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A B S T R A C T

Flammulina velutipes (F. velutipes) residues polysaccharide (FVRP) is a high molecular weight polysaccharide with 
diverse bioactivities extracted from F. velutipes residues (FVR). However, high molecular weight polysaccharides 
have been shown to face significant challenges in crossing the cell membrane barrier, thereby limiting their 
absorption and application in the body. Therefore, an ultrasonic-assisted H2O2-Fe3+ method was employed for 
the first time to degrade FVRP, resulting in the production of a new polysaccharide, FVRPF. Compared with 
FVRP, there was no significant difference in the main chemical structure of FVRPF, but the monosaccharide 
composition ratio varied. and FVRPF had lower molecular weight and stronger antioxidant capacity. Moreover, 
FVRPF could be degraded by human microbiota, modulate gut microbiota composition, and increase the pro-
duction of total short-chain fatty acids (SCFAs). These findings suggest that FVRPF holds potential as a promising 
prebiotic for applications in the food and pharmaceutical industries.

1. Introduction

F. velutipes, also known as the golden needle mushroom or enokitake, 
is a globally popular edible and medicinal fungus (Hao et al., 2023; Ye 
et al., 2024; Zhang et al., 2024). With the extensive cultivation of 
F. velutipes, the production of FVR, the byproduct derived from the 
edible fruiting bodies of F. velutipes, has significantly increased in China 
(Li, Zhang, Sheng, & Qing, 2018; Yang et al., 2024). FVR serves as a solid 
medium for the cultivation of F. velutipes and retains substantial amounts 
of fruiting bodies and mycelium after harvest. It has the advantage of 
abundant availability and low cost. Furthermore, FVR contains various 
effective components of F. velutipes, such as polysaccharides, amino 
acids, Fe, Ca, Zn, and Mg, along with certain metabolites from the 
fruiting bodies (Leong, Ma, Chang, & Yang, 2022; Liu et al., 2016; Wang, 
Yang, Song, Zhang, & Jia, 2021; Wei et al., 2023). Meanwhile, FVRP has 
gained considerable attention, focusing primarily on extraction, 

purification, and activity analysis. FVRP can regulate gut microbiota, 
promote human immunity, modulate the immune system, regulate lipid 
metabolism, improve prebiotic activity, and mitigate heavy metal 
toxicity (Hao et al., 2023; Hao, Liao, Wang, Lao, & Liao, 2021). In our 
previous study, ultrasonic-assisted extraction identified FVRP as a novel 
polysaccharide with a molecular weight (Mw) of 335.29 kDa, exhibiting 
significant antioxidant and prebiotic activities (Liu et al., 2022; Liu 
et al., 2023; Zhang et al., 2024). However, its high Mw may limit its 
biological activity and restrict its development and application in the 
pharmaceutical and nutraceutical industries (Lin et al., 2019; Yao et al., 
2022; Yao et al., 2024). In contrast, low-Mw polysaccharides exhibit 
superior bioavailability and enhanced probiotic potential (Fan et al., 
2024). Hence, reducing the Mw of FVRP is crucial to improving its 
biological activity and establishing a foundation for its application in 
food and health products.

Degradation is the most direct method for reducing the Mw of 
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polysaccharides (Hao et al., 2021). Currently, polysaccharide degrada-
tion methods can be primarily categorized into physical, chemical, and 
biological approaches. In general, biodegradation is defined as the 
conversion of a substrate into smaller molecules, or CO2 and H2O, 
through the enzymatic activity of microorganisms such as fungi and 
bacteria (Da Rocha, Da Costa, Da Costa, & de Mello Ferreira, 2024). 
However, biodegradation methods, despite their high specificity, are 
costly (Manheim, Lin, Kong, Biba, & Zhuang, 2022). Chemical degra-
dation methods include acid-base degradation, degradation using 
organic reagents, and free radical degradation. The use of acid-base and 
organic reagents in degradation processes might result in reagent resi-
dues, chemical contamination, and other risks. In contrast, free radical 
degradation has been widely used for polysaccharide degradation due to 
its advantages, including mild reaction conditions, cost-effectiveness, 
and environmental protection (Wang et al., 2024), including the 
H2O2-Vc (Ma et al., 2021; Wang et al., 2024), H2O2-Fe2+ (Xu et al., 
2018), and H2O2-Fe3+ systems (Arantes & Milagres, 2006). In addition, 
combining chemical methods with physical methods can achieve a more 
effective degradation outcome (Yan et al., 2021). While the primary 
structure of polyspermous polysaccharide PCP remains unchanged after 
ultrasonic treatment, its trihelical and surface structures are disrupted. 
Compared with intact PCP, the degradation products exhibit reduced 
thermal stability and apparent viscosity but enhanced antioxidant and 
enzyme inhibition activities (Liu et al., 2024). Ultrasonic-assisted H2O2- 
Vc and ultrasonic-assisted H2O2-Fe2+ have been used to degrade poly-
saccharides. The results showed that the degradation treatment alters 
the chemical composition and monosaccharide ratios of the two 
degraded products, reduces their Mw, and enhances their antioxidant 
activity. Moreover, a characteristic analysis indicated that ultrasonic- 
assisted H2O2-Vc and ultrasonic-assisted H2O2-Fe2+ merely disrupt the 
glycosidic linkages between sugar units, thereby reducing the Mw and 
altering the chemical composition and monosaccharide ratio. However, 
these methods have no significant effect on the primary structure of 
polysaccharides extracted from green seaweed C. cylindricum (Yan et al., 
2021). Wang et al. employed ultrasonic-assisted H2O2 in the degradation 
of Longan polysaccharide, and their findings showed that the Mw, 
particle size, and viscosity of Longan polysaccharide decreased 
following ultrasonic/H2O2 degradation, while its solubility and prebi-
otic activity were improved. Notably, ultrasonic/H2O2 degradation did 
not modify the chemical composition or monosaccharide profile of LP 
but did alter their ratio (Wang, Zhang, et al., 2024). Recent studies have 
indicated that H2O2-Fe3+ not only significantly degrades cellulose and 
hemicellulose substrates but also enhances the effectiveness of the 
degradation reaction, especially for hemicellulose substrates (Arantes & 
Milagres, 2006). However, the ultrasonic-assisted H2O2-Fe3+ method 
has not yet been applied to the degradation of naturally occurring active 
polysaccharides, and its effects on their physicochemical properties re-
mains unclear. Therefore, we hypothesize that the ultrasonic-assisted 
H2O2-Fe3+ degradation method could improve the bioactivity of poly-
saccharides by reducing Mw, breaking glucosidic bonds, and altering the 
chemical composition and monosaccharide ratio.

