.189 + 0.097) mg/mL) than the 1 % (NH4)2C204
extract and 1.25 M NaOH extracts when compared at a concentration of 5 mg/mL with 56.46 %, 9.59 %, and 10.01 % inhibitory rate.
Phellinus spp. fermentation mycelia could be used as a source of bioactive polysaccharides. Al from P. igniarius QB72 may have po-
tential for development as a novel natural a-amylase inhibitor applied in food and medication-assisted additives.
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