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A B S T R A C T

Dictyophora rubrovalvata is a valuable edible fungus, while research on its bioactive components has primarily 
focused on the fruiting body, other parts, notably the discarded volva colloid, remain underexplored. In order to 
explore the skin protection of polysaccharides from volva colloid, herein, polysaccharides from the fruiting body 
(IP), pileus (FP), and volva colloid (VP) were extracted. Rheological assessment indicated pseudoplastic behavior 
for all three polysaccharides, while VP showed the fastest recovery to its original state, displaying weak gel 
property and sol-gel transition ability. Furthermore, IP, FP and VP effectively mitigated UVB-induced cytotox
icity in human skin fibroblasts (HSFs). All polysaccharides significantly enhanced cellular antioxidant capacity, 
evidenced by elevated levels of SOD, CAT, and GSH-Px, alongside reduced MDA and ROS production. Notably, 
VP conferred the strongest protection against UVB-induced skin photoaging. RNA-sequencing analysis implicated 
the regulatory role of VP in the TNF pathway as a key mechanism underlying this superior photoprotection. The 
unique properties and bioactivities of D. rubrovalvata discarded volva polysaccharides provide a basis for the 
development of D. rubrovalvata waste.

1. Introduction

Skin photoaging refers to the premature aging of skin structures 
resulting from chronic exposure to ultraviolet (UV) radiation, driven 
primarily by alterations in cellular metabolism and oxidative stress due 
to changes in enzymatic activities [1–3]. Additional contributing factors 
include inflammation, disruption of skin barrier homeostasis, collagen 
denaturation, and abnormal pigmentation [4]. It is widely recognized 
that reactive oxygen species (ROS) generated by UV radiation act as a 
unifying pathogenic element in these processes [5]. ROS can deplete the 
skin's endogenous antioxidant defense systems and activate signaling 
pathways associated with cell growth, differentiation, senescence, and 
degradation of the extracellular matrix in dermal fibroblasts [5–7]. The 
adverse effects of photoaging (such as telangiectasia, dyspigmentation, 
skin dryness, laxity, wrinkle formation, and even precancerous lesions) 
have spurred growing demand for effective interventions. 

Unfortunately, no pharmaceutical agents have yet been developed that 
fully counteract UVA-induced photoaging [8]. In recent years, various 
natural bioactive compounds have shown promise in the prevention and 
treatment of skin photoaging with fewer adverse effects. Examples 
include tea polyphenols [9], marine-derived bioactive peptides [10], 
seaweed extracts [11], and polysaccharides. For example, dendrobium 
officinale polysaccharides could achieve photoaging protection by 
inhibiting oxidative stress, alleviating cell cycle arrest and apoptosis 
[12]. Inonotus obliquus polysaccharides inhibited oxidative stress- 
induced premature aging and DNA damage, and promoted skin health 
[13]. However, the widespread application of such natural products is 
often limited by high production costs. Thus, there is an urgent need to 
identify low-cost, naturally derived active ingredients that can effec
tively support skin health.

Dictyophora rubrovalvata is characterized by its distinctive structure, 
which includes a spongy stipe, a bell-shaped pileus, and a delicate net- 
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like skirt. During its developmental stages, the fungus is enclosed within 
a gelatinous, egg-like volva, which is typically discarded upon matura
tion of the fruiting body, leading to significant resource wastage. Despite 
this, D. rubrovalvata has attracted attention for its nutritional and me
dicinal value [14–16]. These polysaccharides from the D. rubrovalvata 
fruiting body can effectively improve intracellular nucleic acid and 
glycogen metabolism [17]. Huang et al. [18] indicated that 
D. rubrovalvata polysaccharides possessed immunoactivity by balancing 
the excessive inflammation, and molecular weight is an important factor 
affecting immunoactivity. However, most investigations have focused 
exclusively on polysaccharides from the fruiting body, while those from 
the pileus and the volva (often considered agricultural waste) remain 
poorly studied. In particular, systematic research on the physicochem
ical and structural properties of polysaccharides derived from the volva 
of D. rubrovalvata is still lacking.

Accordingly, this study aims to explore the structural characteristics 
and anti-photoaging activities of polysaccharides extracted from 
different parts (including pileus, fruiting body, and volva colloid) of 
D. rubrovalvata, with a specific focus on the underutilized volva. 
Furthermore, we investigated the potential mechanism by which volva- 
derived polysaccharides exert their anti-aging effects. This work pro
vides a scientific foundation for the value-added utilization of 
D. rubrovalvata by-products.