In this study, FVRPF was degraded from FVRP for the first time using 
an ultrasonic-assisted H₂O₂-Fe3+ approach. The physicochemical and 
structural characteristics, in vitro antioxidant activity, and the effect of 
FVRPF on alleviating copper-induced damage in yeast were evaluated. 
Additionally, the prebiotic properties of FVRPF were investigated, 
focusing on its influence on gut microbiota (Arantes & Milagres, 2006) 
and short-chain fatty acids (SCFAs) using an in vitro human fecal 
fermentation model. This study aimed to provide a theoretical founda-
tion for the development and application of FVRPF as an antioxidant and 
prebiotic, offering novel insights into its bioactivities, especially in 
promoting gut health.

2. Materials and experimental methods

2.1. Materials and reagents

FVRP and a wild-type yeast strain (BY4742) were previously 
extracted and preserved in our laboratory (Liu et al., 2021; Liu et al., 
2022). Fructooligosaccharides (FOS) were provided by Beijing Solarbio 
Life Sciences Co., Ltd. (Beijing, China). Standards for SCFAs, including 
Acetic acid, Propanoic acid, Isobutyric acid, N-Butyric acid, Isovaleric 
acid, N-Valeric acid, and N-Caproic acid, were supplied by Aladdin 
Biotechnology Co., Ltd. (Shanghai, China). All other chemicals and re-
agents used were of analytical grade.

2.2. Preparation of FVRPF

The ultrasonic-assisted H2O2-Fe3+ method was employed to degrade 
FVRP, following protocols described in previous studies (Arantes & 
Milagres, 2006; Arantes & Milagres, 2007; Yan et al., 2021). A solution 
of FVRP (5 mg/mL) was adjusted to pH 3.0 using 1.0 mol/L HCl, then 
combined with a 0.035 % H2O2 solution and FeCl3 (0.2 g/L). The 
resulting mixture was degraded at 80 ◦C and 600 W (SCIENTZ, China) 
for 30 min and subsequently neutralized using 1.0 M NaOH. FVRPF was 
obtained through dialysis (48 h, Mw: 500 Da), followed by concentra-
tion and lyophilization.

2.3. Analysis of physicochemical characteristics

The levels of polysaccharides, reducing sugars, proteins, and total 
phenolics were determined using the following methods: the phe-
nol‑sulfuric acid method (Dou, Chen, Huang, & Fu, 2021), the DNS 
method (Liu et al., 2022), the m-hydroxybiphenyl method (Bai et al., 
2022), the Coomassie Brilliant Blue method (Dou et al., 2021), and the 
Folin–Ciocalteu method (Kerdsomboon, Chumsawat, & Auesukaree, 
2021).

The monosaccharide composition of FVRPF was analyzed using a 
high-performance liquid chromatography (HPLC) method with slight 
modifications (Dai et al., 2010). FVRPF was hydrolyzed with 2.0 M 
trifluoroacetic acid (TFA) at 120 ◦C for 4 h and subsequently derivatized 
with 1-phenyl-3-methyl-5-pyrazolone (PMP) under alkaline conditions. 
The PMP-derivatized FVRPF and monosaccharide standards (5 μL each) 
were separately loaded onto a Dionex CarboPac PA10 liquid chroma-
tography column. The mobile phase consisted of 0.1 M NaOH and a 
mixture of 0.1 M NaOH and 0.2 M NaAc at a volume ratio of 60:40.

FVRP and FVRPF solutions at a concentration of 0.1 mg/mL were 
prepared and added to a sample dish for particle size and Zeta potential 
analysis using a nanoparticle potential analyzer (NANO ZS90, Malvern, 
UK) (Zhang, Chen, et al., 2024).

The Mw of FVRP and FVRPF was determined using previously 
described methods with a gel chromatography system equipped with a 
multi-angle laser light scattering (GPC-MALLS) detector (Li et al., 2021; 
Liu et al., 2016). Astra software was used for data processing.

The dried samples of FVRP and FVRPF were individually mixed with 
potassium bromide and pressed into tablets for Fourier Transform 
Infrared (FT-IR) spectroscopy analysis. Measurements were conducted 
using a Nexus 470 FT-IR spectrometer (Thermo Nicolet, USA) within the 
range of 4000–400 cm− 1.

2.4. Evaluation of antioxidant activity of FVRPF

2.4.1. In vitro antioxidant activity analysis
The reducing power and scavenging activities of FVRP and FVRPF on 

ABTS, DPPH, and hydroxyl radicals were evaluated based on methods 
described in previous studies (Cui et al., 2018; Fleita, El-Sayed, & Rifaat, 
2015; Liu et al., 2016; Liu et al., 2022). Ascorbic acid (Vc), a natural 
antioxidant, was used as a positive control.
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2.4.2. Antioxidant ability based on CuSO4-induced oxidative damage in a 
yeast model

The wild-type yeast strain BY4742 was cultured in YPD medium to 
the logarithmic growth phase (OD600 = 1.0 ± 0.2) (Kerdsomboon et al., 
2021; Rattanawong, Kerdsomboon, & Auesukaree, 2015). Eight exper-
imental groups were prepared: the blank group (CK), the CuSO4 group, 
the CuSO4 + FVRP group, the CuSO4 + FVRPF group, the CuSO4 + Vc 
group, the FVRP group, the FVRPF group, and the Vc group. A total of 
107 yeast cells were inoculated into YPD medium containing 8 mM 
CuSO4, with or without FVRPs (1 mg/mL) or Vc (1 mg/mL), and incu-
bated at 30 ◦C with shaking at 150 rpm for 16 h, respectively. OD600 
values were measured using a multifunctional enzyme-labeling instru-
ment (TECAN-Spark, Switzerland). Simultaneously, 2.5 μL of each cell 
suspension was serially diluted (10− 1, 10− 2, 10− 3, 10− 4, and 10− 5) and 
spotted onto YPD solid medium. Plates were incubated at 30 ◦C for 16 h, 
and images were captured.

