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ABSTRACT: Excessive ultraviolet B (UVB) exposure disrupt the skin barrier, provoking inflammation. This study 

investigated the protective effects of a degraded Sargassum fusiforme polysaccharide (DSFP-45) against 

UVB-induced barrier dysfunction in HaCaT keratinocytes and BALB/c nude mice. DSFP-45 significantly improved 

cell viability, reduced reactive oxygen species, and restored barrier-protiens (filaggrin, loricrin, and aquaporin 3) in 

UVB-irradiated HaCaT cells. It suppressed pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) by inhibiting the 

PI3K/Akt/NF-κB pathway. In vivo, oral and topical DSFP-45 alleviated erythema, reduced transepidermal water loss, 

preserved collagen and elastic fibers, normalized ceramide levels, and suppressed pro-inflammatory cytokines 

(TNF-α, IL-1β, and IL-6). The 16s rRNA sequencing showed that DSFP-45 increased beneficial skin microbiota 

(Staphylococcus and Lactobacillus), and reduced harmful taxa (Corynebacterium, Streptococcus, and 

Stenotrophomonas). Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway analysis showed that 

the skin microbiota under DSFP-45 treatment influence biosynthesis of amino acids and biosynthesis of secondary 

metabolites. These findings demonstrate that DSFP-45 protected against UVB-induced skin barrier damage by 

enhancing barrier protein expression, dampening inflammation, and possibly by modulating skin microbiota, 

supporting its potential as a natural anti-photodamage agent. 

Keywords: Sargassum fusiforme polysaccharide; UVB-induced photodamage; Skin inflammation relief; Skin barrier 

repair function; Skin microbiota modification; PI3K/Akt/NF-κB pathway. 

1. Introduction 

The skin is the body largest organ and serves as the primary barrier against environmental stressors, 

including ultraviolet (UV) radiation. Among UV wavelength, UVB (280-315) penetrates the epidermis and 

induces significant biomolecular damage, such as protein denaturation, lipid oxidation, and DNA lesions. 

These effects lead to excessive production of reactive oxygen species (ROS), triggering inflammation, 

collagen degradation, and disruption of barrier integrity[1], which  clinically manifests as erythema, dryness, 

wrinkle formation and accelerated photoaging. Prolonged or repeated UVB exposure also contributes to the 

development of skin cancers[2, 3].  
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An intact skin barrier relies on structural proteins such as filaggrin, involucrin, loricrin, tohether with 

natural moisturing factors and intercellular lipids. A critical feature of UVB-induced vicious cycle of 

inflammation and skin barrier impairment. Initially, UVB exposure leads to barrier disruption and 

inflammatory responses. Under the thermal stress of UVB irradiation, the intercellular junctions of the stratum 

corneum may be compromised due to dehydration. UVB-induced ROS generation further damages proteins 

closely associated with skin barrier function[4], characterized by reduced level of structural proteins such as 

filaggrin, involucrin, loricrin, along with increased transepidermal water loss (TEWL). Meanwhile, ROS 

production triggers oxidative stress, while DNA damage activates NOD-like receptor (NLRP) 

inflammasomes, leading to inflammation, characterized by increased secretion of pro-inflammatory 

cytokines, including interleukin (IL)-1β, IL-6, and Tumor Necrosis Factor (TNF)-α[1]. Subsequently, barrier 

impairment exacerbates inflammatory responses, while inflammation hinders barrier recovery. A disrupted 

barrier facilitates the penetration of immunogenic substances, thereby aggravating inflammation[5]. Moreover, 

opportunistic pathogens can further amplify cutaneous inflammation under barrier-compromised conditions, 

and in severe cases, even cause bacterial infections[6, 7]. Inflammatory cytokines suppress the synthesis of 

barrier-associated proteins[8]. Thus, perpetuating a self-reinforcing cycle of inflammation and barrier 

dysfunction. Modulating the phosphoinositide 3-kinase/protein kinase B/nuclear factor kappa B 

(PI3K/Akt/NF-κB) signaling pathway, a key regulator of inflammatory cytikines including TNF-α, IL-1β, and 

IL-6[7], repairing skin barrier, and restoring skin flora is therefore a promising strategy to attenuate 

UVB-mediated skin injury. 

Seaweed-derived polysaccharides have attracted increasing attention as natural bioactive agents because 

of their antioxidant, anti-inflammatory and immunomodulatory activities[9]. In particular, polysaccharides 

extracted form Sargassum fusiforme exhibit various biological activities, including antioxidant[10], enhancing 

immunity[11], anti-tumor[12], anti-photoaging[13], hypoglycemic[14]. The backbone of Sargassum fusiforme 

polysaccharides was 

→4)-β-ManA-(1→4)-α-GulA-(1→4)-β-ManA-(1→4)-β-ManA-(1→4)-α-GulA-(1→4)-β-ManA-(1→3,4)-β-

ManA-(1→, and the terminal group α-Fucp-(1→ was linked to the main chain via O-3 position of 

→3,4)-β-ManA-(1→[15]. Sargassum fusiforme polysaccharides exhibits structural similarities to alginic acid 

with a long main chain and few branches. Our previous work demonstrated that a degraded Sargassum 

fusiforme polysaccharide prepared by UV/H₂O₂ treatment for 45 minutes (DSFP-45), whose structure was 

elaborated in our previous study, possesses enhanced solubility and antiphotoaging activity[16]. However, its 

protective effects against UVB-induced skin barrier dysfunction and the underlying mechanism remain 

unclear. Notably, DSFP-45 was shown to alleviate chronic photoaging by modulating the transforming growth 

factor-β/Smad (TGF-β/Smad) signaling pathway and suppressing matrix metalloproteinases (MMPs)[17]. 

Therefore, we hypothesized that DSFP-45 protects against UVB-induced skin barrier damage by enhancing 

barrier-related protein expression, reducing inflammatory cytokine secretion, and modulating the skin 

microbiota. Also this study aimed to investiagate the ability of DSFP-45 to protect against UVB-induced skin 
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barrier damage in HaCaT keratinocytes and BALB/c nude mice. we focused on barrier-related protein 

expression, inflammatory cytokines regulation through the PI3/Akt/NF-kB signaling pathway, and alteration 

in skin microbiota, to provide mechanistic insight into the anti-photodamage potential of DSFP-45. 