2. Materials and methods

2.1. Materials

D. rubrovalvata was obtained from Shanghai Guosen Biotechnology 
Co., Ltd. (Shanghai, China). Human skin fibroblast (HSF) cell line was 
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). Glucose, glucuronic acid, anhydrous ethanol, trifluoroacetic 
acid, and phosphate-buffered saline (PBS) were supplied by Sinopharm 
Group Co., Ltd. DMEM medium, trypsin, and fetal bovine serum (FBS) 
were obtained from GIBCO (Carlsbad, USA). Superoxide dismutase 
(SOD) assay kit, catalase (CAT) assay kit, glutathione peroxidase (GSH- 
Px) assay kit, and malondialdehyde (MDA) assay kit were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All 
other chemicals and reagents used were of analytical grade.

2.2. Preparation of polysaccharides from different parts of 
D. Rubrovalvata

The mature D. rubrovalvata was separated into three parts: fruiting 
body, pileus, and volva. The fruiting body and pileus were dried and 
pulverized to obtain fruiting body powder and pileus powder. These 
powders were mixed with distilled water at a solid-to-liquid ratio of 1:10 
(w/v) and subjected to hot water extraction. The mixture was heated to 
100 ◦C with continuous stirring for 2 h, followed by centrifugation at 
8000 rpm for 20 min to collect the supernatant. For the volva, the purple 
outer skin and white inner membrane were removed to collect the inner 
colloid layer. The colloid was homogenized using a blender for 3–5 min 
and centrifuged at 8000 rpm for 20 min to collect the supernatant. The 
supernatants from the fruiting body, pileus, and volva were precipitated 
overnight at 4 ◦C using 50% ethanol. The resulting precipitates were 
centrifuged, washed three times with ethanol, and freeze-dried to obtain 
the polysaccharides from the fruiting body (IP), pileus (FP), and volva 
colloid (VP), respectively.

2.3. Determination the content of composition

The polysaccharide content was determined using the phe
nol‑sulfuric acid method [20]. The glucuronic acid content was 
measured using the sulfuric acid-carbazole method [21], and the protein 
content was quantified using the BCA assay kit.

2.4. Analysis of structural characteristics

2.4.1. Monosaccharide composition analysis
Based on a modified method from the reference [22, 23], 2 mg of the 

sample was placed in a pear-shaped flask and hydrolyzed with 3 mL of 2 
mol/L trifluoroacetic acid (TFA) at 110 ◦C for 4 h. The monosaccharide 
composition and molar ratio of the hydrolysis products were analyzed 
using high-performance anion-exchange chromatography (HPAEC).

2.4.2. Fourier transform infrared (FT-IR) spectroscopy analysis
2.0 mg of freeze-dried sample was scanned using an FT-IR spec

trometer. The spectra were collected in the range of 500–4000 cm− 1 

with a resolution of 4 cm− 1 and 64 scans [24].

2.4.3. Scanning Electron microscopy (SEM)
1 mg of crude polysaccharide from different parts of D. rubrovalvata 

was used for SEM analysis. The samples were gold-coated for 15 min and 
observed under an acceleration voltage of 0.5–30 kV at magnifications 
of 500× to examine their microstructures [25].

2.5. In vitro antioxidant activity

The scavenging capacity of DPPH radicals was determined based on 
the method reported by Mtetwa et al. [26], with slight modifications. 
0.1 mM DPPH solution was prepared and stored in the dark. Two sets of 
sample solutions with different concentrations were prepared: a sample 
group and a control group. The sample group was mixed with 1 mL of 
DPPH solution, the control group with 1 mL of absolute ethanol, and the 
blank group with 1 mL of distilled water instead of the sample solution, 
followed by the addition of 1 mL of DPPH solution. The mixtures were 
incubated in the dark at room temperature for 30 min, and the absor
bance was measured at 517 nm.

The 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) 
radical scavenging capacity was evaluated following the method re
ported [27], with slight modifications. A solution was prepared by 
mixing 5 mL ABTS (7 mM) and 5 mL potassium persulfate (2.45 mM), 
then the mixture was stood in the dark for 12 h. After that the mixture 
was diluted with pH 6.6 phosphate buffer to achieve an absorbance of 
0.7 at 734 nm (ABTS solution). 0.2 mL sample solution was mixed with 
2 mL of the ABTS solution and allowed to react in the dark for 6 min. The 
absorbance was measured at 734 nm.

2.6. Evaluation of rheological properties

The rheological properties of IP, FP, and VP were analyzed using a 
rheometer at 25 ◦C based on the previously reported method [28], with 
slight modifications. A cone-plate geometry (PP50) with a gap of 0.1 mm 
was employed.

2.6.1. Steady-state rheology
The steady-state flow behavior of IP, FP, and VP was evaluated at 

concentrations of 5 mg/mL and 10 mg/mL under a shear rate ranging 
from 0.1 to 1000 s− 1 [29]. The data were fitted to the power-law model 
to describe the flow behavior: 

τ = K γn 

where τ is the shear stress (Pa), γ is the shear rate (s− 1), K is the con
sistency coefficient (Pa⋅sⁿ), and nis the flow behavior index.