Each group of yeast cells was centrifuged at 3000 rpm for 6 min, 
washed three times with PBS, and then adjusted to an OD600 value of 
0.6–0.8. Enzyme solution was extracted from the prepared yeast cells 
using an ultrasonic-assisted method. The sample was subjected to ul-
trasound at 300 W for 3 s with a 9 s interval, repeated continuously for 
10 min in an ice-water bath. Subsequently, the enzyme solution was 
obtained by centrifugation at 12000 rpm and 4 ◦C for 10 min. A BCA 
assay kit (Abbkine, China) was used to quantify the protein concentra-
tion. The levels of nitric oxide (NO) and reactive oxygen species (ROS), 
as well as the activities of SOD and GSH-PX, were measured and 
normalized to protein content (U/mg protein).

2.5. In vitro fermentation characteristics of FVRPF

2.5.1. In vitro fermentation
Fecal samples were collected from six healthy individuals (three 

males and three females, aged 23–27 years, with a BMI of 18.5–24) who 
met specific inclusion criteria. These individuals had no history of in-
testinal diseases and had not taken antibiotics within the preceding 90 
days. Equal amounts of pre-meal fecal samples were combined in a 
sterile tube, and a 10 % (w/v) fecal suspension was prepared by 
promptly adding sterile physiological saline. Following homogenization 
for 1 min, the supernatant was obtained by centrifugation at 500 ×g and 
4 ◦C for 5 min, yielding a fecal microbial suspension for subsequent 
testing (Li et al., 2023).

The fermentation medium was prepared following the method 
described in a previous study. Pure water, 10 mg/mL of FVRPF, and FOS 
were added to the fermentation liquid, which was then autoclaved and 
designated as the CK group, FVRPF group, and FOS group, respectively. 
Then, 10 % of a fecal microbial suspension was inoculated into the 
medium, followed by anaerobic fermentation at 37 ◦C for 0, 6, 12, 24, 
and 48 h, respectively (Guo et al., 2024).

2.5.2. Detection of physicochemical characteristics and in vitro antioxidant 
abilities of fermentation broth

After simulating fermentation, the fermentation broth was collected 
by centrifugation at 2300 rpm at 4 ◦C for 10 min. The content of poly-
saccharides, reducing sugars, and uronic acid in the four fermentation 
supernatants were analyzed following the method described in Section 
2.3. Additionally, the reducing power, radical scavenging activity 
against ABTS and DPPH, and total reducing capacity were evaluated 
according to the method outlined in Section 2.4.1.

2.5.3. FT-IR analysis
Ten milliliters of the fermentation broth, as described in Section 

2.5.1, were subjected to alcohol precipitation, dialysis, and subsequent 
concentration via lyophilization to obtain polysaccharide powders, 
which were then characterized using FT-IR analysis (Wang, Zhang, 
et al., 2024).

2.5.4. Detection of pH and SCFAs
The pH of the supernatant from the fermentation liquid at various 

time points was analyzed using a pH meter (INESA, Shanghai, China). 
For the determination of SCFAs content, 1 mL of the fermentation su-
pernatant was thoroughly mixed with 0.2 mL of a 25 % metaphosphate 
solution and centrifuged at 10000 rpm for 15 min. The SCFAs content 
was then measured using gas chromatography (Agilent Technologies, 
USA) equipped with a Nukol capillary column (30 m × 0.32 mm × 0.25 
μm) (Ding et al., 2019).

2.5.5. 16S rDNA sequencing analysis
Total bacterial DNA was extracted from the fermentation broth using 

a DNA extraction kit (Laboratories, USA). The V3-V4 region of 16S rDNA 
was amplified and sequenced using the Illumina MiSeq system (GENE 
DENOVO, Guangzhou, China) (Li et al., 2023). Alpha and beta diversity 
analyses of the samples were performed using Motur and QIIME soft-
ware. LEfSe analysis was conducted to identify statistically significant 
biomarkers between groups and to analyze differential microbial com-
munities. Spearman correlation analysis was performed to explore the 
relationships between microbial species, biochemical indicators, and 
functional genes. Heatmaps of functional genes were generated using 
the RStudio “pheatmap” package (version 4.2.0).

2.6. Statistical analysis

Data are presented as the mean ± standard deviation (SD) from three 
independent measurements. Differences were analyzed using one-way 
analysis of variance (ANOVA) and independent sample t-tests, con-
ducted with Origin 2021 software (OriginLab, Northampton, MA, USA) 
and IBM SPSS 26.0 software (International Business Machines Corpo-
ration, USA), respectively. A p-value of <0.05 was considered statisti-
cally significant.

3. Results and discussion

3.1. Physicochemical properties of FVRPF

FVRPF was prepared from FVRP, a polysaccharide derived from FVR, 
using an ultrasonic-assisted H₂O₂-Fe3+ method, achieving a recovery 
rate of 40.39 % ± 0.43 %. The physicochemical properties of FVRP (Liu 
et al., 2022) and FVRPF are presented in Table 1. The polysaccharide 
content of FVRPF was equivalent to that of FVRP. However, the uronic 

Table 1 
Chemical composition, particle size, potential, molecular weight and mono-
saccharide composition of FVRP and FVRPF.

Physicochemical properties FVRP FVRPF

Polysaccharides (%) 84.20 ± 1.00a 84.53 ± 0.41a

Protein (%) 0.50 ± 0.06a 0.53 ± 0.05a

Uronic acid (%) 8.80 ± 0.10a 6.05 ± 0.01b

Total phenol (%) 0.60 ± 0.03a 0.27 ± 0.02b

Reducing sugar (%) 0.20 ± 0.01a 0.18 ± 0.02a

Mw (kDa) 335.29a 256.06b

Particle size (nm) 465.43 ± 37.57a 226.73 ± 6.05b

PDI 0.71 ± 0.04a 0.54 ± 0.02b

ζ-potential (mV) − 8.50 ± 0.50b − 9.61 ± 0.60a

Monosaccharides (%)

Fuc 9.30 7.51
Rha 7.35 6.86
Ara 5.65 8.78
Gal 16.99 16.29
Glc 8.32 9.91
Xyl 17.18 17.15
Man 15.76 26.71
Gal-UA 16.19 4.36
Glc-UA 3.25 2.44

Note: Different letters indicate significant differences between samples (P <
0.05).
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acid and total phenolic content of FVRPF were significantly lower than 
those of FVRP, while the protein and reducing sugar (CR) content 
remained unchanged. This is likely due to the ultrasonic-assisted H₂O₂- 
Fe3+ treatment, which may induce polysaccharide chain breakage, 
leading to the exposure of active groups and subsequent decline in the 
content of uronic acid and total phenolics (Gong et al., 2021).