2. Materials and methods 

2.1 Materials 

Sargassum fusiform was collected from Dongtou District, Wenzhou, Zhejiang, China. Sargassum 

fusiform superfine powder was obtained after the sample was washed, dried, sheared and followed by 

superfine comminution using XDW-6BI grinder (Jinan Tatsu Micro Machinery Co. Ltd., Jinan, Shandong, 

China) and passed through a 40 mesh sieve (particle size ≤ 0.4 mm). 

DMEM, penicillin-streptomycin, FBS, phosphate-buffered saline (PBS) and other reagents for cell 

culture were purchased from Gibco Biotechnology Co., Ltd. (Grand Island, NY, USA). Hyaluronic acid(HA) 

(97%, 200-400 kDa) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). TRIzol 

reagent was purchased from Vazyme Biotech Co., Ltd. (Nanjing, Jiangsu, China). The cDNA Synthesis was 

purchased from Tsingke Biotechnology Co., Ltd. (Beijing, China). Primers of genes were obtained from 

Sangon Biotech Co., Ltd. (Shanghai, China). All other reagents and chemicals used were of analytical grade. 

filaggrin (FLG), aquaporin-3 (AQP3), loricrin (LOR) and Ceramide ELISA kit were acquired from Wuhan 

Fine Biotech Co., Ltd. (Wuhan, China). SDS-PAGE was purchased from Wuhan Affinity Biosciences Co. Ltd 

（Wuhan, Hubei, China). PVDF was purchased from Thermo Fisher Scientific Co. Ltd (Waltham, 

Massachusetts, USA). GAPDH and IL-1β primary antibodies and secondary antibodies was purchased from 

Wuhan Servicebio Technology Co., Ltd. (Wuhan, Hubei, China). BCA Protein Assay Kit was purchased from 

Shanghai Biyuntian Biological Co., Ltd (Shanghai, China). 

2.2 Extraction and degradation of polysaccharides from Sargassum fusiforme 

Polysaccharides from Sargassum fusiforme was extracted by the reported method in our previous study. 

Specifically, the Sargassum fusiforme powder was decolorized three times with 95% ethanol (1:4, w/v) for 4 h 

each, followed by hot water extraction at 100 °C for 4 h (1:50, w/v). After filtration and centrifugation at 8000 

r/min for 15 min, the supernatant was concentrated to one-tenth of its original volume. Crude polysaccharide 

was subsequently precipitated with 80% ethanol overnight and lyophilized. A 2% Sargassum fusiforme 

polysaccharide solution prepared from the powder was then subjected to UV irradiation (HOPE-MED 8140, 

Tianjin Hepu Industry & Trade Co. Ltd., Tianjin, China) at 950 μW/cm2 for 45min. After degradation, 

manganese dioxide (MnO2) was added immediately and magnetically stirred for 12 h. The solution was 

concentrated to 1/5 of its initial volume at 60 °C using a reduced rotary evaporator (Hei-VAP Value Digital, 

Heidoph, Nuremberg, Germany). For MnO2, the supernatant was removed by centrifugation (12000 × g, 5 

min), followed by purification via dialysis (3 kDa molecular weight cut-off) for 48 h. Finally, the retentate was 

collected, concentrated by evaporation, and vacuum freeze-dried (Alpha 1–2 LD Plus, Martin Christ 
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Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) to obtain the degradation product, named as 

DSFP-45[17]. 

2.3 Skin Barrier Repair Activity of DSFP-45 in vitro 

2.3.1 Cell culture and viability assay 

Human immortalized epidermal cells (HaCaT), purchased from the Chinese Academy of Medical 

Sciences, were seeded in DMEM complete medium (containing 10% FBS, 1% penicillin and streptomycin) 

and cultured in a constant temperature incubator containing 5% CO2 at 37℃. MTT assay was used to detect 

cell viability. 

2.3.3 Cell Pretreatment and Determination of FLG, AQP3, LOR, TNF-α and IL-6 level 

The cells were cultured in DMEM complete medium in six well plates for 12h, and then cultured in 

serum-free medium for 12h (5 × 105 cells/well). Next, the cells were treated with serum-free medium co 

ntaining different concentrations of polysaccharides (62.5, 125, and 250 μg/mL) for 6 h, followed by 

irradiation (2 mJ/cm², 24 h). 

Cells were lysed in 300 μL of lysis buffer on ice for 40 min, followed by centrifugation (12000 × g, 4°C, 

15 min). The resulting supernatant was collected. The BCA protein kit wasused to determine the protein 

content. According to the kit's in-structions, the supernatants were then used to measure contents of FLG, 

LOR, AQP3, TNF-αand IL-6. 

2.3.4 Determination of ROS level 

The cell modeling method was performed as 2.2.3. After modeling, the PBS was discarded, and 100 μL 

of DCFH-DA probe diluted in DMEM basal medium (at a ratio of 1:250) was added to each well. Following a 

30-minute incubation in a cell culture incubator, excess probe that had not entered the cells was washed away. 

Then, 100 μL of PBS was added to each well, and the fluorescence intensity was measured. The ratio of the 

absorbance value of each well to that of the control well was calculated to evaluate the effect of DSFP-45 on 

intracellular ROS levels in HaCaT cells after UVB irradiation. 

2.3.5 Determination of IL-1β level 

HaCaT cells were seeded into 60 mm culture dishes at a density of 1.5 × 10⁶ cells per well. The cell 

modeling procedure was performed as previously described. After washing each well twice with 1 mL of PBS, 

400 μL of lysis buffer was added, and the cells were lysed on ice for 20 min. Subsequently, cells were scraped 

using a cell scraper, transferred into centrifuge tubes, and further lysed on ice for an additional 20 min. The 

lysates were then centrifuged at 12,000 × g for 20 min at 4°C, and the supernatant was collected into fresh 

centrifuge tubes. Protein samples were separated by SDS-PAGE and transferred onto PVDF. GAPDH and 

IL-1β antibodies (rabbit, 1:1000) were used as primary antibodies, followed by incubation with 

HRP-conjugated secondary antibody (goat anti-rabbit IgG, 1:2000). Protein bands were visualized, and 

densitometric analysis was performed using ImageJ software. 