2.6.2. Viscoelastic behavior
To investigate dynamic oscillatory frequency scanning, IP, FP, and 

VP at different concentrations (5 and 10 mg/mL) were prepared and 
measured under 1% strain across a frequency range of 1–100 rad/s [30].
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2.6.3. Thixotropy
The shear rate was first increased from 0.1 s− 1 to 100 s− 1 and then 

immediately decreased back to 0.1 s− 1 at the same rate. During this 
process, the shear stress of each sample solution was recorded to fit the 
upward and downward flow curves. The thixotropic properties of IP, FP, 
and VP solutions at a concentration of 5 mg/mL were examined. The 
following formula is used to calculate the area of the hysteresis loop 
[31]: 

Hysteresis loop area =

∫γ1

γ2

k1(γ)n1
−

∫γ1

γ2

k2(γ)n2.

Where γ1 and γ2 represent the initial and final shear rates, k1and k2 are 
the consistency coefficients of the upward and downward curves, and n1 
and n2 are the flow behavior indices of the upward and downward 
curves, respectively.

2.7. Evaluation of the effects on UVB-induced skin Photodamage

2.7.1. Cell viability
Cell viability of HSF cells was assessed using an MTT assay [32]. HSF 

cells in the logarithmic growth phase were seeded into 96-well plates at 
a density of 1 × 104 cells per well, with 180 μL of medium added to each 
well. The plates were incubated at 37 ◦C in a humidified atmosphere 
containing 5% CO₂ for 24 h. After incubation, the supernatant was dis
carded, and the cells were washed twice with PBS. Subsequently, 20 μL 
of different sample concentrations (final concentrations of 5, 10, 25, 50, 
100, 200 and 400 μg/mL) were added to the corresponding wells. PBS 
(20 μL) was added to the control group. After 48 h of treatment, 20 μL of 
MTT solution (5 mg/mL) was added to each well, and the plates were 
incubated for an additional 4 h. The reaction was terminated by care
fully removing the medium, and 150 μL of dimethyl sulfoxide (DMSO) 
was added. The absorbance of each well was measured at 490 nm using a 
microplate reader.

2.7.2. Protective effects against UVB-induced skin Photodamage in HSF 
cells

Establishment of the UVB-induced skin photodamage model: HSF 
cells were cultured for 24 h following the procedure described in 2.7.1. 
After incubation, the medium was discarded, and added 50 μL of PBS to 
each well. A UV radiation meter was used to measure the radiation in
tensity of a UVB lamp (4 W, primary wavelengths ranging from 280 nm 
to 320 nm, with a peak at 308 nm) positioned 10 cm from the radiation 
surface [33]. The UVB exposure doses were calculated using the 
following formula: 

UVB Dose
(
mJ

/
cm2)=Radiation Intensity(mW/cm2)×Exposure Time(s)

Exposure doses were set at 0, 10, 20, 40, 60, and 80 mJ/cm2. Six 
replicates were prepared for each dose. During the irradiation of each 
group with a specific UVB dose in the 96-well plates, aluminum foil was 
used to cover the other groups to avoid cross-group variability. After 
UVB exposure, the PBS was discarded, and complete medium was added 
to the wells, followed by incubation for 24 h. The cell viability was 
calculated.

HSF cells were cultured for 24 h, 20 μL IP, FP, and VP at different 
concentrations (100, 200, and 400 μg/mL) were added to the cells. In the 
control (CON) group and the model (UV) group, 20 μL PBS was added. 
The cells were then incubated for another 24 h. After incubation, the 
culture medium was discarded, and cells in all groups were subjected to 
UVB irradiation at a dose of 40 mJ/cm2. Following irradiation, the PBS 
was discarded, and complete culture medium was re-added to the wells. 
The cells were further incubated for 24 h, and then the cell viability was 
determined.

2.7.3. Detection of ROS level
HSF cells were seeded into 24-well plates at a density of 1 × 105 

cells/well and cultured for 24 h. After discarding the supernatant, the 
treatment groups received IP, FP, and VP at different concentrations 
(100, 200, and 400 μg/mL), while the control group and the model 
group were treated with PBS. All groups were incubated for another 24 
h. Following incubation, cells were irradiated with UVB at a dose of 40 
mJ/cm2. After irradiation, the PBS was removed, and complete culture 
medium was re-added. The cells were then incubated for another 24 h. 
At the end of the incubation, the culture medium was replaced with 
DMEM containing 10 μM DCFH-DA. After a 20 min incubation, the 
fluorescence intensity within cells was quantified using flow cytometry. 
Fluorescence images of the cells were also captured using a fluorescence 
microscope [34].

