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a b s t r a c t 

Skin photoaging, primarily induced by chronic ultraviolet (UV) irradiation, is characterized by wrinkle forma- 

tion, skin laxity, and collagen loss. As a traditional Chinese medicine, the potential of Asini Corii Colla (ACO) 

in protecting against skin photoaging has not been systematically investigated. This study aimed to comprehen- 

sively evaluate the anti-photoaging efficacy of ACO and elucidate its underlying mechanisms. Cytotoxicity and in 

vitro bioactivity of ACO were initially assessed in cultured human keratinocytes and dermal fibroblasts, followed 

by examination of its effects on cell proliferation and migration under normal conditions, and on SA- 𝛽-Gal activ- 

ity, collagen, and elastin synthesis under UV-induced photoaging. Subsequently, a UV-induced skin photoaging 

mouse model was established to further validate the efficacy in vivo . Pathological changes, collagen content, and 

senescence-related markers in skin tissues were analyzed. In vitro results demonstrated that ACO, within a safe 

concentration range below 20 mg/mL, significantly promoted cell proliferation and migration, inhibited cellular 

senescence, enhanced collagen synthesis, and suppressed extracellular matrix (ECM) degradation. In vivo experi- 

ments confirmed that intervention with ACO markedly ameliorated UV-induced photoaging phenotypes in mice, 

including wrinkle formation and epidermal thickening, while maintaining dermal collagen density and content, 

and reducing oxidative stress in skin tissue. Collectively, ACO effectively mitigates UV-induced skin photoaging 

by promoting skin cell repair and regeneration, enhancing collagen synthesis, and maintaining redox homeostasis. 

These findings provide a solid scientific foundation for its potential application as an anti-photoaging agent. 

1. Introduction 

The skin serves as the body’s primary barrier against environmen- 

tal damage. Prolonged exposure to ultraviolet (UV) irradiation induces 

photoaging, which is clinically distinct from intrinsic aging and charac- 

terized by deep wrinkles, skin laxity, coarse texture, abnormal pigmen- 

tation, and loss of elasticity [ 1 , 2 ]. The pathophysiological mechanisms 

involve oxidative stress accumulation, ECM degradation, collagen de- 

pletion, and accelerated cellular senescence [ 2 ]. Recent advances have 

highlighted the critical roles of specific signaling pathways, including 
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TGF- 𝛽/Smad in collagen synthesis, MAPK/AP-1 in MMP regulation, and 

Nrf2/ARE in antioxidant defense, in the pathogenesis of UV-induced 

skin photoaging [ 3–5 ]. Current interventions, including physical pro- 

tection, retinoids, antioxidants, and laser therapy, offer limited efficacy 

and are often associated with adverse effects such as strong irritation, 

high cost, or suboptimal outcomes [ 6 ]. Therefore, the development of 

safe and effective photoprotective agents derived from natural products 

represents a major focus in dermatological and cosmetic research [ 7 ]. 

Indeed, accumulating evidence has demonstrated that various natural 

products, such as plant-derived polyphenols, flavonoids, and bioactive 
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Fig. 1. Proposed mechanism of ACO against UVA/UVB-induced photoaging. The protection is characterized by cytoprotection, restoration of redox and cellular 

homeostasis, and enhanced ECM integrity, which collectively contribute to the amelioration of photoaging damage. 

peptides, exert anti-photoaging effects through multiple mechanisms, 

including ROS scavenging, MMP inhibition, and collagen synthesis pro- 

motion [ 8 , 9 ]. 

Asini Corii Colla (Ejiao, ACO) is a renowned tonic in the treasure 

trove of Chinese medicine, derived from donkey hide through tradi- 

tional boiling techniques [ 10 ]. Since ancient times, it has been used 

to replenish and nourish blood, tonify yin, and moisten dryness [ 11 ]. 

Besides, it is classified as a superior-grade herb in classical literature 

such as Shennong’s Classic of Materia Medica [ 12 ]. Modern pharma- 

cological studies have revealed that ACO possesses activities including 

hematopoiesis promotion, immune enhancement, and anti-fatigue ef- 

fects [ 13 ]. These pharmacological properties are largely attributed to 

its rich composition of collagen peptides, amino acids, glycosaminogly- 

can and trace elements [ 13 ]. Given the connection between skin health 

and the traditional Chinese medical concepts of nourishing Qi and blood, 

along with collagen’s role as a key protein in maintaining skin structural 

integrity and youthfulness, ACO is hypothesized to have therapeutic ef- 

fects on skin photoaging [ 14 ]. To date, only a limited number of studies 

have explored the dermatological applications of ACO. For instance, Li 

et al. reported that ACO extracts exhibit anti-skin-aging effects [ 15 ], 

Tie et al. demonstrated the antioxidant activity of E’jiao and Cubilose 

Formula and its ability to improve collagen expression in human skin 

fibroblasts during oxidative damage [ 16 ], and Chuo et al. systematically 

evaluated the skin tone-improving efficacy of phenolic compounds from 

ACO cake, showing that the extracts effectively inhibit tyrosinase activ- 

ity and reduce melanin production in melanoma cells [ 17 ]. However, 

these investigations have primarily focused on isolated aspects of ACO’s 

activity, whether antioxidant protection, melanin inhibition, or colla- 

gen maintenance, without integrating epidermal repair, dermal rejuve- 

nation, and redox balance into a unified mechanistic framework. Sys- 

tematic scientific research on its anti-photoaging effects remains scarce, 

and its efficacy and underlying mechanisms require further elucidation 

[ 18 ]. 

Therefore, this study aims to systematically evaluate the anti- 

photoaging efficacy of ACO and explore its underlying mechanisms us- 

ing a combination of in vitro cell models and in vivo animal experi- 

ments. Specifically, we assessed the effects of ACO on key biological 

processes in primary skin cells (fibroblasts and keratinocytes), includ- 

ing proliferation, migration, senescence, and collagen synthesis. Fur- 

thermore, a UV-induced mouse model of photoaging was established 

to validate the protective effects of ACO on skin structure and function 

at the histopathological level. This is the first study to comprehensively 

characterize the anti-photoaging effects of ACO, which are associated 

with improvements in epidermal repair, dermal rejuvenation, and redox 

balance. This research provides robust scientific evidence to support the 

advanced development and clinical application of ACO, and opens new 

avenues for the application of natural medicines in skin care ( Fig. 1 ). 

2. Experimental 

2.1. Materials 

ACO powder (Batch no: 20240802) was obtained from Dong’e Ejiao 

Health Industry Technology Co., Ltd. (Liaocheng, China). Trypsin (se- 

quencing grade) was purchased from Promega Corporation (Madison, 

WI, USA). Acetonitrile (MS grade) and formic acid (MS grade) were ob- 

tained from Macklin Biochemical Co., Ltd. (Shanghai, China). Ammo- 

nium bicarbonate (guaranteed reagent) was sourced from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). Trichloroacetic acid (an- 

alytical grade) and acetone (analytical grade) were procured from Al- 

addin Reagent Co., Ltd. (Shanghai, China). The reference standard of 

Asini Corii Colla was provided by Beijian Testing Technology Co., Ltd., 

complying with the Chinese Pharmacopoeia (2015 edition) standards. 

Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS), 

trypsin, and penicillin-streptomycin (dual-antibiotic solution) were pur- 

chased from Gibco (USA). Phosphate-Buffered Saline (PBS) was sourced 

from Beijing Psaitong Biotechnology Co., Ltd (Beijing, China). Vitamin 

E (VE) was procured from Shanghai Acmec Biochemical Technology Co. 

Ltd (Shanghai, China). The Cell Counting Kit-8 (CCK-8) and Acridine Or- 

ange/Ethidium Bromide (AO/EB) double fluorescent staining kit were 

obtained from Abbkine (Wuhan, China). Assay kits for hydroxyproline 

(HYP), superoxide dismutase (SOD), and malondialdehyde (MDA) were 
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provided by the Nanjing Jiancheng Bioengineering Institute (Nanjing, 

China). ELISA kits for type I collagen (Col-I), type III collagen (Col-III), 

Elastin (ELN), and Matrix Metalloproteinase-1 (MMP-1) were purchased 

from Bioswamp Life Science Lab (Wuhan, China). The BCA Protein As- 

say Kit was obtained from Beyotime Biotechnology Co., Ltd. (Beijing, 

China). The human immortalized keratinocyte cell line (HaCaT) was ob- 

tained from Cellverse Co., Ltd. (Shanghai, China) with catalog number 

iCell-h066 in [2024/12], and the Research Resource Identifier (RRID) is 

[RRID: CVCL_0038]. The human skin fibroblast (HSF) cell line was ob- 

tained from Cellverse Co., Ltd. (Shanghai, China) with catalog number 

iCell-0051a in [2024/12], and the Research Resource Identifier (RRID) 

is [RRID: CVCL_D003]. 

2.2. LC-MS/MS analysis of donkey-derived signature peptides and amino 

acids in ACO 

Following previously reported methods [ 19 ], LC-MS/MS (Liquid 

Chromatography–Tandem Mass Spectrometry) analysis of ACO was 

performed as described below. Frozen ACO (8 mg) was dissolved 

and diluted to 2 mL with ultrapure water. An equal volume of 30% 

trichloroacetic acid solution was slowly added, and the mixture was 

vortexed and incubated at 4 °C for 20 min. The sample was then cen- 

trifuged at 7000 × g for 5 min, and the supernatant was discarded. The 
precipitate was washed twice with 2 mL of ice-cold acetone, followed by 

centrifugation and removal of the supernatant. The resulting pellet was 

dissolved in 10-20 mL of 1% (w/v) ammonium bicarbonate solution 

with the aid of ultrasonication to obtain the ACO extract. The extract 

was filtered through a 0.22- 𝜇m membrane, and 400 𝜇L of the filtrate 

was mixed with 40 𝜇L of trypsin solution (1 mg/mL), followed by incu- 

bation at 37°C for 16 h for enzymatic digestion. A reference standard of 

ACO was processed in parallel following the same procedure. For protein 

quantification, an appropriate amount of ACO sample was subjected to 

the BCA assay, using bovine serum albumin as the standard to generate 

a calibration curve. 

LC-MS/MS analysis was performed on a TSQ Altis triple-quadrupole 

mass spectrometer coupled to a liquid chromatography system (Thermo 

Fisher Scientific). Chromatographic separation was achieved on a Wa- 

ters ACQUITY UPLC BEH C1 8 column (50 mm × 2.1 mm, 1.7 𝜇m) at a 
flow rate of 0.3 mL/min and a column temperature of 30 °C. The mo- 

bile phase consisted of 0.1% formic acid in water (A) and 0.1% formic 

acid in acetonitrile (B). The gradient elution program was set as follows: 

0-1.0 min, 5% B; 1.0-4.5 min, linear increase to 30% B; 5.6-6.6 min, in- 

crease to 95% B; 6.7 min, return to 5% B and equilibrate until 8.0 min. 

The injection volume was 5 𝜇L. Mass spectrometry was conducted in 

electrospray positive-ion mode (ESI+ ) with multiple reaction monitor- 

ing (MRM). The spray voltage was set to 3500 V, and the ion transfer 

tube temperature was maintained at 300 °C. The donkey-derived sig- 

nature peptides A1 and A2 were identified by comparing their reten- 

tion times and precursor ion masses with those of the reference stan- 

dard, with a retention time deviation tolerance of ± 2.5%. The signal- 

to-noise ratio of the MRM chromatographic peaks was required to be 

greater than 3:1. For qualitative identification of amino acids and small 

nitrogen-containing compounds, the MS data were processed using the 

mass spectrometry software against the PCDL database with the FBF 

(Fragment-Based Finding) algorithm. Quantification was performed us- 

ing the external standard method, with calibration curves constructed 

from the standard working solutions. All samples were analyzed in trip- 

licate, and the results were expressed as mean values. 

2.3. In Vitro cell experiments 

The HaCaT and HSF were cultured in DMEM supplemented with 10% 

(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin at 

37 °C in a humidified atmosphere of 5% CO2 . 

To prepare the extract, 1 g ACO powder was dissolved in 2 mL 

of ultrapure water and filter-sterilized through a 0.22 𝜇m membrane 

to obtain a 500 mg/mL stock solution. This stock solution was subse- 

quently subjected to serial dilution to generate a concentration gradient 

of 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, and 20 mg/mL. This concen- 

tration range was selected to cover sub-cytotoxic doses while capturing 

the dose-dependent effects of ACO on cell proliferation, migration, and 

senescence in vitro . 

2.3.1. Cytotoxicity assay 

HaCaT cells were seeded in a 96-well plate at a density of 1 × 104 

cells per well (100 𝜇L per well) and cultured for 24 h. After incubation, 

the culture medium was replaced with a pre-mixed medium containing 

various concentrations of ACO, with five replicate wells per concentra- 

tion. Following another 24-hour incubation, a CCK-8 working solution 

was prepared by mixing CCK-8 reagent with fresh medium at a 1:10 ra- 

tio. Then, 100 𝜇L of the CCK-8 working solution was added to each well. 

After 30 min of incubation, the absorbance at 450 nm was measured us- 

ing a microplate reader, and cell viability was calculated accordingly. 

2.3.2. Cell proliferation assay 

HaCaT cells were seeded in a 24-well plate with a density of 5000 

cells/well and incubated for 24 h. The culture medium was then re- 

placed with complete medium (containing 10% (v/v) FBS and 1% (v/v) 

penicillin-streptomycin) supplemented with ACO solution. Cells cul- 

tured in the pure complete medium without ACO served as the control 

group. After 1, 3, and 5 d of further incubation, cell viability was as- 

sessed using the CCK-8 assay and AO/EB staining, respectively [ 20 ]. 

2.3.3. Cell scratch assay 

A monolayer of HaCaT cells was cultured in a 24-well plate until 

reaching 100% confluency. A uniform scratch was then made in each 

well using a sterile 1000 𝜇L pipette tip. The detached cells were gen- 

tly removed by washing twice with PBS. Subsequently, the cells were 

treated with ACO containing complete medium (containing 2% FBS). 

The cell migration was monitored, and images were captured under an 

inverted fluorescence microscope (Olympus CKX41, Tokyo, Japan) at 0, 

24, and 48 h post-scratching [ 21 ]. 