2.3.6 Quantitative Reverse Transcription–Polymerase Chain Reaction (qRT-PCR) Analysis  
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The cell supernatant was aspirated, and each well was washed twice with 1 mL PBS. The plates were then 

stored at −80°C for subsequent extraction of total cellular RNA. Total cell RNA was extracted with Trizol 

solution, reverse transcribed according to the instructions of Evo m-mlv reverse transcription kit and then 

analyzed by real-time fluorescent quantitative PCR. The expression level of the target gene was calculated by 

the relative quantitative 2−ΔΔCT method. The primer sequences of the main target genes were shown in 

Supplementary Material Table 1. 

2.4 Skin Barrier Repair Activity of DSFP-45 in nude mice 

2.4.1 Experimental grouping 

Female BALB/c nude mice weighing 20 ± 2 g were purchased from Zhuhai Bestone Biotechnology Co., 

Ltd. (animal license No.: scxk- (Guangdong) 2020-0051). The animal experiment was carried out in the 

standardized SPF animal room of the experimental animal center of South China Agricultural University (the 

unit use license number is syxk (Guangdong) 2024-0136). After one week of adaptive feeding, 70 BALB/c 

nude mice were randomly divided into seven groups, with 10 mice in each group, including Control group, 

Model group, Positive control group, DSFP-45-L group, DSFP-45-M group, DSFP-45-H group and 

DSFP-45-smoothed group.  

The experimental period lasted seven weeks. During the experiment, the solution was prepared at the 

ratio of 0.1 mL/10 g body weight every day. From week 1 to 7, the Control and Model groups were given 

distilled water by gavage, while the positive control group received hyaluronic acid (150 mg/kg/day). The 

DSFP-45 treatment groups included low- (75 mg/kg/day), medium- (150 mg/kg/day), and high-dose (300 

mg/kg/day) oral administrations, along with a topical application group (300 mg/kg/day). During weeks 2–7, 

all groups except the Control underwent dorsal irradiation four times weekly (Monday, Wednesday, Friday, 

Sunday) 1 h post-treatment; the weekly dose was increased stepwise (200, 300, 400, 400, 500, 600 mJ/cm2), 

reaching a cumulative total of 9.6 J/cm2. 

2.4.2 Measurement of skin TWEL of nude mice 

Before the mice were dissected, the TWEL of nude mice skin were evaluated by measuring the TWEL of 

nude mice skin with a transdermal water shunt loss meter. The probe of the instrument was contacted with the 

skin surface of mice, and each mouse was measured three times to take the average value. 

2.4.3 Elastica van Gieson (EVG) staining of nude mouse skin 

The skin tissue was fixed in 4% paraformaldehyde, dehydrate using graded ethanol and soaked in wax, 

embedded, trimmed, sectioned, dried and stored at room temperature. The paraffin sections were dewaxed to 

water, stained, dehydrated rapidly with absolute ethanol after washing, xylene was transparent and neutral 

gum was wet sealed. The sections were placed under the microscope for microscopic examination (200 X). 

2.4.4 Determination of pro-inflammatory cytokines, ceramide and barrier function protein content 

A total of 100 mg of intestinal tissue was homogenized in 1 mL of PBS, with each sample prepared in 

triplicate. The homogenates were centrifuged(12000 × g, 4°C, 20 min), and the resulting supernatants were 
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collected and stored at −80°C. The protein concentration in the supernatants was determined using a BCA 

protein assay kit. Subsequently, the FLG, AQP3, LOR, IVL, ceramide, TNF-α, IL-1β, and IL-6 in the 

supernatants were measured according to the manufacturer’s instructions of the respective assay kits. The 

results were normalized to the total protein content. 

2.4.5 Quantitative Reverse Transcription–Polymerase Chain Reaction (qRT-PCR) Analysis 

20 mg skin tissue mixed with 1 mL PBS and three 3 mm grinding beads in a enzyme-free homogenization 

tube, and then it was placed in a high-speed low-temperature tissue grinder for homogenization. The 

homogenization frequency is 60 Hz, the temperature is -10℃, pause for 30 s every 60 s and homogenize 10 

times.   The skin tissue RNA was extracted according to the kit instructions, and the purity and concentration 

of RNA were determined using a micro nucleic acid and protein analyzer. Reverse transcription was 

performed according to the instructions of Evo m-mlv reverse transcription kit, followed by real-time 

fluorescence quantitative analysis. The expression level of the target gene was calculated by the relative 

quantitative 2−ΔΔCT method. The primer sequences of the main target genes were shown in Supplementary 

Material Table 2. 

2.4.6 Skin flora analysis 

Mouse skin flora was collected before the end of the experiment. The sterile absorbent cotton was 

swabbed in sterile normal saline, and the it was wiped on the back of the mouse to collect the skin flora. The 

cotton swab head was cut off and putted into a sterilized cryopreservation tube, snap freezze with liquid 

nitrogen. Mouse skin flora was sent to Shanghai Meiji Biomedical Technology Co., Ltd. for determination. 

The sequencing results of skin flora were analyzed on the meggitt biocloud platform. 

2.5 Statistical analysis 

The data results were expressed in the form of “ mean ± standard ” deviation, and graphpad prism 9 

software was used for mapping and analysis. One-way ANOVA was employed for statistical analysis, 

followed by Duncan’s multiple comparison test for post hoc analysis. Statistical significance was defined as 

an adjusted p-value below 0.05. The sequencing results of skin microbiota and KEGG were analyzed on the 

Meiji Bioinformatics Cloud Platform. 