2.7.4. Analysis of oxidative stress enzyme activities
The protein concentration was determined using a protein quantifi

cation assay kit. The activities of SOD (superoxide dismutase), CAT 
(catalase), and GSH-Px (glutathione peroxidase), as well as the MDA 
(malondialdehyde) content, were measured according to the corre
sponding kit instructions.

2.8. RNA-seq analysis

HSF cells with different treatments were collected, including cells in 
the control group (C), model group (M) and 400 μg/mL VP-treated group 
(VP). Total RNA was extracted from collected cell samples using the 
Trizol method [35]. Agilent 2100 and Nanodrop were used to determine 
RNA quality. After enriching the mRNA using magnetic beads and Oligo 
(dT), short fragments of the mRNA were created by adding fragmenta
tion buffer. Random hexamers were used for reverse transcription, and 
buffer, dNTPs, and DNA polymerase I were added to create two-stranded 
cDNA. After a series of purifications, repair, and amplification, the cDNA 
library was constructed. Using the Illumina high-throughput sequencing 
platform (HiSeqTM2500), the prepared libraries were sequenced using 
the PE150 strategy and then compared to the reference genome 
sequence using STAR (v2.5.2b). HTSeq software was used to analyze the 
gene expression levels of each sample to obtain FPKM (Fragments per 
kilobase of exon model per million mapped reads) values. Next, DESeq 
was used to determine the differentially expressed genes based on | 
log2(FoldChange)| > 1 and p value <0.05. GOSEq. (v1.22) and KOBAS 
(v2.0) were used to perform differential gene GO enrichment and KEGG 
enrichment analysis on the corrected p-value<0.05.

2.9. Statistical analysis

All experiments were performed at least three times, and data are 
presented as mean ± standard deviation (SD). Statistical significance 
between groups was analyzed using SPSS 26.0, with a P-value of <0.05 
considered significant. Graphs were generated using Origin 2023 soft
ware. Volcano plots were created using R language, and Venn diagrams 
were plotted using the Venny2.1 online tool.

3. Results

3.1. Monosaccharide composition

In this study, polysaccharides were extracted from three distinct 
parts of D. rubrovalvata, including the stipe (IP), pileus (FP) and volva 
colloid (VP) (Fig. 1A). The polydispersity index (Mw/Mn) used to eval
uate molecular weight distribution [36], ranged from 1.26 to 1.58 across 
the samples. Monosaccharide composition analysis indicated that all 
three polysaccharide fractions consisted of fucose, galactose, glucose, 
mannose, and glucuronic acid. Glucose was the predominant mono
saccharide in both IP and FP, whereas VP was characterized by high 
proportions of glucose and glucuronic acid. In addition, all samples 
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contained low levels of protein, with IP, FP, and VP being 4.4%, 8.9%, 
and 10.8%, respectively. Notably, the composition of VP differed 
considerably from that of the stipe and pileus polysaccharides. While 
previous studies have reported the presence of arabinose in stipe- 
derived polysaccharides of D. rubrovalvata [37], none was detected in 
the present extracts, a discrepancy that may be attributed to variations 
in cultivation conditions or raw material sources [38]. The distinct 
chemical profiles observed here, particularly the high glucuronic acid 
content in VP, suggest that polysaccharides from different parts of 
D. rubrovalvata may exhibit divergent bioactivities. This inference is 
consistent with earlier findings by Aremu et al. [39], which highlighted 
the influence of chemical composition on the pharmacological proper
ties of natural products.

3.2. Microstructure characteristics

3.2.1. Fourier transform infrared (FT-IR) spectroscopy analysis
The FT-IR spectra of IP, FP, and VP were showed in Fig. 1B. The three 

polysaccharides exhibited similar absorption profiles characteristic of 
common functional groups. A broad and intense peak around 3294 cm− 1 

was assigned to O–H stretching vibrations [40], while the signal at 
2912 cm− 1 corresponded to C–H stretching in methyl groups [41]. 
Additional characteristic peaks included the C––O stretching vibration 
at 1645 cm− 1, along with absorptions at 1405 cm− 1 and 1240 cm− 1, 
attributed to carboxyl group (–COOH) stretching and C–O vibrations, 
respectively [28]. A notable peak at 1024 cm− 1 was associated with the 
asymmetric stretching of D-pyranose rings and absorption from lactone 
and hydroxyl groups within the pyranose structure, consistent with 
typical glucan-related FT-IR features [42]. Despite these shared spectral 
characteristics, distinct differences were observed among the poly
saccharides. FP displayed a unique absorption peak at 1539 cm− 1, 

commonly linked to C––C stretching vibrations [43]. More notably, VP 
exhibited a characteristic peak at 1730 cm− 1, indicative of esterified 
carboxyl groups (–COOR) [44]. This finding is consistent with the higher 
uronic acid content previously identified in VP, supporting its distinct 
structural properties.