2.3.4. Assessment of cellular senescence 

HSF cells were seeded in 24-well and 96-well plates with cell densi- 

ties of 10000 and 5000 cells/well, respectively. Upon reaching complete 

confluence, cells were cultured for 24 h in complete medium supple- 

mented with either ACO solution or VE (0.05%) as a positive control. 

VE was selected as the positive control due to its well-established an- 

tioxidant properties and its extensive use as a reference compound in 

anti-photoaging and anti-senescence studies [ 22 , 23 ]. Following this pre- 

treatment, the medium was discarded and replaced with PBS to cover 

the cells during irradiation. Cells were then exposed to UVA (1.6 J/cm2 ) 

and UVB (0.4 J/cm2 ) irradiation, with the output intensity calibrated us- 

ing a UV radiometer prior to each exposure. After irradiation, the PBS 

was aspirated and immediately replaced with fresh complete medium 

containing the corresponding concentrations of ACO or VE, and cells 

were cultured for an additional 24 h before further analysis. Following 

treatment, cell viability was assessed in 96-well plates using the CCK-8 

assay. Concurrently, cells in 24-well plates were subjected to SA- 𝛽-Gal 

staining kit per the manufacturer’s instructions, with the percentage of 

SA- 𝛽-Gal-positive cells quantified using ImageJ software. The concentra- 

tions of Col-I, Col-III, ELN, and MMP-1 in the cell culture supernatants 

were quantified using commercial ELISA kits, strictly according to the 

manufacturers’ protocols. 

2.4. In Vivo experiments in a mouse model 

2.4.1. Establishment of the Mouse Photoaging Model and Evaluation of 

Photoaging in Mice 

Male Kunming mice (6 weeks old, weighing 20-25 g) were purchased 

from Guangzhou Yancheng Biotechnology Co., Ltd. All animal exper- 

iments were conducted in compliance with the Animal Experimental 
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Committee of Institute of Biological and Medical Engineering, Guang- 

dong Academy of Sciences (Approval No. K2024-01-272-472), which 

complies with the Chinese Guidelines for the Ethical Use of Animals 

in Experimental Research and the ARRIVE (Animal Research: Reporting 

of In Vivo Experiments) guidelines. All animals were housed in a spe- 

cific pathogen-free (SPF) facility under controlled conditions: tempera- 

ture at (24 ± 2) °C, relative humidity of 30%-70%, and a 12 h light/12 

h dark cycle. Mice had ad libitum access to standard laboratory chow 

and autoclaved water, and were maintained at a maximum of five per 

cage. Following a 1-week acclimatization period, the dorsal hair of each 

mouse was removed using a depilatory cream. The skin was examined 

daily to ensure the depilated area remained intact, and only mice with 

unblemished skin were included in subsequent experiments. The mice 

were randomly assigned to six groups (n = 10 per group): Blank group 

(depilation only, no further treatment), Control group (application of 

deionized water followed by UV irradiation), RHT-III group (Recombi- 

nant humanized type III collagen, application of 20 mg/mL Recombi- 

nant humanized type III collagen solution, followed by UV irradiation), 

and ACO low-, medium-, and high-dose groups (application of 10, 20, 

and 40 mg/mL ACO solution, respectively, followed by UV irradiation). 

RHT-III used in this study is provided by Prof. Sheng Xiong of Jinan Uni- 

versity, the provider confirmed that the RHT-III (AnaGF® rDuCol) was 

originally obtained from Guangzhou Cheer-Derm Biotech Co Ltd, No: 

QD-A-250526-01. RHT-III was selected as the positive control because 

exogenous collagen supplementation is a well-established strategy for 

combating skin aging, and it serves as a clinically relevant reference to 

evaluate whether the anti-photoaging efficacy of ACO is comparable to 

that of existing collagen-based products [ 24 , 25 ]. It should be noted that 

higher concentrations (10-40 mg/mL) were selected for topical admin- 

istration to overcome the skin barrier, comprising the stratum corneum, 

epidermis, and dermis, which significantly restricts the transdermal ab- 

sorption of macromolecules such as collagen peptides. For daily admin- 

istration, 200 𝜇L of the corresponding solution was topically applied to 

the depilated dorsal skin of each mouse. Following application, the mice 

were kept in the dark for 1 h to allow sufficient percutaneous absorption. 

After preheating and stabilization of UVA and UVB lamps, the depilated 

dorsal skin was exposed to UV irradiation at a dose of 1.6 J/cm2 for UVA 

and 0.4 J/cm2 for UVB (total daily dose of 2 J/cm2 ). The UV treatment 

was performed five times per week for a total of 8 consecutive weeks. 

Routine observations and documentation of dorsal skin changes were 

performed throughout the experimental period. 

2.4.2. Histological analysis of photoaging in mice 

At the endpoint of the photoaging experiment, mice were eutha- 

nized, and a segment of dorsal skin was harvested. Tissue samples were 

fixed in 4% Paraformaldehyde, paraffin-embedded, and sectioned into 

4- 𝜇m-thick slices using a microtome. These sections were subsequently 

stained with hematoxylin and eosin (H&E), Masson’s trichrome, and 

Verhoeff’s Van Gieson (EVG) to assess histological alterations associ- 

ated with photoaging. Additionally, another portion of the dorsal skin 

was homogenized, and levels of HYP, SOD, and MDA were quantified 

according to the respective commercial kits’ instructions to further eval- 

uate collagen loss and oxidative stress status. 

2.5. Statistical analysis 

All experiments were performed with at least three independent bi- 

ological replicates. Data are presented as mean ± standard deviation 

(SD), unless otherwise specified. Statistical analyses were performed us- 

ing GraphPad Prism 9.0 (GraphPad Software, USA). For comparisons 

between two groups, a two-tailed Student’s t-test was used. For com- 

parisons among three or more groups, one-way analysis of variance 

(ANOVA) was performed, followed by Tukey’s post hoc test for multiple 

comparisons. Results with p < 0.05 were deemed statistically significant. 
∗ , ∗ ∗ , and ∗ ∗ ∗ denote p < 0.05, p < 0.01, and p < 0.001, respectively. 

3. Results and discussion 

3.1. LC ‑MS/MS identification of donkey ‑derived signature peptides and 

amino acids in Asini Corii Colla 

The total protein content of untreated ACO samples was determined 

to be 47.8% by the BCA assay, indicating that protein constitutes a ma- 

jor component of the sample (the standard curve is shown in Fig. S1 ). 

The amino acids and small nitrogen-containing compounds in the ACO 

sample were analyzed by LC-MS/MS, and the total ion current chro- 

matogram is presented in Fig. S2 . Through comparison with the PCDL 

database and identification using the FBF (Fragment-Based Finding) al- 

gorithm, a total of 17 amino acids and small nitrogen-containing com- 

pounds were detected in the sample ( Fig. S3 ), including hydroxypro- 

line, glycine, proline, phenylalanine, glutamate, cysteine, norleucine, 

valine, histidine, serine, aspartic acid, pipecolic acid, pyroglutamic acid, 

tryptophan, arginine, dehydroamino-x-butyric acid, and hydroxylysine. 