3. Results and Discussion 

3.1 Effect of DSFP-45 on the viability and ROS contents of HaCaT cells 

The safety and non-toxicity of the sample are prerequisites for the experiment. The safety concentration 

of DSFP-45 was evaluated by measuring the survival rate of HaCaT cells using the MTT method. As shown in 

Figure 1A, compared with Control group, the cell survival rate of the HA and DSFP-45 group at 62.5, 125, 250 

μg/mL concentrations incubated for 6 h was greater than 80%, demonstrated that polysaccharide 

concentration up to 250 μg/mL didn’t exhibit obvious cytotoxicity. Therefore, HA and DSFP-45 were deemed 

suitable for subsequent experiments. Next, cell viability and ROS levels of the cell treated with these 

compounds were evaluated. Figure 1B and C showed the impact of different concentrations of HA and 
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DSFP-45 on photodamaged HaCaT cells. Compared with the Control group, cells in the Model group 

exhibited a significant decrease in viability and a marked increase in ROS contents (P < 0.01). Notably, 

DSFP-45 treatment significantly improved cell viability and attenuated the intracellular ROS levels in 

UVB-exposed HaCaT cells (P < 0.05). ROS are generated by oxidative stress induced by UVB[18], and this 

process may leads to cell death. Polysaccharides, as antioxidants, reduce ROS levels[19] and thus decrease the 

number of cell deaths. The findings demonstrated a protective effect of DSFP-45 against UVB-induced 

photodamage, further supporting its potential as an anti-photodamage agent. 

 
Figure 1. Effects of DSFP-45 treatment on the viabilities and ROS of HaCaT cells after UVB irradiation. (A) viabilities of 

non-irradiation; (B) viabilities of post-irradiation; (C) ROS contents. 
Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 

0.05, **P < 0.01）. #, and ## indicate that other groups in the index have significant differences compared with group in same 
concentration.（#P < 0.05, ##P < 0.01. 

3.2 Effect of DSFP-45 on the contents and expression of barrier function proteins in HaCaT cells 

The keratinized mantle is primarily composed of IVL, LOR and FLG, and its formation is regulated by 

transglutaminase 1. FLG is cleaved by calpain-1 and caspase-14 into filaggrin fragments, which are further 

degraded by bleomycin hydrolase, aminopeptidase and carboxypeptidase into natural moisturizing factors 

(NMF), such as trans-uric acid and 2-pyrrolidone carboxylic acid. NMF play critical roles in maintaining 

stratum corneum hydration, regulating skin pH and skin elasticity[20, 21]. Therefore, we analyzed the effect of 

DSFP-45 on skin barrier function using HaCaT cells.  
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The effects of DSFP-45 on FLG, LOR and AQP3 in UVB-induced damaged HaCaT cells are shown in 

Figure 2. Compared with the Control group, the Model group exhibited a significant decrease in both the 

contents and gene expression of FLG (P < 0.05), in the contents of LOR (P < 0.05), and in gene expression of 

IVL (P < 0.05), indicating that UVB irradiation impairs the skin barrier by reducing these key proteins. The 

relative expression level of the IVL gene was significantly increased compared with Control group (P < 

0.01).Treatment with HA and DSFP-45 significantly restored FLG contents (P < 0.05) and expression (P < 

0.01), LOR contents (P < 0.05) suggesting that DSFP-45 could promote the synthesis of barrier-related 

proteins and contributes to skin barrier repair. 

 
Figure 2. Effect of DSFP-45 on barrier function proteins of UVB-damaged HaCaT cells. (A) FLG contents; (B) LOR 

contents; (C) AQP3 contents; (D) Flg expression; (E) Ivl expression; (F) Aqp3 expression. 
Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 

0.05, **P < 0.01）. #, and ## indicate that other groups in the index have significant differences compared with group in same 
concentration.（#P < 0.05, ##P < 0.01.  

AQP3, a transmembrane water channel protein predominantly expressed in the skin, facilitating water 

transport and maintains epidermal hydration and homeostasis[22]. UVB-irradiation significantly increased 
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AQP3 content and gene expression in HaCaT cells (P < 0.01), likely as a compensatory response to barrier 

disruption and reduced water retention. After treatment with HA and DSFP-45 reversed this effect, lowering 

AQP3 levels. Similar results were reported by Kang et al, who observed that UVB exposure increased AQP3 

but decreased the HA receptor CD44 in HaCaT cells, after treatment with catfish skin collagen hydrolysate 

reduced AQP3 and enhanced CD44 expression, alleviating UVB-induced barrier damage in hairless mice[23]. 

In summary, DSFP-45 significantly alleviated UVB-induced damage to barrier-related proteins. As noted 

earlier, barrier damage permits exogenous substance or bacterial invasion, and thereby exacerbates 

inflammatory responses. Thus, its barrier repair effect inhibits barrier-deficiency-associated skin 

inflammation. 

3.3 Effect of DSFP-45 on pro-inflammatory cytokines in HaCaT cells 

Excessive UV radiation induces the accumulation of ROS in the skin, thereby promoting the secretion of 

pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6. These cytokines impair the skin barrier through 

multiple mechanisms. For instance, TNF-α downregulates FLG and LOR in calcium-differentiated 

keratinocytes via activation of the c-Jun N-terminal kinase pathway[8]. Eri Sawada et al.[24] reported that IL-6 

markedly reduces ceramide levels in the stratum corneum, accompanied by downregulation of genes encoding 

serine palmitoyltransferase-2, acidic sphingomyelinase, and β-glucocerebrosidase. Similarly, IL-1β disrupts 

terminal keratinocytes differentiation, leading to reduced FLG and LOR expression, diminished NMF content, 

Further compromising the barrier by inducing oxidative stress and amplifying inflammatory responses. 

Notably, Immunosuppressive agents, such as azathioprine, can alleviate this damage by suppressing IL-1β 

expression.[25]. To evaluate the anti-inflammatory effects of DSFP-45 on UVB-induced skin damage, HaCaT 

cells were treated with DSFP-45 and HA following UVB irradiation. The secretion levels and gene expression 

of pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β), in HaCaT cells were subsequently quantified. As 

shown in Figure 3A-D), UVB irradiation significantly increased TNF-α (P < 0.01), IL-6 (P < 0.01), and IL-1β 

(P < 0.05) levels in the model group compared with the control group, confirming successful induction of 

photodamage. Treatment with different concentrations of DSFP-45 and HA markedly reduced cytokines 

secretion. Specifically, TNF-α levels were significantly decreased by 125 μg/mL DSFP-45 and 62.5 μg/mL 

HA (P < 0.05). IL-6 levels were reduced by DSFP-45 at 62.5, 125, and 250 μg/mL (P < 0.05), and by HA at 

62.5 and 125 μg/mL (P < 0.05). In addition, IL-1β levels were significantly decreased by all tested 

concentrations of DSFP-45 and by 250 μg/mL HA (P < 0.05).  
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Figure 3. Effect of DSFP-45 on pro-inflammatory cytokines of UVB-damaged HaCaT cells. (A) TNF- α contents; (B) IL-6 

contents; (C) IL-1β contents ; (D) Tnf- α expression; (G) Il-6 expression; (F) Il-1β expression. 

Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 
0.05, **P < 0.01）. #, and ## indicate that other groups in the index have significant differences compared with group in same 

concentration.（#P < 0.05, ##P < 0.01. 

Gene expression analysis (Figure 3E-G), revealed that UVB irradiation significantly upregulated TNF-α, 

IL-1β, and IL-6 in the Model group compared to the Control group (P < 0.05), indicating that UVB exposure 

promotes the expression of pro-inflammatory cytokines. In contrast, treatment with HA and DSFP markedly 

suppressed the expression of these genes relative to the Model group. Specifically, following treatment with 

DSFP-45 at concentrations of 62.5, 125, and 250 μg/mL, the relative expression of TNF-α was reduced by 

41.09%, 27.61%, and 41.24%, respectively; IL-1β by 49.70%, 79.95%, and 42.82%, respectively; IL-6 by 

10.89%, 42.47%, and 66.57%, respectively. Collectively, these findings suggest that both DSFP-45 and HA 

effectively attenuate UVB-induced inflammation in HaCaT cells by downregulating the secretion and 

expression of key pro-inflammatory cytokines. 

3.4 Effect of DSFP-45 on PI3K/AKT/NF-κB signaling pathway in HaCaT cells 

Upon exposure to DNA-damaging environmental factors, such as UV radiation, or to aberrantly secreted 

cytokines from immune cells, the PI3K signaling is predominantly activated within the epidermis. 

Dysregulation of the cutaneous PI3K/AKT pathway is associated with pathological conditions characterized 

by uncontrolled keratinocyte proliferation[26]. Phosphorylation-induced Activation of AKT subsequently 
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triggers the NF-κB signaling cascade. This leads to dissociation of the inhibitor of IκB from NF-κB, 

facilitating NF-κB nuclear translocation and transcriptional activation of pro-inflammatory cytokines, thereby 

exacerbating cutaneous inflammation[27]. In the paper, HaCaT keratinocytes were pretreated with DSFP-45 or 

HA before UVB irradiation to evaluate the effects of DSFP-45 on PI3K/AKT/NF-κB signaling. As shown in 

Figure 4, UVB irradiation significantly evaluated the gene expression of Pi3k, Akt, and p65 in the model 

group compared with the Control group (P < 0.05), indicating that UVB irradiation promotes the expression 

of pro-inflammatory cytokines and induces skin inflammation. Treatment with HA and DSFP markedly 

downregulated the expression of these genes compared to the Model group. Specifically, DSFP-45 at 62.5, 

125, and 250μg/mL reduced Pi3k expression by 37.04%, 73.76%, and 63.17%; Akt expression by 64.89%, 

40.55%, and 27.93%, and p65 expression by 53.26%, 1.91%, and 32.42%, respectively. These results 

demonstrate that DSFP-45 exerts potent anti-inflammatory effects by suppressing activation of 

PI3K/AKT/NF-κB pathway, thereby attenuating UVB-induced cytokine expression. Collectively, these 

findings suggest that DSFP-45 can restore skin barrier function, inhibit inflammatory cytokine production, 

and disrupt the vicious cycle between skin barrier impairment and inflammation. 

 
Figure 4. Effect of DSFP-45 on PI3K/AKT/NF-κB signaling pathway of UVB-damaged HaCaT cells. (A) Pi3k expression; 

(B) AKt expression; (C) P65 expression. 
Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 

0.05, **P < 0.01）. #, and ## indicate that other groups in the index have significant differences compared with group in same 
concentration.（#P < 0.05, ##P < 0.01. 

3.5 Effect of DSFP-45 on skin and elastic fibers in photodamaged mice 

As shown in Figure 5A, the skin of nude mice in the Control group appeared smooth, with fine texture 

and good elasticity. In contrast, the skin of mice in the Model group appeared rough and damaged, exhibiting 



J.C. Liang et al. / Food Science and Human Wellness 16 (2027) 

 

dryness, desquamation, erythema, and scabbing. These symptoms confirmed the successful establishment of 

the UVB-induced photodamage model, indicating significant disruption of the skin barrier and abnormal 

keratinization. Following oral administration and topical application of low and medium doses of DSFP-45, 

the scabbed areas were reduced and erythema and swelling were alleviated. Notably, treatment with HA and 

high-dose DSFP-45 almost completely restored the skin to a normal state, characterized by firmness, 

smoothness, and elasticity. These findings suggest that DSFP-45 and HA effectively protect the skin of nude 

mice by mitigating UVB-induced photodamage. 

 
Figure 5. Effect of DSFP-45 on skin and elastic fibers in photodamaged mice. (A) skin; (B) elastic fibers. 

Collagen fibers interweave with elastic fibers to form a mesh structure that supports and maintains skin. 

UVB irradiation caused epidermal thickening, fragmentation of dermal collagen fibers and deformation of 

elastic fibers in nude mice. The elevate the protective effect of DSFP-45, skin sections were subjected to EVG 

staining, in which elastic fibers appear purple-black and collagen fibers appear red. The results (Figure 5B) 

showed that the dorsal skin in the Control group mice contained evenly distributed elastic fibers with regular 

arrangement, while collagen fibers formed a well-organized mesh structure. In contrast, the Model group 

exhibited shrunken, rod-like elastic fibers that lost structural integrity and were disorganized, along with a 

reduced number of collagen fibers showing twisting and fragmentation. After treatment with HA and 

DSFP-45 restored elastic fibers morphology and significantly increased collagen fibers content increased with 

a more orderly arrangement. These results indicate that HA and DSFP-45 effectively inhibit UVB-induced 

elastic fibers deformation, promote collagen fibers synthesis and maintain the normal structure of the skin. 