3.2.2. Scanning electron microscopy (SEM)
The SEM images of IP, FP, and VP were presented (Fig. 1C). The 

results revealed that polysaccharides from different parts of 
D. rubrovalvata exhibited a sheet-like distribution with dispersed struc
tures, resembling the morphology of other natural polysaccharides re
ported in previous studies [45]. The polysaccharide fragments of IP and 
FP appeared larger than those of VP, while the surface of VP poly
saccharides was rough and dense, with small porous structures. These 
pores provided a structural basis for the good water- and oil-holding 
capacities of polysaccharides [46]. In contrast, the surfaces of IP and 
FP polysaccharides were smoother and denser, with IP exhibiting the 
most compact surface.

3.3. Rheological properties

3.3.1. Steady-state rheology
The steady-state rheological properties of polysaccharides from 

different parts of D. rubrovalvata were evaluated. The high R2 values 
(>0.96) for all samples confirmed the suitability of the applied model for 
characterizing their flow behavior (Table 1). As the polysaccharide 
concentration increased from 5 to 10 mg/mL, the consistency index (K) 
rose, likely due to enhanced molecular entanglement and intermolecular 
interactions [48]. All samples exhibited flow behavior indices (n) below 
1, ranging from 0.168 to 0.364, confirming pseudoplastic characteristics 
[49]. Lower n values indicate more pronounced pseudoplastic behavior 

Fig. 1. Characterization of IP, FP and VP. (A). IP, FP and VP were extracted from the three different parts of D. rubrovalvata (B). FT-IR spectra and (C) SEM images 
of IP, FP and VP.
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[50]. Consistent with these findings, the apparent viscosity of IP, FP, and 
VP decreased with increasing shear rate (Fig. 2A, B), a hallmark of shear- 
thinning fluids [51]. This behavior arises from the disruption of inter
molecular associations (such as hydrogen bonds and van der Waals 
forces) under shear stress, leading to the breakdown of aggregated 
structures and a consequent drop in viscosity [28]. The shear-thinning 
response was concentration-dependent, with more pronounced effects 

at higher polysaccharide concentrations. In concentrated solutions, 
polysaccharide chains form a dynamic entangled network. While 
shearing disrupts existing entanglements, new interactions rapidly form, 
maintaining structural integrity [52], at higher concentrations, chain 
mobility becomes restricted, increasing interaction density and 
enhancing consistency and pseudoplasticity [53]. Moreover, the 
different flow states can be clearly observed here, especially the mo
lecular chains of IP were highly entangled at higher concentrations and 
were difficult to untie under shear, due to its high molecular weight. The 
dense network structure formed by entanglement significantly increases 
the viscosity of the solution, leading to an increase in molecular diffu
sion resistance. Comparatively, VP and FP exhibited more advantages in 
crossing the skin penetration barrier.

3.3.2. Viscoelastic behavior
The viscoelastic behavior of polysaccharide solutions from 

D. rubrovalvata was characterized by monitoring the storage modulus 
(G′) and loss modulus (G″) as functions of angular frequency (ω) [54]. As 

Table 1 
The apparent viscosity (shear stress-shear rate) test was fitted by the power-law 
model.

Concentration 
(mg/mL)

Sample Consistency 
coefficient (K)

Flow index (n) determination 
coefficients (R2)

5 IP 1.154 ± 0.049 0.266 ± 0.008 0.965
FP 0.109 ± 0.002 0.363 ± 0.004 0.996
VP 0.164 ± 0.002 0.364 ± 0.003 0.998

10 IP 5.529 ± 0.113 0.168 ± 0.004 0.970
FP 0.317 ± 0.006 0.276 ± 0.006 0.985
VP 0.865 ± 0.008 0.219 ± 0.003 0.994

Fig. 2. Rheological properties. (A) Apparent viscosity, (B) shear stress, (C-E) viscoelastic behavior and (F) thixotropic behavior of IP, FP and VP at different 
concentrations (5 and 10 mg/mL) at 25 ◦C.
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shown in Fig. 2C–E, both moduli increased with frequency for IP, FP, 
and VP. This rise in G′ reflects enhanced structural integrity, attributable 
to an increased number and size of junction zones, indicating strong 
deformation resistance in these polysaccharides [55]. Across the tested 
concentrations (5 and 10 mg/mL), G′ consistently exceeded G″ in all 
samples, demonstrating solid-like, elastic-dominated mechanical re
sponses [56]. IP, FP, and VP exhibited typical polymer concentration 
dependence. Within the frequency range of 0.1–10 rad/s, IP and FP 
showed minimal frequency dependence—a behavior consistent with 
rigid hydrogel networks having limited chain mobility [57]. It was re
ported that in strong or real gel, also G′ > G″, but the slope of the curves 
of G′ and G″ moduli was almost zero, and not dependent on frequency 
[58]. In contrast, VP at 10 mg/mL displayed a crossover point between 
G′ and G″ in the low-frequency region, indicating a transition from 
liquid-like to gel-like behavior beyond a critical frequency. Both moduli 
of VP increased markedly with frequency across concentrations, sup
porting its classification as a weak gel with substantial elastic character 
and the ability to form a cohesive network through interchain associa
tions [59]. Consequently, IP and FP possessed a rigid solid gel network, 
facing diffusion and absorption constraints and poor ductility. While VP 
exhibited a crosslinked viscoelastic gel network, which had shear thin
ning characteristics and was more conducive to transdermal absorption.