Table 1 According to Fig. 1A, the Mw of FVRPF was 256.06 kDa 
(Table 1), which is smaller than that of FVRP (335.29 kDa) (Liu et al., 
2022). This suggests that the molecular chain of FVRP was partially 
degraded during the process, resulting in a reduction in Mw (Liu, Liu, 
et al., 2024; Ma et al., 2022). Particle size distribution, polymer 
dispersion index (PDI), and zeta potential are critical factors influencing 
the stability of polysaccharides (Yang et al., 2024). Generally, reducing 
particle size can enhance the biological activity of polysaccharides, 
while a lower PDI indicates a uniform distribution of polysaccharides 
and improved stability (Chen, You, Ma, Zhao, & Kulikouskaya, 2021). 
The particle size of FVRPF was 226.73 ± 6.05 nm, significantly smaller 
than that of FVRP (465.43 ± 37.57 nm). Similarly, the PDI value of 
FVRPF was significantly lower than that of FVRP. These findings align 
with results from degraded polysaccharides in strawberry fruits (Liu, 
Liu, et al., 2024), indicating that the degradation process was effective, 

resulting in a comparatively uniform and stable FVRPF. Zeta potential is 
commonly used to characterize the surface charge properties of poly-
saccharides, with higher absolute zeta potential values indicating better 
dispersion of polysaccharides during the dissolution process (Yang, Tao, 
et al., 2024). The absolute zeta potential of FVRPF (9.61 ± 0.60) was 
significantly higher than that of FVRP (8.50 ± 0.50) (Table 1). FVRP 
exhibited negative surface charges, indicating that degradation pro-
moted molecular ionization and reduced aggregation in FVRPF. 
Furthermore, the reduction in PDI, accompanied by an increase in zeta 
potential (Zhang et al., 2024), supports the conclusion that the stability 
of FVRPF is higher than that of FVRP. These results were similar to that 
the Mw, particle size, and PDI values of degraded polysaccharides from 
strawberries processed using the Vc-H2O2 method were smaller than 
those of PSP (Liu et al., 2024).

As shown in Table 1 and Fig. 1B, FVRP and FVRPF primarily 
comprised fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose 
(Gal), glucose (Glc), xylose (Xyl), mannose (Man), galacturonic acid 
(Gal-UA), and glucuronic acid (Glc-UA), consistent with FVRP (Liu et al., 
2021). The monosaccharide composition of FVRP remained unchanged 
after ultrasonic-assisted H2O2-Fe3+ treatment, but the molar ratios 
differed, aligning with previous studies (Chen et al., 2020; Chen et al., 

Fig. 1. Molecular weight (A), Monosaccharide composition (B) and FT-IR spectrum (C) of FVRPF.
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2021; Wang et al., 2024). For example, degraded Holothuria mexicana 
glycosaminoglycans treated with the H2O2-Vc method exhibit the same 
monosaccharide composition as the native polysaccharide (Mou, Wang, 
Li, Qi, & Yang, 2018). Except for the Xyl content, the levels of most other 
monosaccharides were affected. Notably, the content of Man increased 
significantly, likely due to the complex composition of polysaccharides 
and the non-disproportionate attack of uncontrolled free radicals (Yang, 
Zhang, et al., 2024; Zhu, Chen, Chang, Qiu, & You, 2023). Additionally, 
FVRPF showed a higher Glc content than FVRP. Since gut microbiota are 
better able to utilize glucose, FVRPF is hypothesized to have superior 
prebiotic activity compared to FVRP. Conversely, the Gal-UA content 
decreased considerably, which may indicate that glycosides linked to 
Gal-UA are more susceptible to targeted free radical attacks, leading to 
the loss of some small polysaccharide molecules containing Gal-UA 
during dialysis (Yao et al., 2022). These findings suggest that while 
FVRPF prepared via ultrasonic-assisted H2O2-Fe3+ degradation retained 
the same chemical and monosaccharide composition as FVRP, the pro-
portions of monosaccharides were significantly altered. Compared with 
FVRP, FVRPF showed lower Mw, particle size, and PDI, but higher zeta 
potential. In general, the ultrasonic-assisted H2O2-Fe3+ method had a 
notable impact on the physicochemical properties of polysaccharides.

3.2. FT-IR assay of FVRPF

The absorption peaks of FVRPF were observed at approximately 
3498 cm− 1, 2928 cm− 1, 1639 cm− 1, 1420 cm− 1, 1250 cm− 1, 1079 cm− 1, 
1034 cm− 1, 808 cm− 1, 766 cm− 1, and 624 cm− 1 (Fig. 1C), which align 

with the previously reported results for FVRP (Liu et al., 2022). FVRPF 
exhibited infrared characteristic peaks similar to those of FVRP (Yao 
et al., 2024), indicating that ultrasonic-assisted H2O2-Fe3+ degradation 
did not alter the primary functional groups of FVRP but, disrupted some 
glycosidic bonds (Yao et al., 2024). Similarly, Wang et al. reported no 
differences in the main functional groups and chemical bonds between 
LP and DLP when employing ultrasonic-assisted H2O2 degradation of 
Longan polysaccharide (Wang, Xue, et al., 2024), which is consistent 
with our results. Hence, the ultrasonic-assisted H2O2 method was shown 
to have a certain effect on the physicochemical characteristics of poly-
saccharides without altering the main structure of polysaccharide.