Among these, hydroxyproline is a characteristic amino acid of collagen 

[ 26 ], while glycine and proline are its major constituent amino acids; the 

detection of these three amino acids indicates that the sample possesses 

collagen-like compositional features. The match scores of all identified 

compounds ranged from 69.49 to 99.97, with 16 compounds scoring 

above 85, demonstrating high confidence in the identification results. 

The detailed identification results are provided in Table S1 . 

The donkey-derived signature peptides A1 and A2 were detected 

using multiple reaction monitoring (MRM) mode, and their secondary 

chromatograms, full-scan mass spectra, and MS/MS spectra are shown 

in Fig. S4 . The results showed that signature peptide A1 (retention 

time: 19.326 min, Mass 936.5062) and peptide A2 (retention time: 

22.616 min, Mass 1234.5989) were both detected in the sample, with 

MRM chromatographic peak signal-to-noise ratios greater than 3:1. The 

donkey-derived origin of the sample was confirmed by comparison of 

retention times (deviation ≤ 2.5%) and precursor ion masses with those 

of the signature peptide reference standards. The detailed mass spectro- 

metric identification parameters for the donkey-derived signature pep- 

tides are provided in Table S2 . 

3.2. Cytotoxicity assay of ACO 

Keratinocytes, as the primary cell type in the epidermal layer of the 

skin, serve as the first line of defense against UV irradiation and are also 

the main target cells for UV-induced effects on the skin [ 27 ]. This study 

first utilized HaCaT to evaluate the biocompatibility of ACO. As shown 

in Fig. 2 A, cytotoxicity test results indicate that within the concentration 

range of 0.156-20 mg/mL, ACO treatment groups exerted no significant 

cytotoxic effects on cells. Cell viabilities remained above 100% in all 

experimental groups, demonstrating that ACO exhibits good biosafety 

within this concentration range. 

3.3. Effect of ACO on cell proliferation 

To investigate the long-term effects of ACO on keratinocytes, we con- 

tinuously monitored cell proliferation. As shown in Fig. 2 B and 2 C, all 

the treatment groups exhibited higher proliferation rates than the con- 

trol group (405.87%). None of the ACO treatment groups exhibited cy- 

totoxicity, and all concentrations significantly promoted the prolifera- 

tion of HaCaT cells. Among all tested concentrations, the ACO-2.5 group 

demonstrated the most pronounced pro-proliferative effect, achieving 

a cell proliferation rate of 440.27% (with the cell amount of the con- 

trol group on day 1 as 100%) on day 5 ( Fig. 2 C). This was followed 

by the ACO-0.625 group (426.63%), and even at the lowest concen- 

tration, ACO-0.156 also exerted a slight proliferation promotion effect 

(412.26%). Statistical analysis revealed significant differences between 

the ACO-2.5 and ACO-0.625 groups compared with the control group ( p 

< 0.01). These results indicate that ACO possesses a remarkable ability 

to promote cell proliferation within the tested concentration range, and 
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Fig. 2. Effects of ACO on keratinocytes. (A) Cytotoxicity of ACO on HaCaT cells (n = 5). (B) Representative Live/Dead staining images of HaCaT cells treated with 
ACO for 1, 3, and 5 d. (C) Viability of HaCaT cells following ACO treatment at 1, 3, and 5 days (n = 5). (D) Scratch wound healing assay images of HaCaT cells 
cultured with ACO for 0, 24, and 48 h. (E) Calculated cell migration rates across different treatment groups (n = 5). ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 

this pro-proliferative effect displayed a certain concentration-dependent 

trend within the tested range. 

3.4. Effect of ACO on cell migration 

To evaluate the effect of ACO on cell migration, a scratch assay was 

performed, which is a widely used method for assessing cell migration 

and repair capacity [ 28 ]. As shown in Fig. 2 D and 2 E, significant dif- 

ferences in cell migration rates were observed between all ACO-treated 

groups and the control group ( p < 0.05). The migration rates in the ACO 

groups were markedly higher than those in the control group. Specifi- 

cally, after 48 h, the cell migration rates in the ACO-2.5 and ACO-0.625 

groups reached 90.19% and 85.72%, respectively ( Fig. 2 E). Even at the 

lowest concentration, ACO-0.156 achieved a migration rate of 72.55%, 

which was substantially higher than the 63.01% observed in the control 

group. These results demonstrate that ACO effectively enhances cell mi- 

gration capacity. 

3.5. Effect of ACO on cellular senescence 

UV irradiation and other stimuli trigger dermal fibroblast senes- 

cence, leading to an imbalance in ECM metabolism. This process pro- 

motes the secretion of multiple matrix-degrading enzymes and inhibits 

collagen synthesis, thereby contributing to the progressive degradation 

of the skin’s dermal structure [ 29 ]. To establish a cellular senescence 

model, cells were pretreated with ACO solution or VE for 24 h, followed 

by exposure to UVA (1.6 J/cm2 ) and UVB (0.4 J/cm2 ) irradiation. As 

shown in Fig. 3 A, cell viability assays performed on UV-irradiated cells 

showed that UV exposure significantly reduced the viability of HSF, 

with cell viability dropping to only 71.88% of that in the blank con- 

trol group ( p < 0.001). In contrast, all ACO pretreatment groups main- 

tained cell viability above 78.20%. The positive control group treated 

with VE exhibited 96.26% viability, which was not statistically different 

from the 92.84% viability observed in the ACO-2.5 group. These results 

indicate that ACO at higher concentrations effectively protects against 

UV-induced oxidative damage and helps maintain cell viability. 

The mechanism of UV-induced cellular senescence involves multi- 

ple signaling pathways, including DNA damage, oxidative stress, and 

telomere dysfunction [ 30 ]. UV irradiation triggers the generation of re- 

active oxygen species (ROS), which in turn causes oxidative damage to 

cellular macromolecules and activates the DNA damage response, ul- 

timately leading to the establishment of a senescent phenotype [ 31 ]. 

Senescent cells typically display enlarged morphology and high expres- 

sion of SA- 𝛽-Gal, which is active at pH 6.0 [ 32 ]. In this study, SA- 𝛽-Gal 
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Fig. 3. Effects of ACO on UV-induced senescence in dermal fibroblasts. (A) Cell viability of UV-induced senescent dermal fibroblasts (n = 5). (B) Representative 
𝛽-galactosidase staining results of UV-induced senescent dermal fibroblasts. (C) Positive rate of 𝛽-galactosidase staining in UV-induced senescent dermal fibroblasts 

(n = 5). ELISA detection of Col-I (D), Col-III (E), ELN (F), and MMP-1 (G) levels in the supernatant of ACO-pretreated cells (n = 5). ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 

0.001. 

activity was measured to evaluate the effect of ACO on UV-induced cel- 

lular senescence. As shown in Fig. 3 B and 3 C, the SA- 𝛽-Gal positivity 

rate in the UV-irradiated model group reached 91.54%, significantly 

higher than that in the blank control group (8.82%, p < 0.001). All 

ACO treatment groups significantly reduced the SA- 𝛽-Gal positive rate 

in a concentration-dependent manner. Specifically, the SA- 𝛽-Gal posi- 

tive rate in the ACO-2.5 group decreased to 25.59%, which was com- 

parable to that in the VE group (24.53%). The other ACO treatment 

groups (ACO-0.625 and ACO-1.25) exhibited percentages of 47.38% and 

65.43%, respectively, both significantly lower than that of the model 

control group ( p < 0.05). These results demonstrate that ACO effectively 

suppresses UV-induced cellular senescence and exhibits significant anti- 

senescence activity. 