3.3.3. Thixotropy behavior
The thixotropic behavior of polysaccharides, reflected by the hys

teresis loop formed between the ascending and descending shear stress 
curves [60], indicates the extent of structural breakdown and recovery 
under shear [61]. A larger hysteresis area corresponds to stronger 
thixotropy and slower structural regeneration. In this study, the thixo
tropic properties of 5 mg/mL IP, FP, and VP were evaluated (Fig. 2F). 
The measured hysteresis loop areas were 10.386 ± 0.093 Pa/s for IP, 
1.457 ± 0.042 Pa/s for FP, and 1.118 ± 0.013 Pa/s for VP. VP exhibited 
the smallest hysteresis area, indicating that its gel-like structure un
dergoes rapid recovery after shear deformation [62]. In contrast, IP and 
FP formed denser and more persistent networks, as evidenced by their 
larger hysteresis areas, yet showed slower structural regeneration. These 
results confirm that VP possesses weak gel characteristics and reversible 
sol–gel transition behavior, suggesting its superior suitability for topical 
skin protection applications.

3.4. Protective effect against skin photodamage

3.4.1. Enhancement of cell viability of HSF cells induced by UVB 
irradiation

Ultraviolet B (UVB) radiation is a major environmental factor 
responsible for skin inflammation, premature aging, and carcinogenesis 

[63]. To evaluate the photoprotective potential of IP, FP, and VP, a 
cellular model of skin photodamage was established by exposing human 
hypertrophic scar fibroblasts (HSFs) to UVB irradiation (0–80 mJ/cm2). 
As illustrated in Fig. 3A, cell viability declined progressively with 
increasing UVB doses. A dose of 40 mJ/cm2 was selected for subsequent 
experiments, as it reduced cell viability to 57.53%, representing a sub
stantial yet sublethal injury suitable for assessing protective effects.

Prior to photoprotection assays, cytotoxicity of the polysaccharides 
was assessed. Treatment with IP, FP, and VP at concentrations up to 400 
μg/mL did not significantly impair HSF viability (all >80%, Fig. 3B), 
supporting their biocompatibility. Thus, concentrations of 100, 200, and 
400 μg/mL were chosen for further study. As shown in Fig. 3C, UVB 
exposure markedly decreased the viability of HSFs in the model group 
compared to the untreated control. However, pretreatment with IP, FP, 
or VP significantly attenuated this UVB-induced loss of cell viability in a 
dose-dependent manner. Notably, VP demonstrated superior protective 
efficacy compared to IP and FP, suggesting its enhanced potential in 
mitigating UVB-induced photodamage.

3.4.2. Amelioration of oxidative stress

3.4.2.1. Reduction of ROS level in HSF cells. The oxidative stress theory 
is widely recognized as a key mechanism in skin photoaging [64]. UVB 
irradiation disrupts the balance between reactive oxygen species (ROS) 
production and elimination, leading to oxidative damage that affects 
nucleic acids, proteins, and lipids, ultimately impairing cellular meta
bolism and skin function [65–68]. In this study, we first evaluated 
intracellular ROS levels in HSF cells following UVB exposure. As shown 
in Fig. 4A, UVB irradiation significantly increased ROS generation, 
whereas treatment with IP, FP, or VP effectively suppressed this in
crease, demonstrating the antioxidant capacity of these D. rubrovalvata 
polysaccharides. All three polysaccharides reduced ROS levels in a dose- 
dependent manner, with VP exhibiting the strongest effect across all 
concentrations tested, followed by FP. Previous studies have indicated 
that polysaccharides with lower molecular weights, such as hyaluronic 
acid and fucoidan, often show enhanced efficacy in mitigating skin 
photodamage [69,70]. Given that VP possesses a lower molecular 
weight compared to IP and FP, its superior ROS-scavenging ability may 
be attributed, at least in part, to this structural characteristic.