3.3. Antioxidant ability assay

The in vitro antioxidant activities of FVRP and FVRPF were evalu-
ated. The ABTS free radical scavenging assay is a commonly employed 
method to assess total antioxidant capacity (Yuan et al., 2023). DPPH, a 
stable lipophilic free radical, is widely used for assessing the antioxidant 
activity of various substances. Hydroxyl radicals, which are among the 
most prevalent free radicals, are considered to be destructive to nearly 
all biomolecules in living cells (Qi et al., 2024; Zhai et al., 2024). The 
results demonstrated that the in vitro antioxidant activity of FVRPF was 
notably higher than that of FVRP, with both exhibiting a dose-dependent 
increase (Fig. 2). The antioxidant activities of polysaccharides are 
closely associated with the Mw, monosaccharides, and chemical 
composition. Polysaccharides with lower Mw are thought to offer a 
larger surface area and greater opportunities for interactions with free 

Fig. 2. Antioxidant activity of FVRPs. ABTS radical scavenging activity (A), DPPH radical scavenging activity (B), Reducing power (C), Hydroxyl radical scavenging 
activity (D).
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radicals, thereby enhancing their antioxidant activity (Yan et al., 2021). 
Consistent with previous findings, FVRPF exhibited stronger antioxidant 
activity compared to FVRP (Liu et al., 2022; Yao et al., 2024). Therefore, 
the ultrasonic-assisted H2O2-Fe3+ technique enhanced the antioxidant 
properties of FVRP.

The cytotoxicity of heavy metals is primarily attributed to an in-
crease in endogenous oxidative stress (Shi, Zou, Chen, Zheng, & Ying, 
2016). A yeast model for oxidative damage induced by heavy metals can 
be employed to evaluate the antioxidant capabilities of active com-
pounds (Henkler, Brinkmann, & Luch, 2010). In this study, the viability 
of yeast was tested to assess the protective effects of FVRPs against 
oxidative damage induced by CuSO4. To further evaluate the antioxi-
dant potential of FVRPF, we measured levels of NO and ROS, total 
antioxidant capacity, and the activities of SOD and GSH-Px. The OD600 
results illustrated that FVRPF notably alleviated the toxicity of CuSO₄, 

exhibiting similar efficacy to the positive drug Vc. Additionally, FVRP 
significantly promoted the growth of yeast cells, though the improve-
ment effect was considerably lower than that of FVRPF (Fig. 3A). The 
growth patterns observed on PDA plates were consistent with the OD600 
results (Fig. S1).

Compared with the CK group, the NO content in the CuSO4 group 
was markedly elevated, further indicating that the damage was induced 
by CuSO4. After treatment with FVRP and FVRPF, the NO content was 
more significantly reduced by FVRPF than by FVRP (Fig. 3B). The 
overproduction of ROS can result in oxidative stress and cellular damage 
and is commonly used as an indicator of oxidative stress in living cells 
(Wu et al., 2022). Both FVRP and FVRPF demonstrated a significant 
ability to reduce ROS levels in yeast cells damaged by CuSO4; however, 
FVRP exhibited a significantly greater effect than FVRPF (Fig. 3C). SOD 
is a critical antioxidant enzyme that plays an essential role in protecting 

Fig. 3. In vivo activity of FVRPF. Effects of FVRPF on cell density of yeast cells at OD600 under CuSO4 stress (A), NO content (B), ROS content (C), SOD activity (D), T- 
AOC activity (E), GSH-Px activity (F). 
Note: Different letters indicate significant differences between samples (P < 0.05).
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cells from oxidative stress (Chai et al., 2018). This study showed that 
both FVRP and FVRPF significantly enhanced SOD activity in yeast cells 
compared with the model group, with FVRPF demonstrating a signifi-
cantly stronger effect (Fig. 3D). Furthermore, FVRPF significantly 
improved total antioxidant capacity and GSH-Px activity in yeast cells 
damaged by CuSO₄ (Fig. 3E, F), consistent with its effects on SOD ac-
tivity. These findings indicate that, compared to FVRP, FVRPF exhibited 
a stronger capacity to reduce the production of NO and ROS,improve 
SOD activity, GSH-Px, and total antioxidant capacity in CuSO4-induced 
yeast cells.

Polysaccharides have been extensively studied as dietary antioxi-
dants due to their potential to improve health by neutralizing free rad-
icals (Guo, Deng, et al., 2024). Some studies have reported a negative 
correlation between the antioxidant capacity of polysaccharides and 
their Mw (Lee et al., 2024; Tao et al., 2024). Low-Mw polysaccharides 
are believed to possess more reduced hydroxyl groups, a larger surface 
area, and greater opportunities for interaction with free radicals (Li, Lei, 
et al., 2024). Additionally, the antioxidant activity of polysaccharides is 
influenced by their functional groups, chemical composition, and spatial 
configuration (Chen et al., 2023; Yang, Tao, et al., 2024; Zhang, Wang, 
et al., 2024). Degradation may also lead to the release of electrophilic 
groups and generating polysaccharides with more reduced hydroxyl 
groups capable of targeting and reacting with active free radicals (Yang, 
Tao, et al., 2024). In the present study, compared to FVRP, FVRPF 
exhibited a lower Mw, particle size, and PDI, as well as stronger 

antioxidant activity. In summary, ultrasonic-assisted H2O2-Fe3+ degra-
dation improved the antioxidant activity of polysaccharides derived 
from FVR. This method represents a novel approach for developing 
polysaccharides with improved antioxidant properties in the future.

3.4. Fermentation characteristics of FVRPF

3.4.1. Changes in physicochemical characteristics and in vitro antioxidant 
ability of fermentation broth

The gut microbiota plays a crucial role in human health, particularly 
in immune system function and energy metabolism (Zhang et al., 2024). 
Generally, the gut microbiota can degrade indigestible polysaccharides 
to produce energy (Wang, Zhang, et al., 2024; Xu et al., 2019). The 
prebiotic activity of polysaccharides is closely associated with their 
utilization by probiotics and depends on various physicochemical 
properties, chemical composition, and structural characteristics of 
polysaccharides, such as the Mw and chemical composition of poly-
saccharides (Fan et al., 2024; Wang, Xu, et al., 2024). To investigate the 
utilization of FVRPF by human gut microbiota (Li et al., 2022), an in vitro 
fecal fermentation model was employed. The physicochemical proper-
ties and structural changes of FVRPF were also examined during in vitro 
fermentation. Fig. 2 illustrates the changes in the chemical composition 
of FVRPF during human fecal fermentation. The polysaccharide content 
in the fermentation broth of the CK group, FOS group, and FVRPF group 
decreased markedly with prolonged fermentation time (Fig. 4A). Among 