3.6. Effect of ACO on the expression of key ECM components and 

degrading enzymes 

Cellular senescence disrupts ECM homeostasis, leading to dysreg- 

ulated expression of key structural components (such as collagen and 

elastin) and their degrading enzymes (including MMPs) [ 33 ]. To inves- 

tigate the effect of ACO on the expression of key ECM components and 

their degrading enzymes in the context of UV-induced senescence, we 

quantified the levels of collagens, elastin, and MMPs. Col-I serves as a 

fundamental structural component for maintaining dermal strength and 

skin firmness, and its reduced expression is a primary cause of skin lax- 

ity and wrinkle formation [ 34 ]. As shown in Fig. 3 D, the expression of 

Col-I was significantly decreased in the UV-induced senescence model 

group. Compared with the blank group (4.13 ng/mL), the model con- 

trol group exhibited a markedly lower level of only 3.04 ng/mL, and this 

difference was statistically significant ( p < 0.001). In contrast, both VE 

and all concentrations of ACO effectively inhibited this downward trend. 

Specifically, the expression level in the VE group was 3.98 ng/mL, while 

that in the ACO-2.5 group was 4.01 ng/mL, with no statistically signif- 

icant difference observed between the two groups. This indicates that 

higher concentrations of ACO exert a capacity to promote Col-I expres- 

sion comparable to that of VE. Col-III forms a fine elastic fiber network 

that works synergistically with Col-I to support dermal structure, play- 

ing an indispensable role in maintaining skin firmness and flexibility 

[ 35 ]. As shown in Fig. 3 E, UV exposure significantly reduced the level 

of Col-III in cells. Compared with the blank group (856.18 pg/mL), the 

Col-III level in the model control group was only 568.06 pg/mL, with 

a statistically significant difference observed ( p < 0.001). In contrast, 

VE and all ACO treatment groups effectively reversed this decline and 

promoted Col-III expression to varying degrees. 

The elastic network formed by elastin serves as the molecular ba- 

sis for skin’s ability to rebound after stretching, and its degradation di- 

rectly leads to skin laxity and contour alterations [ 36 ]. Analysis of cel- 

lular elastin expression levels ( Fig. 3 F) revealed that, compared with 

the blank group, the model control group exhibited a significant re- 

duction in elastin expression. In contrast, the elastin expression levels 

in the VE group and the different concentration groups of ACO (ACO- 

2.5, ACO-0.625, ACO-0.156) were 952.89, 939.23, 869.38, and 806.38 

pg/mL, respectively, all of which were higher than that of the model 

control group (789.46 pg/mL). These results indicate that the suppres- 

sion of UV-induced oxidative stress may contribute to the enhancement 

of elastin secretion, and indirectly suggest that ACO may exert its protec- 

tive effects through the inhibition of oxidative stress pathways. MMP-1 

is a key enzyme responsible for initiating the degradation of Col-I in 

the dermal structure, and its overactivation is a critical factor leading to 

collagen loss, dermal collapse, and wrinkle formation [ 37 ]. As shown in 

Fig. 3 G, the MMP-1 expression level in the VE group was the lowest (3.60 

ng/mL), indicating that antioxidant intervention can effectively inhibit 

collagen degradation. The MMP-1 expression in the ACO-2.5 group was 

3.68 ng/mL, significantly lower than that in the model control group 
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(4.94 ng/mL, p < 0.001), and comparable to that of the blank group 

without UV treatment (3.56 ng/mL). These results demonstrate that 

treatment with a higher concentration of ACO can downregulate MMP-1 

expression during UV-induced senescence, thereby indirectly reducing 

collagen degradation. 

3.7. Evaluation of the anti-photoaging effect of ACO in mice 

Based on the potential of ACO to inhibit skin photoaging and delay 

cellular senescence revealed by in vitro experiments, this study further 

established a mouse photoaging model to verify its ameliorative effect 

on UV-induced skin damage ( Fig. 4 A). The mice were anesthetized and 

placed under a UVA/UVB combined UV lamp to establish the photoag- 

ing model, and the irradiation intensity was monitored and recorded 

( Fig. 4 B). After 4 weeks of modeling, the model control group showed 

varying degrees of desquamation, wrinkling, and other pathological 

changes on the dorsal skin. In contrast, the ACO treatment groups (ACO- 

10, ACO-20, and ACO-40) exhibited gradually reduced severity of skin 

damage, demonstrating a dose-dependent improvement trend ( Fig. 4 C). 

The skin condition of the positive control group (RHT- III) group was 

generally similar to that of the ACO-20 group. Following 8 weeks of con- 

tinuous intervention, the dorsal skin damage in the model control group 

further worsened, presenting with numerous deep wrinkles, pinpoint- 

sized erythema, pigmentation, skin roughness and thickening, laxity, 

and significantly reduced elasticity. As the concentration of ACO in- 

creased, the skin condition of the mice improved significantly: the ACO- 

10 group showed numerous shallow wrinkles, a few deep wrinkles, skin 

thinning, mild erythema, and pigmentation; the ACO-20 and RHT-III 

groups displayed only a few shallow wrinkles; while the ACO-40 group 

exhibited the mildest photoaging with a relatively smooth and even skin 

surface, exhibiting the optimal improvement effect ( Fig. 4 C). 

According to the established skin photoaging assessment criteria 

[ 38 ], we conducted macroscopic scoring on the dorsal skin of the mice 

( Fig. 4 D). With the UV-untreated normal mouse skin as the baseline 

(score = 0), the results showed that the untreated UV-irradiated group 

(model control group) achieved a score of 5.33. The three ACO inter- 

vention groups (ACO-10, ACO-20, and ACO-40) achieved scores of 4.00, 

3.00, and 2.66, respectively, demonstrating a dose-dependent improve- 

ment trend. The RHT-III positive control group scored 3.33 ( Fig. 4 E). 

According to the skin elasticity assessment protocol, the dorsal skin 

of ether-anesthetized mice was gently pinched along the midline be- 

tween the thumb and index finger and lifted until the hind limbs just 

touched the desktop. The skin was held for 10 seconds, then released, 

and the time required for the skin to return to its original state was 

recorded ( Fig. 4 F). The results showed that the skin recovery time was 

significantly prolonged in the model control group (34.66 s), exhibiting 

a statistically significant difference compared with the blank group ( p < 

0.001). As the concentration of ACO increased, the negative impact of 

UV irradiation on skin elasticity was markedly attenuated, and the skin 

recovery time in all ACO treatment groups was shortened to less than 

28 s. Specifically, the effect in the RHT-III group (19.66 s) was similar to 

that in the ACO-20 group (19.66 s), while the skin recovery time in the 

ACO-40 group was further reduced to 18 s, exhibiting no statistically 

significant difference from the blank group ( Fig. 4 F). 