3.4.2.2. Enhancement of the enzymatic antioxidant defense system capac
ity in HSF cells. The intracellular redox balance is maintained by enzy
matic antioxidants such as GSH-Px, CAT, and SOD, which collectively 
neutralize free radicals and ROS to mitigate oxidative damage [71]. As 
shown in Fig. 4B–E, UVB irradiation significantly reduced the activities 
of SOD, CAT, and GSH-Px in HSF cells, while elevating MDA levels, 

Fig. 3. IP, FP and VP enhanced cell viability of HSF cells induced by UVB irradiation. Skin photodamage model induced by UVB was established (A). The toxic 
effects of different concentrations of IP, FP and VP on HSF (B), and the effects of IP, FP and VP on the activity of HSF damaged by ultraviolet (UVB). All values are 
presented as means ± SD (n = 3), there is a statistically significant difference between the other groups and UV group (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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indicative of oxidative stress. Treatment with IP and FP restored SOD 
activity to varying degrees, with VP demonstrating a dose-dependent 
enhancement. At 400 μg/mL, VP restored SOD activity to a level com
parable to that of the non-irradiated control. CAT activity was also 

ameliorated by polysaccharide treatment. While IP and FP showed the 
highest restoration at 100 μg/mL, VP exerted a dose-dependent pro
tective effect on CAT activity, outperforming the other two extracts in 
counteracting UVB-induced suppression. Similarly, VP treatment 

Fig. 4. IP, FP and VP reduced ROS and enhanced antioxidant enzyme level in HSF cells. The ROS level (A) in HSF cells were detected (200 ×). The activities of 
SOD (B), CAT (C), GSH-Px (D) and MDA(E) in HSF cells were explored. All values are presented as means ± SD (n = 3), there is a statistically significant difference 
between the other groups and UV group (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

Fig. 5. In vitro antioxidant activities of IP, FP, and VP. (A) DPPH radical scavenging activity and (B) ABTS radical scavenging activity. All values are presented as 
means ± SD (n = 3).
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resulted in a dose-dependent recovery of GSH-Px activity. In addition, 
both IP and VP reduced MDA accumulation in a concentration- 
dependent manner. Consequently, IP, FP and VP possessed excellent 
ability to improve skin antioxidant capacity, and VP exhibited better 
protective potential against UVB- induced skin photodamage.

3.4.2.3. Increase of the radical scavenging activities. The in vitro antiox
idant activities of IP, FP, and VP were evaluated using DPPH and ABTS 
radical scavenging assays. As depicted in Fig. 5A, all three poly
saccharides scavenged DPPH radicals in a dose-dependent manner, with 
VP showing the highest activity, followed by FP and IP. A similar dose- 
dependent trend was observed in the ABTS assay (Fig. 5B). Notably, all 
samples exhibited stronger scavenging effects against DPPH than ABTS 
radicals, which may reflect differences in the underlying radical- 
quenching mechanisms and the sensitivity of the assay systems 
employed [72]. Among the samples, VP demonstrated the most potent 

ABTS radical scavenging capacity. Antioxidant performance in poly
saccharides is known to be influenced by structural features such as 
glucuronic acid content, molecular weight, monosaccharide composi
tion, and glycosidic linkage patterns [73,74]. The superior antioxidant 
activity of VP observed in both assays is likely attributable to its higher 
glucuronic acid content. This aligns with existing literature indicating 
that elevated glucuronic acid levels enhance the bioactivity of poly
saccharides, thereby supporting the consistency and relevance of our 
findings.

3.5. The alleviate mechanism of UVB-induced skin photodamage

3.5.1. Differential gene expression analysis
Building on the observed photoprotective effects of D. rubrovalvata 

volva polysaccharide (VP) against UVB-induced skin injury, we per
formed RNA-seq to investigate the underlying molecular mechanisms. 

Fig. 6. Differential genes regulated by VP were screened. Compared with the C group, the number of differentially expressed genes (DEGs) induced by UVB was 
showed (A). Compared with the M group, the number of DEGs treated by VP was showed (B). Compared to the C group, VP intervention can downregulate 1004 DEGs 
(C) and upregulate 540 DEGs (D), restoring them to baseline levels.
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Differential gene expression analysis across the control (C), UVB- 
exposed model (M), and VP-treated (VP) groups revealed substantial 
transcriptomic changes. UVB exposure induced 10,841 differentially 
expressed genes (DEGs) relative to the control, with 5467 upregulated 
and 5374 downregulated. Importantly, VP treatment modulated 4284 
genes compared to the model group, among which 1544 genes (540 
upregulated, 1004 downregulated) exhibited a reversal of expression 
toward baseline levels (Fig. 6). These results indicate that VP mitigates 
UVB-induced photodamage by normalizing the expression of a broad set 
of genes, collectively representing potential key mediators of its pro
tective activity.