Fig. 4. Total polysaccharide content (A), reducing sugar content (B), uronic acid content (C), and SCFAs content (H) of FVRPF after in vitro fermentation. 
Note: Different lowercase letters indicate significant differences between samples at different times (P < 0.05), and different uppercase letters indicate significant 
differences between different samples at the same time (P < 0.05).
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them, the polysaccharide content in the fermentation broth of the FVRPF 
group exhibited a significant decline after 48 h of fermentation, 
implying that FVRPF is readily degradable by human gut microbiota. 
The gut microbiota may hydrolyze FVRPF through glucoside hydrolase 
activity, producing reducing sugars that provide a continuous supply of 
carbon source for the gut microbiota. Moreover, the utilization of 
polysaccharides by the gut microbiota resulted in changes in the con-
centrations of CR and carbohydrates (Wei et al., 2024). In the FVRPF 
group, CR content decreased significantly at 6 h and increased signifi-
cantly at 48 h (Fig. 4B). Therefore, this pattern in the reducing sugar 
content during fermentation aligns with previous research findings 
(Zhang, Zhu, et al., 2024). Furthermore, the uronic acid content in the 
24 h fermentation broth across all groups showed a significant decrease. 
In the FVRPF group, the uronic acid content in fermentation broth 
increased significantly between 0 and 12 h, but then exhibited a 
downward trend, ultimately decreasing by 23 % at 48 h (Fig. 4C). 
Herein, we speculate that FVRPF is degraded and utilized by human gut 
microbiota, with its utilization rate increasing as fermentation time 
progresses.

The in vitro antioxidant capacities of FVRPF in the fermentation 
broth were evaluated based on reducing ability, DPPH scavenging rate 
and ABTS scavenging rate. As shown in Fig. 5, the ABTS scavenging 
activity, reducing ability, and DPPH scavenging activity of the CK group, 
FOS group, FVRP group, and FVRPF group all increased notably with 
prolonged fermentation time (Fig. 5A–C). After 48 h of in vitro 

fermentation, the ABTS scavenging activity and reducing power of the 
FVRPF group were considerably stronger than those of the other three 
groups. Notably, the reducing power of FVRPF exhibited an upward 
trend throughout the fermentation process, surpassing the levels 
observed in the other groups. Additionally, the DPPH scavenging ac-
tivity of FVRPF was comparable to that of the FOS group as fermentation 
time progressed. These results indicate that the in vitro antioxidant ca-
pacities of FVRPF improved significantly during the fermentation pro-
cess and were significantly higher than those of FVRP (Zhang, Chen, 
et al., 2024). This suggests that the degradation process enhances the in 
vitro antioxidant properties of polysaccharides, aligning with findings 
from previous research (Yan et al., 2021).

3.4.2. FT-IR assay
Polysaccharides were extracted from the fermentation broth of 

FVRPF at different fermentation time, and their FT-IR spectral changes 
were analyzed to elucidate their degradation properties by in vitro gut 
microbiota. The FT-IR results demonstrated that the FT-IR spectra of 
FVRPF after in vitro fermentation remained largely consistent (Fig. 5D). 
This finding suggests that the main chemical structure of FVRPF was 
stable and not degraded by human gut microbiota during simulated in 
vitro fermentation, aligning with results from previous studies (Sun 
et al., 2024; Zhang, Zhu, et al., 2024). Furthermore, the FT-IR analysis of 
the in vitro fecal fermentation of polyspermous polysaccharides exhibi-
ted similar spectral absorption bands throughout the fermentation 

Fig. 5. ABTS radical scavenging ability (A), reduction ability (B), DPPH radical scavenging ability (C), and FT-IR spectrum (D) of FVRPF after in vitro fermentation. 
Note: Different lowercase letters indicate significant differences between samples at different times (P < 0.05), and different uppercase letters indicate significant 
differences between different samples at the same time (P < 0.05).
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process (0–48 h). This indicates that in vitro fermentation did not affect 
any other structure, apart from the disruption of glycosidic bonds (Chen 
et al., 2024).

3.4.3. pH change of fermentation broth
The variation in pH is a critical indicator in the polysaccharide 

fermentation process (Gao et al., 2024a). The pH changes in the 
fermentation broth over time are displayed in Fig. S2. The pH values of 
the CK, FOS, and FVRPF groups all exhibited a downward trend as the 
fermentation process progressed. Compared with that of the CK group, 
the pH value of the FOS group decreased significantly. Similarly, the pH 
value of the FVRPF group was lower than that of the CK group after 24 h 
of fermentation. The in vitro fecal fermentation of oolong tea 

polysaccharides also showed a marked decrease in pH after fermentation 
(Wu, Huang, et al., 2022). This outcome suggests that treatment with 
FVRPF promotes the generation of substantial amounts of acidic me-
tabolites. Previous research has proved that pH changes during simu-
lated in vitro fermentation are closely associated with the production of 
SCFAs, thereby reducing the pH of the surrounding environment (Guo 
et al., 2022). Furthermore, a mildly acidic environment can improve the 
proliferation of beneficial gut microbiota while inhibiting the growth of 
harmful gut microbiota (Wu et al., 2022). Therefore, FVRPF might 
exhibit physiological activities that support intestinal health.

3.4.4. Changes in SCFAs after in vitro human fecal fermentation
Most polysaccharides are resistant to digestion by the human 