3.8. Histological analysis of ACO on photoaging mice 

To evaluate the ameliorative effect of ACO on photoaged mouse skin, 

skin tissue samples collected after 8 weeks of intervention were sub- 

jected to H&E staining ( Fig. 5 A), Masson’s trichrome staining ( Fig. 5 B), 

and EVG staining ( Fig. 5 C). As shown in Fig. 5 A, the dorsal skin of the 

normal blank group exhibited an intact structure with a well-defined 

epidermal layer consisting of approximately 1-2 layers of neatly ar- 

ranged keratinocytes. The dermis contained abundant fibrous tissue 

with uniform distribution and a continuous structure, without signif- 

icant disruption or disorganization, and the epidermal thickness was 

measured at 25.00 𝜇m ( Fig. 5 D). Compared with the blank group, the 

UV-irradiated untreated group (model control group) displayed a sig- 

nificantly thickened epidermis, comprising approximately 8-12 layers of 

keratinocytes with indistinct cellular stratification ( Fig. 5 A). The dermal 

fibers were decreased in quantity and loosely arranged, with extensive 

inflammatory cell infiltration throughout the entire dermal layer, and 

the epidermal thickness reached 96.81 𝜇m ( Fig. 5 D). The ACO-10 group 

showed reduced epidermal thickness compared with the model control 

group (approximately 7-10 layers of keratinocytes, Fig. 5 A). The dermal 

fibers exhibited degeneration and disorganized arrangement, accompa- 

nied by mild inflammatory cell infiltration in the superficial to middle 

dermis. The tissue damage was less severe than that in the model con- 

trol group, with an epidermal thickness of 70.11 𝜇m ( Fig. 5 D). In addi- 

tion, the ACO-20 group demonstrated further thinning of the epidermal 

layer (approximately 5-8 layers of keratinocytes, Fig. 5 A), while dermal 

fiber degeneration and disorganization persisted, inflammatory cell in- 

filtration was minimal in the superficial dermis. The extent of damage 

was milder than that in both the model control group and the ACO-10 

group, with an epidermal thickness of 45.71 𝜇m ( Fig. 5 D). Furthermore, 

the ACO-40 group exhibited the thinnest epidermis among all treatment 

groups with approximately 3-5 layers of keratinocytes ( Fig. 5 A). The 

dermal fibers were more densely arranged than in the previous groups, 

with only scattered inflammatory cell infiltration in the superficial der- 

mis. Tissue damage was the mildest overall, with an epidermal thickness 

of 31.99 𝜇m ( Fig. 5 D). Additionally, the RHT-III group showed effects 

similar to those of the ACO-20 group, with an epidermal layer compris- 

ing approximately 5-8 layers of keratinocytes ( Fig. 5 A). Dermal fibers 

displayed degeneration and disarray with minimal inflammatory cell in- 

filtration in the superficial dermis, and the damage was less severe than 

that in the model control group and the ACO-10 group, with an epider- 

mal thickness of 36.12 𝜇m ( Fig. 5 D). 

In Masson’s trichrome staining results ( Fig. 5 B), the dermal colla- 

gen fibers in the normal blank group displayed a regular wavy mor- 

phology with uniform distribution. Compared with the blank group, 

the model control group exhibited marked degradation, degeneration, 

and fragmentation of collagen fibers. In contrast, the three ACO treat- 

ment groups (ACO-10, ACO-20, and ACO-40) showed denser arrange- 

ment and statistically significantly increased content of dermal collagen 

fibers relative to the model control group. Among these, the ACO-40 

group demonstrated the most prominent effect, characterized by the 

highest collagen density, tightly packed and orderly arranged fibers, 

and even distribution throughout the dermis. HYP accounts for approxi- 

mately 13.4% of the collagen content, and its measurement in skin tissue 

is therefore often used as a key indicator for screening anti-aging agents 

[ 39 ]. Compared with the blank group (2.40 𝜇g/mL), the HYP content 

in the skin of the model control group was statistically significantly re- 

duced to 1.92 𝜇g/mL ( Fig. 5 E). In contrast, the HYP levels in the RHT- 

III group and various concentrations of ACO groups (ACO-10, ACO-20, 

and ACO-40) were 2.22, 2.14, 2.23, and 2.30 𝜇g/mL, respectively, all 

of which were statistically significantly higher than those in the model 

control group. Consistent with the Masson’s trichrome staining results, 

these findings indicate that ACO treatment can effectively mitigate the 

adverse effects of UV irradiation on skin collagen and inhibit its degra- 

dation. 

EVG staining is a commonly used histological method for distin- 

guishing black elastic fibers from red collagen fibers [ 40 ]. In the normal 

blank group, the elastic fibers in mouse skin exhibited a clear structure, 

slight waviness, and uniform distribution, without observable breakage 

or fragmentation ( Fig. 5 C). In contrast, the model control group showed 

disorganized arrangement of elastic fibers, characterized by thickening, 

fragmentation, curling, and tangling. Compared with the model con- 

trol group, the RHT-III and three ACO concentration groups (ACO-10, 

ACO-20, ACO-40) demonstrated significant improvements in the overall 

structure of elastic fibers, with markedly reduced breakage and degen- 

eration. Most fibers displayed normal morphology, clear structure, and 

slight curvature. As the concentration of ACO increased, the morphology 
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Fig. 4. Macroscopic evaluation of the anti-photoaging effects of ACO in mouse skin. (A) Schematic diagram of the mouse photoaging model establishment. (B) 

Photograph of mice exposed to UVA/UVB irradiation. (C) Gross appearance changes of mice at different time points after UV irradiation. (D) Scoring criteria table 

for macroscopic assessment of skin photoaging. (E) Macroscopic photoaging scores of mouse skin among different treatment groups after UV irradiation (n = 5). (F) 
Statistical analysis of skin retraction time in the dorsal skin of mice (n = 5). ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 

and structure of the elastic fibers became increasingly similar to those of 

the blank group, with the ACO-40 group showing the closest similarity. 

These results indicate that ACO can effectively maintain the structural 

integrity of elastic fibers, thereby helping preserve skin elasticity. 

In summary, ACO effectively delays the progression of skin pho- 

toaging, with observed benefits including maintenance of elastic fiber 

structural integrity, promotion of collagen synthesis coupled with inhi- 

bition of its degradation, and attenuation of inflammatory responses, 

highlighting its promising anti-photoaging potential. 

3.9. Effect of ACO on oxidant-antioxidant homeostasis in photoaging mice 

Chronic UV exposure disrupts the skin’s redox balance by triggering 

excessive ROS generation [ 7 ]. Thus, the antioxidant capacity of the skin 
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Fig. 5. Effects of ACO on histological structure and oxidant-antioxidant homeostasis in photoaging mice. (A) Representative H&E staining images of dorsal 

skin tissue. (B) Representative Masson’s trichrome staining images of dorsal skin tissue. (C) Representative EVG staining images of dorsal skin tissue. (D) Epidermal 

thickness measurements among different groups after UV irradiation (n = 5). (E) HYP content in skin tissues from different groups after UV irradiation (n = 5). (F) 
SOD levels in different groups after UV irradiation (n = 5). (G) MDA levels in different groups after UV irradiation (n = 5). ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 

can be evaluated by detecting the levels of SOD and MDA. As shown 

in Fig. 5 F and 5 G, with the blank group set as 100%, the SOD content 

in the model control group decreased significantly to 48.86%, while 

the MDA content increased markedly to 137.76%. These results indi- 

cate that UV irradiation reduces SOD levels and increases MDA content 

in mouse skin tissue, leading to increased skin oxidative stress. Com- 

pared with the model control group, all ACO treatment groups and the 

RHT-III group showed increased SOD content and decreased MDA levels. 