3.5.2. The key pathways of the protection against UVB-induced skin 
photodamage

To elucidate the functional mechanisms of VP, Gene Ontology (GO) 
enrichment analysis was conducted across three categories: Biological 
Process, Cellular Component, and Molecular Function. The results 
revealed that VP influenced processes including cellular metabolism, 
signal transduction, and response to stimuli; involved cellular structures 
such as intracellular components and protein complexes; and affected 
molecular functions like binding, catalytic activity, and transporter 

activity. These findings collectively outline the multidimensional bio
logical roles of VP in mitigating UVB-induced skin injury. KEGG 
pathway analysis further demonstrated that differentially expressed 
genes (DEGs) were significantly enriched in several key pathways 
associated with UVB-induced photodamage (Fig. 7). These included 
apoptosis, PI3K-Akt, NF-κB, MAPK, TNF, and cytokine-cytokine receptor 
interaction pathways, among others. Previous studies have established 
that UV irradiation triggers dysregulated apoptosis and inflammatory 
responses through aberrant activation of MAPK, NF-κB, and PI3K-Akt 
signaling, as well as disruption of the mTOR-autophagy axis. Our data 
thus suggest that VP may ameliorate UVB-induced damage by modu
lating pathways critical to apoptosis, inflammation, and immune 
regulation.

3.5.3. Interaction network of intersecting target genes
To elucidate the molecular network underlying the photoprotective 

effects of VP, we constructed a protein-protein interaction network using 
differentially expressed genes identified from key pathways, including 
the PI3K-Akt, NOD-like receptor, cytokine-cytokine receptor, TNF, and 
mTOR signaling pathways. The network was generated via the STRING 
database and visualized (Fig. 8A). Analysis revealed several hub genes 

Fig. 7. The KEGG annotation and enrichment of action was analyzed.
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Fig. 8. TNF pathway was the key to VP exerting the protective effects of skin photoaging. (A) PPI network of key differentially expressed genes. (B, C) 
Differential gene expression levels involved in the TNF pathway. All values are presented as means ± SD (n = 3), it is statistical significance between different letters.
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with high connectivity, such as TNF and NFKB1 (nuclear factor kappa B 
subunit 1), indicating their central regulatory roles in the VP-mediated 
response to UVB-induced skin injury. These findings align with prior 
KEGG enrichment results and existing literature, where NFKB1 is 
recognized as a key regulator of NF-κB activity. Notably, TNF displayed 
the highest node degree within the network, reflecting its pivotal posi
tion in a signaling cascade that modulates inflammation, apoptosis, and 
immune responses—processes known to be critically involved in UV- 
induced skin damage [75]. As illustrated in Fig. 8B and C, UVB expo
sure (model group) significantly upregulated the expression of TNF, 
RPS6KA4, and PIK3R2 compared to the control, while VP treatment 
effectively counteracted these changes. Moreover, VP significantly 
upregulated a panel of UVB-induced genes involved in TNF signaling, 
such as VEGFC, MLKL. These validation outcomes are consistent with 
the RNA-seq data, thereby reinforcing the credibility of our tran
scriptomic analysis. A schematic representation of the regulatory impact 
of VP on the TNF pathway is provided in Fig. 9. In summary, these re
sults indicate that VP mitigates UVB-induced skin photoaging through 
multi-target mechanisms, with the TNF signaling pathway serving as a 
central hub for its bioactivity.

4. Conclusion

This study presents a systematic comparison of the physicochemical 
properties and bioactivities of polysaccharides extracted from various 
parts of D. rubrovalvata, with particular focus on the underutilized volva 
colloid in contrast to the edible stipe and pileus. IP, FP and VP demon
strated protective effects against UVB-induced damage in HSF cells, as 
evidenced by the restoration of antioxidant enzyme activities and 
reduction in oxidative stress markers. Among them, VP displayed the 

most potent photoprotective capacity. Mechanistic investigation further 
revealed that VP alleviates UVB-induced skin photodamage primarily by 
modulating key cellular processes including apoptosis, inflammation, 
and immune response. The TNF signaling pathway was identified as a 
central mechanism through which VP exerts its repair effects. However, 
this study was conducted solely using in vitro cellular models, and 
therefore, the anti-photoaging effects of VP, IP, and FP have not yet been 
validated in animal or human skin models, which limits the direct 
translatability of our findings to clinical or real-world applications. 
Additionally, a more detailed structural elucidation, such as glycosidic 
linkage patterns, degree of branching, and fine chain conformation, 
remains to be performed, which would be essential for fully under
standing the structure-activity relationships underlying their bio
activities. In conclusion, the distinctive structural features and 
compelling bioactivities of VP underscore its potential as a valuable 
functional material, providing a scientific foundation for the high-value 
utilization of discarded D. rubrovalvata volva.
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