Combined with the above data, the skin redness and loss of elastic fibers induced by UV irradiation indicated 

the successful establishment of the mice model. These phenomena are associated with the occurrence of 
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cellular inflammation[28]. Treatment with DSFP-45 can significantly improve skin conditions, demonstrating 

that DSFP-45 possesses potential anti-inflammatory activity. 

3.6 Effect of DSFP-45 on skin barrier function in photodamaged mice 

TEWL refers to the diffusion of water from the dermis through the epidermis and its evaporation from 

skin surface, Serving as a key indicator of stratum corneum barrier function[29]. Higher TEWL value indicate 

more water loss and impaired skin barrier integrity. In order to evaluate the skin barrier repair efficacy of 

DSFP-45 in photodamaged mice, the TEWL value of the dorsal skin of nude mice were measured using a 

VAPO SCAN probe. As shown in Figure 6A, TEWL values were significantly increased in the Model group 

following UVB irradiation compared with the control group (P < 0.01), confirming barrier disruption. After 

treatment with HA and DSFP-45 reduced TEWL, with significant improvements observed at medium and 

high doses, suggesting that DSFP-45 effectively repair the skin barrier and mitigates water loss. Similarly, 

Sim et al. reported that oral administration of rose petal extract decreased TEWL and inhibited collagen 

degradation, demonstrating pronounced anti-aging activity[30]. 

 
Figure 6. Effect of DSFP-45 on skin barrier function in photodamaged mice. (A)TEWL; (B) FLG contents; (C) AQP3 
contents; (D) IVL contents; (E) LOR contents; (F) Cermide contents; (G) Flg expression; (H) Aqp3 expression; (I) Ivl 

expression; (J) Lor expression. 
Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 
0.05, **P < 0.01. #, and ## indicate that other groups in the index have significant differences compared with group in same 

concentration.（#P < 0.05, ##P < 0.01. 

The effect of DSFP-45 on skin barrier function proteins in photodamaged mice is shown in Figure 6B-J. 

Compared with the Control group, FLG, IVL, LOR and AQP3 levels were significantly decreased in the 
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Model group (P < 0.05), indicating that UVB irradiation downregulates barrier proteins, damage the skin 

barrier and aggravate photodamage. DSFP-45 treatment significantly restored the contents and gene 

expression of FLG, IVL, LOR and AQP3, thereby improved UVB-induced skin barrier dysfunction. 

Consistent findings were reported by Li et al, who found that ginsenoside treatment upregulated FLG, IVL and 

AQP3 expression in UVB irradiated mice skin, alleviated photoaging symptoms[31]. Notably, AQP3 shows an 

opposite trend in cells and animals. This phenomenon has been reported in numerous studies[32, 33], but its 

cause remains unclear. Studies indicate that UVB irradiation increases the proportion of mouse epidermal 

cells in the proliferative phase, with the peak appearing at 48h[34]. Meanwhile, repeated UVB exposure 

induces growth arrest in epithelial cells[35]. This suggests impaired proliferative repair capabilities as the 

irradiation dose increases. Specifically, low-dose UVB boosts the number of proliferative cells, while 

high-dose UVB reduces it. Additionally, epithelial cells in the proliferative phase have higher AQP3 levels 

than those in the terminal differentiation stage[36]. Combined with the AQP3 results from our cell and animal 

experiments, we infer that different UVB doses lead to changes in the number of proliferative cells, which in 

turn causes the opposite trends of AQP3. 

In addition to NMF, intercellular lipids are critical for maintaining skin moisture. UVB irradiation has 

been shown to increase phosphatidylcholine and ceramide contents, while reducing sphingomyelin, driven by 

upregulated acidic sphingomyelinase activity, which accelerates phospholipid hydrolysis and ceramide 

formation, ultimately impairing barrier permeability and promoting intracellular water loss[37-39]. As shown in 

Figure 6F, compared with the Control group, ceramides content was significantly increased in the Model 

group (P < 0.01), which might provoke cell cycle arrest and apoptosis in cell types[38]. DSFP-45 treatment 

significantly reduced ceramide levels, indicating mitigation of UVB-induced cellular damage. Collectively, 

DSFP-45 exhibits strong anti-photodamage activity by restoring barrier functional proteins, normalizing 

AQP3 expression, and reducing ceramide accumulation, thereby improving overall skin barrier integrity.  

3.7 Effect of DSFP-45 on pro-inflammatory cytokines in photodamaged mice 

As shown in Figure 7A-C, the levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) were 

significantly elevated in the skin of mice in the Model group compared with the Control group (P < 0.05), 

confirming that UVB irradiation promotes the production of pro-inflammatory cytokines and induces skin 

inflammation. Treatment with DSFP-45 or HA markedly reduced these cytokines levels (P < 0.05), indicating 

notable anti-inflammatory effects. 
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Figure 7. Effect of DSFP-45 on pro-inflammatory cytokines in photodamaged mice. (A) TNF- α contents; (B) IL-6 contents; 

(C) IL-1β contents; (D) Tnf- α expression; (G) Il-6 expression; (F) Il-1β expression. 
Note: *, and ** indicate that other groups in the index have significant differences compared with the Model group.（*P < 

0.05, **P < 0.01）. #, and ## indicate that other groups in the index have significant differences compared with group in same 
concentration.（#P < 0.05, ##P < 0.01. 

Consistent with protein expression, UVB irradiation significantly upregulated the gene expression levels 

of TNF-α, IL-1β, and IL-6 in the dorsal skin of mice in the Model group (P < 0.05, Figure 7D-F). Oral 

administration of DSFP-45 significantly downregulated these genes in a dose-dependent manner. Relative to 

the model group,  DSFP-45 reduced TNF-α expression by 28.15%, 47.96%, and 54.06%; IL-1β by 29.13%, 

52.42%, and 61.59%; and IL-6 decreased by 17.60%, 58.13%, and 52.22% at low, medium, and high doses, 

respectively. These findings demonstrate that DSFP-45 alleviates UVB-induced skin photodamage by 

suppressing pro-inflammatory cytokines expression and upregulating genes associated with skin barrier 

function within the experimental concentration range. Additionally, oral administration of DSFP-45 was more 

effective than topical application at equivalent dosage, highlighting its therapeutic potential. Notably, no 

significant dose-effect relationship was observed. At present, numerous studies have yet to determine the 

effect threshold of polysaccharides, and the dose-response effect of polysaccharides is not significant. This 

phenomenon may be attributed to several factors. First. polysaccharides can kill cells when present at high 

concentrations[40]. Second, the absorption of polysaccharides follows a non-linear pattern, and high 
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concentrations may even reduce the absorption amount[41]. Third, studies also show that polysaccharides with 

different structures exhibit different effects , and not every polysaccharide follows a linear dose-effect 

relationship[42, 43]. 