Among them, the ACO-40 group exhibited a more significant increase in 

SOD content compared with the ACO-10 and ACO-20 groups ( p < 0.05), 

along with a further reduction in MDA content, demonstrating a dose- 

dependent improvement trend. SOD is a crucial antioxidant enzyme in 

vivo [ 41 ]. By increasing the SOD content in skin cells, ACO enhances the 

ability to scavenge ROS. On the other hand, MDA, as an end product of 

lipid peroxidation, directly reflects the degree of oxidative damage to 

the cell membrane system [ 42 ]. The significant reduction of MDA lev- 

els in skin tissue by ACO indicates its ability to effectively inhibit UV- 

induced membrane lipid peroxidation, thereby preserving the integrity 

of the cell membrane and preventing cellular dysfunction. In summary, 

through the synergistic regulation of these two key oxidative stress indi- 

cators (SOD and MDA), ACO helps restore the oxidant-antioxidant bal- 

ance disrupted by UV irradiation, demonstrating considerable potential 

in delaying skin photoaging. 

4. Discussion 

From the perspective of skin photoprotection mechanisms, the dual 

effects of ACO in promoting keratinocyte proliferation and migration 

hold important physiological significance. Firstly, epidermal thickness, 

particularly the integrity of the stratum corneum, serves as the primary 

physical barrier against UV irradiation [ 43 ]. By augmenting the pro- 

liferation and migration of basal keratinocytes, the epidermal renewal 

process is accelerated, leading to an increased number of cell layers and 

a consequent enhancement of overall epidermal thickness [ 44 ]. This 

structural adaptation effectively scatters and absorbs a greater propor- 

tion of UV irradiation, thereby mitigating photodamage at its source. 

Secondly, acute UV exposure often induces keratinocyte apoptosis, dis- 

rupting epidermal continuity [ 44 ]. Enhancing their proliferative and 

migratory capacity facilitates the rapid repair of UV-induced epithelial 

defects, accelerates the restoration of the skin barrier, reduces transepi- 

dermal water loss, and blocks the intrusion of external harmful agents, 

thereby establishing a stable internal microenvironment conducive to 

tissue repair [ 45 ]. Furthermore, keratinocytes with heightened prolif- 

erative and migratory activity typically exhibit superior metabolic and 

functional states [ 46 ]. This not only enhances the cell’s intrinsic capacity 

for DNA damage repair and antioxidant defense but also promotes the 

synthesis and secretion of endogenous defense molecules, collectively 
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strengthening the epidermis’ overall resilience and self-repair potential 

[ 47 ]. In summary, by synergistically promoting keratinocyte prolifera- 

tion and migration, ACO not only reinforces the skin’s passive defensive 

capabilities but also confers active biological functions for damage re- 

pair, thereby constituting a dynamic, proactive, and efficient photopro- 

tection system for skin tissue. 

In cellular senescence models, ACO exerts comprehensive protective 

effects against UV-induced damage by multi-pathway regulation of der- 

mal fibroblast function. On one hand, ACO directly promotes the syn- 

thesis and secretion of Col-I, Col-III, and elastin in fibroblasts. These 

proteins are core components of the dermal structural scaffold and elas- 

tic network. Enhancing their synthesis effectively compensates for the 

ECM loss caused by UV irradiation, helping to maintain skin thickness, 

firmness, and elasticity, thereby strengthening the skin’s physical bar- 

rier function and structural support capacity against UV exposure [ 48 ]. 

On the other hand, ACO downregulates the expression of MMPs (such 

as MMP-1), reducing their degradation of collagen and elastin. This 

inhibitory effect synergizes with the promotion of synthesis to collec- 

tively maintain ECM metabolic balance, effectively preserving the in- 

tegrity of the existing dermal structure and delaying wrinkle formation 

and skin laxity [ 48 ]. Compared with VE (a potent antioxidant), high 

concentrations of ACO exhibit comparable effects in promoting matrix 

synthesis and inhibiting degradation, suggesting that ACO may inhibit 

UV-induced oxidative stress and DNA damage, delay fibroblast senes- 

cence, and maintain their normal proliferation and physiological func- 

tions, thereby ensuring the stability and self-renewal capacity of the der- 

mal structure at the source [ 49 ]. In summary, ACO exerts multi-pathway 

and multi-targeted anti-photoaging effects by maintaining cellular func- 

tional homeostasis, promoting the synthesis of structural proteins, and 

inhibiting their degradation. 

Based on in vitro experimental results, this study further validated the 

ameliorative effect of ACO on UV-induced skin damage by establishing 

a mouse photoaging model. Macroscopically, ACO intervention exhib- 

ited a dose-dependent reduction in desquamation, wrinkling, hyperpig- 

mentation, and decreased elasticity on the backs of model mice, with 

the ACO-40 high-dose group showing the most pronounced effects, ex- 

hibiting skin conditions approaching those of normal mice. Histological 

analysis revealed that ACO significantly suppressed UV-induced abnor- 

mal epidermal thickening, protected the integrity of collagen and elastic 

fibers, and prevented their degradation, breakage, and curling. Concur- 

rently, ACO markedly elevated hydroxyproline content in skin and reg- 

ulated oxidative-antioxidant balance, manifested as increased SOD ac- 

tivity and reduced MDA levels. In summary, ACO effectively delays the 

progression of photoaging, with observed benefits including protecting 

extracellular matrix structure, promoting collagen homeostasis, and al- 

leviating oxidative stress, demonstrating significant potential as an anti- 

photoaging active ingredient. Research on the dermatological effects of 

ACO is still in its infancy [ 14 ]. Previous studies have made preliminary 

progress in anti-skin aging, amelioration of oxidative damage in vascular 

endothelial cells, and elucidation of its protein composition [ 15–17 , 19 ]. 

Building upon these findings, the present study systematically validated 

the anti-photoaging effects of ACO in both skin fibroblasts and pho- 

toaged animal models, extending the functional research of ACO from 

traditional hematopoiesis and hemostasis to skin photoprotection. 