Fig. 6. The relative abundance of the gut microbiota at the phylum level (A), the relative abundance of bacterial community at the genus level (B), functional 
predictions for gut microbiota (C).
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digestive tract and reach the cecum and colon (Gao et al., 2024b). There, 
they can be degraded and utilized by specific gut microbiota to produce 
SCFAs, which play a crucial role in regulating intestinal pH and sup-
porting the function of intestinal epithelial cells (Guo et al., 2022). 
SCFAs, the primary metabolites generated from gut bacterial fermen-
tation of prebiotic polysaccharides, are essential for maintaining intes-
tinal health. Fig. 4D presents the SCFA content in the CK, FOS, and 
FVRPF groups after 48 h of fecal fermentation. The results indicate that 
the total SCFA levels across the groups followed the order: FOS > FVRPF 
> CK, consistent with the observed pH values in each group. The CK 
group only produced one type of Acetic acid. FOS group primarily 
produced Propanoic acid and Acetic acid. In contrast, the FVRPF group 
was predominantly enriched in Propanoic acid, Acetic acid, Isobutyric 
acid, N-Butyric acid, and Isovaleric acid. Among these, Acetic acid, one 
of the most common SCFAs in peripheral circulation, is absorbed by 
colonic epithelial cells to provide energy for multiple organs and tissues 
(Ferreira-Lazarte, Moreno, Cueva, Gil-Sánchez, & Villamiel, 2019). 
Additionally, Acetic acid is the primary end product of the fermentation 
processes carried out by bifidobacteria and lactic acid bacteria (Hu et al., 
2023). Propanoic acid, a major energy substrate for intestinal epithelial 
cells, not only influences liver and cholesterol metabolism, appetite 
suppression, immune regulation, and energy homeostasis but may also 
enhance systemic insulin sensitivity (Fu et al., 2019; Wang et al., 2019). 
Similarly, N-Butyric acid serves as a predominant energy source for in-
testinal epithelial cells and plays a critical role in mitigating diabetes, 
regulating host gene expression, and influencing cell differentiation and 
apoptosis (Guan et al., 2020; Ziegler, Kerimi, Poquet, & Williamson, 
2016). FVRPF exhibited a similar trend in SCFA changes to FVRP, which 
has been demonstrated to possess prebiotic activity (Zhang, Wang, et al., 
2024). In addition, the production of Propionic acid is primarily driven 
by the fermentation of Glc and Man, whereas the fermentation of Gal 
and Man notably enhances N-Butyric acid levels (Fu et al., 2018). 
Elevated levels of Propionic and Butyric acids have been shown to be 
associated with the utilization of Man and Gal (Li, Lei, et al., 2024). 
Considering the monosaccharide composition of FVRPF (Table 1), these 
findings suggest that the increased SCFA production may be attributed 
to the high consumption of Gal and Man in FVRPF. Overall, these results 
indicate that FVRPF holds promising potential for enhancing the pro-
duction of SCFAs, possibly by promoting Propionic acid synthesis and 
acidifying the intestinal environment, thereby contributing to the 
regulation of intestinal immunity.

3.4.5. Influence of FVRPF on the diversity of human gut microbiota
The gut microbiota plays a role in energy collection and storage, 

various metabolic functions, and immunomodulation, thereby signifi-
cantly influencing human health and disease (Clemente, Ursell, Parfrey, 
& Knight, 2012; Li, Wang, Wang, Hu, & Chen, 2016). As dietary com-
ponents, polysaccharides can modulate gut microbiota and SCFA levels, 
thereby promoting the growth of microbiota, regulating the human 
circulatory system, and contributing to overall health (Duque et al., 
2021). Therefore, to investigate the effects of FVRPF, high-throughput 
sequencing was conducted to examine the influence of FVRPF on gut 
microbiota after 48 h of fermentation.

Alpha diversity was evaluated using the Shannon, ACE, Simpson, 
Chao1, and Sobs indices (Fig. S3A–E). The Chao1, ACE, and Sobs indices 
are typically influenced by species abundance, while the Shannon and 
Simpson indices reflect community diversity (Grice et al., 2009). 
Fig. S3A–E illustrate changes in these indices for evaluating alpha di-
versity. With increasing sequencing depth and sample size, the Shannon, 
Simpson, and Sobs-based curves tended to plateau, indicating that the 
gut microbiota data were reliable and sufficient. Notably, the FVRPF 
group showed slightly higher Shannon, Simpson, and Sobs indices 
compared with the other groups. Thus, FVRPF had a more favorable 
effect on maintaining the richness and diversity of gut microbiota, 
aligning with previous research (Zhang, Wang, et al., 2024). To assess 
beta diversity in the gut microbiota, principal coordinate analysis 

(PCoA) was performed to examine correlations among gut microbiota 
structures across different groups at the OTU level (Luo et al., 2023). 
PCoA1 and PCoA2 accounted for 61.53 % and 35.21 % of the variance in 
sample composition, respectively (Fig. S3F). Distances between the CK, 
FOS, and FVRPF groups were greater, while distances within the same 
group were closer, indicating marked differences in the composition of 
gut microbiota among groups. This reflects the response of gut micro-
biota to different carbon sources, consistent with findings from previous 
studies (Peng et al., 2024). In summary, these results indicate that 
FVRPF plays a significant role in modulating the structure of gut 
microbiota.

3.4.6. Impact of FVRPF on the composition of gut microbiota
The effect of FVRPF on gut microbiota composition was investigated 

using 16S rDNA sequencing analysis. The distribution of microbial 
composition at the phylum level after 48 h of fermentation is shown in 
Fig. 6A. The predominant microorganisms in the CK group were Pro-
teobacteria, Firmicutes, Bacteroidota, and Fusobacteria, consistent with 
previous findings (Hu et al., 2023). In the FOS group, the dominant 
microbiota were Proteobacteria, Firmicutes, and Bacteroidota compared 
with the CK group. Specifically, the relative abundance of Firmicutes in 
the FOS group was markedly increased, while the relative abundance of 
Proteobacteria and Bacteroidota was significantly decreased. Notably, the 
relative abundance of Bacteroidota in the FOS group was lower than in 
the CK group, potentially due to the lower pH after 48 h of fermentation. 
For example, the relative abundance of Bacteroidetes was higher in the 
FOS group (Wu et al., 2021). Meanwhile, the relative abundances of 
Firmicutes and Fusobacteria in the FVRPF group exhibited a slight in-
crease compared with the CK group, while the levels of Proteobacteria 
and Bacteroidota were slightly lower than those observed in the CK 
group. Firmicutes have been shown to produce SCFAs through the 
fermentation of carbohydrates (Tawfick, Xie, Zhao, Shao, & Farag, 
2022), which may explain the higher SCFA content observed in the 
FVRPF group compared to the CK group (Fig. 4D). Proteobacteria is the 
most distinct bacterial phylum and is common in healthy human fecal 
microbiota. An excessive presence of Proteobacteria in the gut can lead to 
microbiota imbalances, leading to low-grade inflammation (Huang 
et al., 2020). Fusobacteria, known as pathogenic bacteria, tend to in-
crease in response to nutritional deficiencies and are closely associated 
with the development of gastric cancer (Xu, Chen, Liu, & Cheong, 2020). 
Bacteroidota, a major beneficial gut microbiota, plays a key role in SCFA 
production through the fermentation and utilization of polysaccharides 
(Liu et al., 2021). According to reports, Bacteroidota degrade and utilize 
polysaccharides via a series of carbohydrate-active enzymes, including 
glycoside hydrolases and polysaccharide hydrolases. The metabolites 
derived from polysaccharide fermentation can, in turn, be utilized by 
other gut microbiota (Guo et al., 2024). Additionally, Bacteroidota can 
act as an anti-inflammatory agent. Contributing to the maintenance of 
gut microbiota, improved metabolism in obese individuals, and 
enhanced immune function. Moreover, variations in microbiota 
composition at the genus level were also evaluated (Fig. 6B). The 
abundances of Fusobacterium, Escherichia/Shigella, Parabacteroides, and 
Pseudomonas were higher in the FVRPF group compared with both the 
CK and FOS groups. On the contrary, the abundance of Alcaligenes in the 
FVRPF group was notably lower than that in the CK and FOS groups, 
while the abundance of Bacteroides was remarkably lower in the CK 
group but higher than in the FOS group. Alcaligenes has been implicated 
in peritonitis (Wang et al., 2018). Nevertheless, the higher abundance of 
Escherichia-Shigella in the FVRPF group may result from the utilization 
and absorption of carbon substances with low Mw by Escherichia- 
Shigella, which promotes its growth (Guan et al., 2022). This phenom-
enon suggests that Escherichia-Shigella becomes the dominant bacterial 
colony following FVRPF fermentation. These results demonstrate that 
FVRPF has the potential to modulate the composition and abundance of 
gut microbiota in in vitro fermentation systems.
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Fig. 7. Histogram showing LDA-based distribution (A), and Cladogram (B).
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3.4.7. LEfSe analysis
Different microbial communities generated during in vitro fermen-