3.8 The effect of DSFP-45 on the skin microbiota of photodamaged mice  

3.8.1 Species composition analysis 

The effects of UVB irradiation and DSFP-45 treatment on skin microbiota were assessed by analyzing 

microbial abundance at different taxonomic levels. At the phylum level (Figure 8A), the skin microbiota was 

primarily composed of Firmicutes, Proteobacteria, Actinobacteria, Bacteroideta, Patescibacteria and 

Cyanobacteria. Among these, Firmicutes, Proteobacteria and Actinobacterota were dominant, accounting for 

97% of the total bacterial population. UVB irradiation significantly decreased the relative abundance of 

Firmicutes decreased by 33.37%, while Proteobacteria and Actinobacterota increased by 24.77% and 5.03%, 

respectively, indicating disruption of the normal microbial community. After treatment with HA and medium 

dose of DSFP-45 significantly restored microbial balance by increasing Firmicutes and decreasing 

Proteobacteria and Actinobacterota, thereby shifting the microbiota composition closer to that of the control 

group. 

 
Figure 8. The effect of DSFP-45 on the microbiota species composition and species difference analysis of photodamaged 

mice. (A) phylum level; (B) family level; (C) genus leve (E) Cladogram of LEfSe analysis; (F) Histogram of the LDA scroes. 
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At the family level (Figure 8B), the predominant taxa included Staphylococcus, Corynebacteriaceae, 

Xanthomonadaceae, Streptococcus, Moraxellaceae, Comamonadaceae and Lactobacillus. Compared with 

the control group, the model group showed significant decreases in Staphylococcus and Lactobacillus in 

decreased significantly, while the relative abundance of Corynebacteriaceae, Xanthomonadaceae, 

Streptococcaceae, Moraxellaceae and Comamonadaceae. HA and medium dose of DSFP-45 treatment 

reversed these alterations, again restoring microbial structure toward the control group. 

At the genus level (Figure 8C), Staphylococcus, Corynebacterium, Stenotrophomonas, Streptococcus, 

Acinetobacter, Lactobacillus and Sphingomonas dominated the skin microbiota. UVB irradiation 

significantly reduced Staphylococcus abundance, while Corynebacterium, Stenotrophomonas, Streptococcus, 

Acinetobacter and Sphingomonas increased in the model group. Consistent with the phylum and family level 

analyses, treatment with HA and medium doses DSFP-45 reversed these alterations, mitigating UVB-induced 

dysbiosis and restoring microbial community balance.  

Obviously, DSFP-45 treatment significantly alters mouse skin microbial composition, likely due to skin 

environment restoration, reduced inflammation, and polysaccharide nutrient supply. Skin microbes depend on 

skin moisture for survival; Staphylococcus, for example, prefers a moist environment[44]. Oral and topical 

DSFP-45 increase skin TWEL and ceramide levels, maintaining moisture microbes need. Additionally, oral or 

topical polysaccharides lower inflammation. Studies show skin inflammation markedly affects skin microbial 

composition, though the mechanism is unclear[45]. Thus, this alteration may also stem from reduced 

inflammation. Finally, as a carbohydrate, polysaccharides are usable by microbes and promote microbial 

competition, ultimately altering composition[46]. Topical DSFP-45 may therefore change skin microbes by 

supplying energy. Generally, the skin microbiota is non-pathogenic. However, when the skin barrier is 

damaged, dysbiosis of the skin microbiota occurs, which can further contribute to the progression of skin 

diseases. Thus, the treatment of DSFP-45 may restore microbiota to prevent further progress of skin damage. 

3.8.2 Analysis of Species Differences 

The influence of microbial abundance on differential outcomes was analyzed using Linear discriminant 

analysis effect size (LEfSe) (Figure 8 E). LEfSe performs multi-level discriminant analysis to identify species 

contributing most to group differences, with linear discriminant analysis (LDA) values quantifying their 

impact (Figure 8 F). A higher LDA score indicate a stronger influence of that species on the observed 

differences, suggesting a potential key role in environmental change processes. As shown in Figure 9, species 

with with LDA values > 5 and P < 0.05 were screened, yielding 43 genera with intergroup differences. The 

Control group, Model group, HA group, DSFP-45-L group, DSFP-45-H group, and Smeared group were 

enriched with 5, 2, 1, 4, 24, and 7 differentially expressed microorganisms, respectively. Among them, the key 

representative species of the seven groups were g_Staphylococcus, o__Burkholderiales, g__Sporosarcina, 

c__Bacteroidia, p__Proteobacteria and c__Gammaproteobacteria, respectively. Microorganisms enriched in 

the Model group may serve as microbial markers of UVB induced skin photodamage, whereas the species 
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enriched in the DSFP-45-L treatment group may represent potential targets through which DSFP-45-H 

alleviates photodamage. 

 
Figure 9. Comparison of species differences and KEGG pathways. (A) comparison between two groups (B) comparison 

among groups (C) level 1 (D) level 3. 

Further we analyzed the top 10 taxa with the highest intergroup abundance between the control group and 

the model group, as well as between the Model group and the other treatment groups (Figure 9 A-B). 