Based on the phenotypic data described above, we further explored 

the potential molecular mechanisms underlying the observed effects. Al- 

though the activation status of specific signaling pathways was not di- 

rectly assessed in this study, the observed phenotypic changes, including 

increased collagen synthesis, reduced MMP expression, and enhanced 

antioxidant capacity, provide indirect evidence for the involvement of 

multiple well-established photoaging-related pathways. Regarding the 

TGF- 𝛽/Smad pathway, this signaling cascade is a master regulator of 

type I and type III collagen expression in dermal fibroblasts [ 50 ]. UV ir- 

radiation suppresses TGF- 𝛽 receptor activation and Smad2/3 phospho- 

rylation, thereby downregulating collagen production [ 51 ]. Our find- 

ing that ACO treatment significantly elevated Col-I and Col-III levels 

and increased hydroxyproline content in UV-exposed skin suggests that 

ACO may counteract UV-induced suppression of TGF- 𝛽/Smad signaling 

( Fig. 3 D, 3 E, and 5 E). However, this inference requires direct verifica- 

tion through measurement of TGF- 𝛽1, phosphorylated Smad2/3, and 

Smad4 expression. With respect to the MAPK/AP-1 pathway, the MAPK 

cascade (including ERK, JNK, and p38) is activated by UV-induced ox- 

idative stress, which in turn activates AP-1 (c-Fos/c-Jun) and upregu- 

lates MMPs, leading to degradation of collagen and elastin [ 52 , 53 ]. Our 

results demonstrated that ACO significantly inhibited MMP-1 expression 

in both UV-induced senescent fibroblasts and UV-irradiated mouse skin 

( Fig. 3 G), suggesting that ACO may suppress UV-induced MAPK/AP-1 

pathway activation and thereby mitigate extracellular matrix degrada- 

tion. Regarding the Nrf2/ARE pathway, this pathway serves as a central 

hub for antioxidant defense, regulating the expression of HO-1, NQO1, 

SOD, and other detoxifying enzymes [ 54 ]. UV irradiation impairs Nrf2 

nuclear translocation, resulting in diminished antioxidant capacity [ 55 ]. 

Our data showed that ACO treatment increased SOD activity and de- 

creased MDA levels in UV-exposed skin ( Fig. 5 F and 5 G), indicating 

enhanced antioxidant defense potentially involving Nrf2 pathway acti- 

vation. However, this hypothesis requires confirmation through direct 

measurement of nuclear Nrf2 accumulation and HO-1/NQO1 expres- 

sion. Collectively, these correlative observations are consistent with the 

hypothesis that ACO may modulate the TGF- 𝛽/Smad, MAPK/AP-1, and 

Nrf2/ARE pathways. 

From an application perspective, as a natural-derived complex, ACO 

may offer superior safety and tolerability compared with chemically syn- 

thesized anti-photoaging agents [ 10 , 13 ]. In the present study, ACO was 

systematically compared with VE and RHT-III. VE, a classic lipophilic 

antioxidant, exhibits well-defined free radical scavenging activity and 

favorable skin permeability, and has been extensively employed as a 

positive control in anti-photoaging research [ 22 , 23 ]. However, VE suf- 

fers from poor stability, is prone to oxidative inactivation, and may 

cause skin irritation upon prolonged high-concentration use [ 56 ]. In 

contrast, as a complex polypeptide system, ACO not only directly scav- 

enges free radicals through its peptide moieties but also exerts syn- 

ergistic effects by activating endogenous antioxidant defense systems 

(e.g., SOD and CAT) [ 19 ]. This multi-target antioxidant mode confers 

a potential advantage over single-molecule antioxidants. RHT-III, as 

an exogenous collagen supplement, directly supplies collagen synthe- 

sis substrates to the skin, replenishing collagen depleted by photoaging 

[ 24 , 25 ]. In contrast, ACO acts through a dual mechanism: it directly 

provides collagen peptide substrates while simultaneously reducing en- 

dogenous collagen degradation via MMP-1 inhibition, thereby more 

comprehensively maintaining collagen metabolic homeostasis. This sup- 

plementation plus protection dual mode represents a unique advantage 

of ACO over simple collagen supplements. Within the experimental con- 

centration range (0.156-20 mg/mL), ACO exhibited no cytotoxicity and 

effectively promoted cell proliferation and migration even at lower con- 

centrations. ACO offers advantages including broad availability, mature 

preparation technology, and proven safety for both oral and topical ad- 

ministration. These findings provide experimental evidence for the de- 

velopment of ACO as a functional skincare ingredient or photoprotective 

agent, and open new avenues for the modern application of the tradi- 

tional Chinese medicine ACO in skin health. 

Nevertheless, several limitations of this study should be acknowl- 

edged, primarily in two aspects. At the mechanistic level, although we 

observed regulatory effects of ACO on collagen synthesis, MMP-1 ex- 

pression, and antioxidant enzyme activities, and speculated on the po- 

tential involvement of TGF- 𝛽/Smad, MAPK/AP-1, and Nrf2/ARE path- 

ways based on literature correlations, all mechanistic inferences are de- 

rived from phenotypic endpoints (collagen and elastin content, MMP-1 

expression levels, SOD and MDA activities), without direct verification 

of the activation status of these signaling pathways (e.g., Smad2/3 phos- 

phorylation, AP-1 activation, Nrf2 nuclear translocation). Future stud- 

ies employing Western blotting, immunohistochemistry, and pathway- 

specific interventions are warranted to elucidate the causal relation- 
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ships between ACO and specific signaling pathways. At the product 

translation level, as a natural-derived complex, ACO possesses a chem- 

ically complex composition, and its anti-photoaging activity may arise 

from synergistic effects among multiple peptides, glycosaminoglycans, 

and trace elements, rather than from a single component. This “multi- 

component, multi-target ” feature constitutes both a unique advantage as 

a natural product and a challenge for precise standardization of active 

ingredients, accurate mechanistic dissection, and batch-to-batch consis- 

tency control. Therefore, establishing a full-chain standardization sys- 

tem encompassing raw material traceability, extraction processes, and 

quality control is a core prerequisite for promoting ACO industrializa- 

tion. Meanwhile, activity-guided fractionation strategies will facilitate 

the identification of specific active peptides or protein components that 

play key roles in ACO, thereby enabling the discovery of more selective 

and potent lead compounds. In addition, although this study prelimi- 

narily confirmed the safety of topical ACO administration, the poten- 

tial long-term effects on skin barrier function, microecological balance, 

and systemic absorption still require evaluation through chronic toxicity 

studies and clinical observation. Overall, the current findings provide re- 

liable data supporting the phenotypic effects of ACO against photoaging 

and offer testable scientific hypotheses for future mechanistic investiga- 

tions. 

5. Conclusions 

This study systematically elucidates the multiple mechanisms and 

potent efficacy of ACO in protecting against skin photoaging. At the 

cellular level, ACO exhibits favorable biocompatibility and significantly 

promotes the proliferation and migration of keratinocytes. These effects 

help establish an effective physical defense system for the skin by en- 

hancing the epidermal barrier function and accelerating damage repair. 

In terms of delaying cellular senescence, ACO effectively inhibits UV- 

induced oxidative stress damage and maintains the integrity and func- 

tion of the dermal structure by promoting the synthesis of Col-I, Col- 

III, and elastin. In animal experiments, ACO demonstrates a clear dose- 

dependent effect in mitigating skin photoaging. By increasing SOD con- 

tent and reducing MDA levels, it effectively restores oxidant-antioxidant 

balance and alleviates lipid peroxidation damage. Collectively, through 

multiple mechanisms, including promoting epidermal cell proliferation 

and migration, delaying cellular senescence, regulating ECM metabolic 

homeostasis, and maintaining redox balance, ACO constructs a compre- 

hensive photoaging protection system, showing promising application 

prospects in the prevention and amelioration of skin photoaging. 
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