tation were examined using LEfSe and LDA analyses (Fig. 7A, B). A total 
of 48 genera had LDA scores above 4.0, with 15, 6, and 27 species 
identified in the CK, FOS, and FVRPF groups, respectively, showing 
significant differences among the groups. In addition, Bacteroides and 
Parabacteroides were the predominant bacteria in the FVRPF group, 
while Firmicutes dominated the FOS group. Both Bacteroidota and Par-
abacteroides are beneficial bacteria with a strong capacity to degrade 
polysaccharides (Zhang et al., 2021). They are also major producers of 
SCFAs, same as Firmicutes (Liu et al., 2021). These microbial commu-
nities likely contribute to the overproduction of SCFAs in the FOS and 
FVRPF groups (Fig. 4D).

Parabacteroides mitigates obesity and metabolic dysfunction by 
producing secondary bile acids and succinic acid (Li et al., 2022). Bac-
teroidota can utilize the succinate pathway to produce Propanoic acid 
(Chen et al., 2018). Hence, the increased abundance of Bacteroidota and 
Parabacteroides may be attributed to the accumulation of Propanoic acid 
in the FVRPF group, consistent with FVRP (Zhang, Chen, et al., 2024). 
Mori Folium polysaccharides (MP) have been shown to regulate gut 
microbiota composition and promote the proliferation of beneficial 
bacteria in an in vitro fermentation model (Zhang, Zhu, et al., 2024). 
These results suggest that FVRPF has the potential to modulate gut 
microbiota balance and promote the growth of specific probiotics.

3.4.8. Prediction of metabolic function of gut microbiota
KEGG is an integrated database that connects genomes, biological 

pathways, diseases, and drugs. It is commonly used for annotating the 
functions of gut microbiota (Hu et al., 2021; Zhou, Chen, Sun, Li, & 
Huang, 2019). Compared with the CK and FOS groups, the FVRPF group 
demonstrated significant upregulation of metabolic pathways, such as 
amino acid metabolism, metabolism of cofactors and vitamins, energy 
metabolism, signal transmission, xenobiotics biodegradation and 
metabolism, endocrine system, and cell growth and death. In contrast, it 
exhibited significantly downregulated carbohydrate metabolism, mem-
brane transport, biosynthesis of other secondary metabolism, lipid 
metabolism, folding, sorting, and degradation, and metabolism of other 
amino acids (Fig. 7B). The KEGG analysis indicated that polysaccharides 
utilized by human gut microbiota increase metabolic enzyme activity, 
primarily those involved in amino acid metabolism, factors and vita-
mins, and energy metabolism (Li et al., 2020). Additionally, Bacter-
oidota, a key genus involved in host amino acid metabolism, reduces 
host cardiovascular injury by promoting the accumulation of branched- 
chain amino acids (Qiao et al., 2022). Alterations in lipid metabolism 
within the intestinal microbiota are closely associated with host meta-
bolic syndrome (Li et al., 2020). These metabolic processes may accel-
erate energy production and conversion while enhancing the host's 
defense mechanisms. The functional prediction results suggest that 
FVRPF enhances biosynthesis and metabolic processes, accelerates en-
ergy production and conversion in the body, and helps stabilize host 
defense mechanisms.

4. Conclusion

In this study, the ultrasonic-assisted H2O2-Fe3+ method was 
employed to investigate the chemical composition, antioxidant capacity, 
and prebiotic properties of FVRPF, a product derived from the degra-
dation of FVRP. Compared with FVRP, the main functional groups of 
FVRPF remained unchanged, although the proportions of its chemical 
and monosaccharide compositions were altered. Moreover, the Mw, 
particle size, and PDI of FVRPF decreased, while the zeta potential 
increased compared with FVRP. Notably, FVRPF exhibited significantly 
higher antioxidant capacity than FVRP. In addition, FVRPF demon-
strated a degree of stability and exhibited a significant improvement in 
antioxidant activity during in vitro human fecal fermentation. Simulta-
neously, FVRPF influenced the composition and abundance of gut 

microbiota, promoted the growth of specific probiotics, and increased 
the production of SCFAs during in vitro fermentation. It might enhance 
intestinal defense mechanisms, as indicated by KEGG analysis. There-
fore, FVRPF has potential as a natural antioxidant or novel prebiotic 
dietary ingredient for regulating gut health by improving the gut 
microbiota environment, offering promising applications in the food, 
cosmetic, and pharmaceutical industries. However, further systematic 
research is needed to elucidate the specific changes in human gut 
microbiota and the metabolic processes influenced by FVRPF.
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