Compared with the Control group, the Model group exhibited a marked reduction in Staphylococcus 

abundance, while significant increases in Streptococcus, Stenotrophomonas and Corynebacterium. UVB 

irradiation this substantially altered the microbial community structure of mice skin. Treatment with HA and 

medium doses DSFP-45 significantly restored Staphylococcus abundance, and increase Lactobacilus. 

partially re-establishing a healthy microbiota profile. Notably, Staphylococcus epidermidis, a major member 

of the Staphylococcus genus[47, 48], plays a crucial role in skin barrier protection and anti-inflammation. During 

inflammation, it activates TLR2 (Toll-like receptor 2) via Staphylococcal lipoteichoic acid to inhibit the 

inflammatory response[49]. Meanwhile, Staphylococcus epidermidis secretes antimicrobial peptides that 

inhibit certain pro-inflammatory pathogenic bacteria[49]. In addition, it secretes Sphingomyelinase with a 

specific structure, and this enzyme cleaves the membrane lipid sphingomyelin to produce ceramide without 

damaging host cells, thereby enhancing the moisture retention of the skin barrier[50]. Likewise, higher 
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Lactobacillus abundance has been associated with reduced skin inflammation, enhanced skin barrier function 

and improve skin health through immune regulation[51]. Lactobacillus inhibits skin inflammation via the 

recognition of its metabolites (e.g., Msp2/p40) or microbe-associated molecular patterns (MAMPs, such as 

pili) by Toll-like receptor (TLR) signaling[51]. Corynebacterium is dominant members of the skin microbiota. 

According to Ridaura et al.[6], under normal circumstances, Corynebacterium is non-pathogenic. However, 

when the skin barrier is impaired (as in the psoriasis model), Corynebacterium promotes skin inflammation. 

Specifically, its cell envelope mycolic acids are recognized by dendritic cells (DCs), which then secrete IL-23 

to activate γδ T cells. This activation causes γδ T cells to produce IL-17, which further promotes skin 

inflammation. Stenotrophomonas is an opportunistic pathogen, which can cause primary cellulitis, metastatic 

cellulitis, and infectious mucocutaneous ulcers[7]. Additionally, Streptococcus pyogenes (a species within the 

genus Streptococcus) is an invasive bacterial pathogen. On the skin, it secretes the streptolysin S to activates 

TRPV1 neurons to induce pain. Subsequently, nociceptors release neuropeptide calcitonin gene-related 

peptide, which inhibits neutrophil recruitment (key for host defense) and their bactericidal activity. This 

thereby enhances Streptococcus pyogenes survival in invasive infections[52]. Stenotrophomonas maltophilia, a 

major Stenotrophomonas species, is an emerging opportunistic pathogen and highly drug-resistant[53]. When 

the skin barrier is impaired, the host becomes highly susceptible to infection, which can cause skin and soft 

tissue inflammation, even death[54]. In summary, DSFP-45 alleviates UVB-induced dysbiosis by modulating 

the abundance of key taxa, particularly through upregulating beneficial bacteria such as Staphylococcus and 

Lactobacilus ,and downregulating harmful bacteria sucha as Corynebacterium, Stenotrophomonas and 

Streptococcus. This microbial regulation may contribute to its anti-photodamage effects. 

3.8.3 Predicted functional changes in the skin microbiota 

KEGG is an integrated database composed of three distinct levels, which systematically documents the 

connections between genomes, biological pathways, and diseases. Therefore, the present study performed 

PICRUSt2 and KEGG analyses to predict the metabolic functions based on the microbiome metagenome. 

At the level 1 of KEGG metabolic pathways (Figure 9 C), compared with the Control group , the 

Metabolism, Environmental Information Processing, and Genetic Information Processing pathways were 

significantly enhanced in Model group, Oral group, and Smeared group. At the level 3 (Figure 9 D), relative to 

Control group, Model group, Oral group, and Smeared group exhibited remarkable enhancement in the 

functions of Biosynthesis of amino acids, Carbon metabolism, ABC transporters, Two-component system, 

Ribosome, Purine metabolism, and Quorum sensing. This observation can be attributed to the fact that UV 

irradiation tends to enrich bacteria with strong UV resistance[55]. To cope with UV exposure, these bacteria 

enhance their carbon metabolism capacity to increase energy supply. Additionally, such bacteria can 

counteract UV-induced damage through DNA repair mechanisms, production of antioxidant enzymes [56]. 

Compared with the model group, the biosynthesis of secondary metabolites is enhanced. Metabolites of the 

skin microbiota, such as short-chain fatty acids and indole derivatives, play a key role in skin pH stabilization 

and skin barrier repair[57]. Notably, N-Formylmethionine (fMet) peptides essential for bacterial protein 



J.C. Liang et al. / Food Science and Human Wellness 16 (2027) 

 

translation. These fMet peptides produced by Staphylococcus epidermidis were recognized by dendritic cells, 

which induces CD8 T cells to express abundant tissue repair-related transcripts and promote skin repair[59]. 

Two key observations are considered. One is requirement of protein translation for bacterial repair and the 

enhanced biosynthesis of amino acids compared with Model group. The other is the previously mentioned 

increased relative abundance of Staphylococcus in the polysaccharide-treated group. It is thus infer that 

Staphylococcus with higher relative abundance in this group exerts a positive effect on skin repair. 

4. Conclusion 

Excessive UV irradiation would cause skin photodamage and inflammation, affecting human health. The 

experimental results of HaCaT cells and nude mice undergoing photodamage showed that after UVB 

irradiation, the skin barrier function of mice was impaired, and TEWL increased, leading to excessive 

dehydration of the skin. Meanwhile, the levels of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) increased. 

DSFP-45 improved skin barrier damage by upregulating the contents and expression of FLG, LOR and AQP3 

barrier functional proteins in HaCaT cells and nude mouse skin. DSFP-45 reduced skin moisture loss by 

increasing moisturizing factors and ceramide content. Bacillus flora. At the same time, DSFP-45 could also 

protect the skin barrier and reduce skin photodamage by maintaining the normal shape of elastic fibers, and 

possibly by increasing the relative abundance of Staphylococcus and Lactobacillus flora, and decreasing the 

relative abundance of Corynebacterium, Streptococcus, and Streptococcus flora. KEGG metabolic pathway 

analysis showed that the skin microbiota under DSFP-45 treatment influence biosynthesis of amino acids and 

biosynthesis of secondary metabolites. In conclusion, DSFP-45 inhibits the skin-inflammation vicious cycle 

and protects against UVB-induced skin damage by alleviating barrier damage, reducing skin inflammation, 

and potentially modulating the microbiota. Future studies could further verify the role of skin microbiota in 

alleviating UVB irradiation-induced damage, so as to provide insights into the polysaccharide-skin 

microbiota-skin axis. 
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