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Excessive exposure to ultraviolet B (UVB) radiation induces oxidative stress and inflammatory 
responses, accelerating the senescence process of skin cells. Vorinostat (SAHA), a histone deacetylase 
inhibitor (HDACi), is typically administered to patients with peripheral T-cell lymphoma, cutaneous 
T-cell lymphoma, or multiple myeloma. However, its effect on UVB-induced skin photoaging remains 
unclear. In this study, we used UVB to induce senescence in human immortalized keratinocyte cell line 
(HaCaT cells) and skin photoaging in Balb/c mice to investigate the potential of SAHA in mitigating 
photoaging. First, we established a UVB-induced photoaging model in HaCaT cells. We observed that 
UVB exposure significantly upregulated the activity of senescence-associated β-galactosidase, p16, 
p21, IL-1β, IL-6, and matrix metalloproteinases [collagenase (MMP-1), matrix metalloproteinase-3 
(MMP-3), and gelatinase (MMP-9)]. Supplementation with SAHA effectively alleviated cellular 
senescence in HaCaT cells. Next, we used UVB to induce photoaging in Balb/c mouse skin. The study 
demonstrated that UVB markedly caused skin senescence in Balb/c mice, while SAHA effectively 
mitigated the changes induced by UVB irradiation. Mechanistically, we found that UVB activated the 
mammalian target of rapamycin (mTOR) and nuclear factor-κB (NF-κB) signaling pathways, whereas 
SAHA inhibited the upregulation of both mTOR and NF-κB. In summary, these findings suggest that 
SAHA may protect against UVB-induced cellular senescence and skin photoaging by inhibiting the 
mTOR and NF-κB signaling pathways. Therefore, SAHA could be a potential anti-senescence agent for 
mitigating skin photoaging.
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The skin is the largest organ of the human body, composed of the epidermis, dermis, and subcutaneous tissue. 
It not only protects the body from physical, chemical, and microbial damage but also senses mechanical stimuli, 
pain, and temperature changes1,2. In recent years, environmental degradation has led to the depletion of the 
ozone layer, resulting in a sharp increase in UVB radiation intensity. Excessive UVB radiation can cause various 
skin diseases, such as sunburn, photoaging, irregular pigmentation, and skin cancer3,4. UVB radiation induces 
the production of reactive oxygen species (ROS), leading to DNA, protein, and lipid damage, as well as the 
production of inflammatory cytokines5,6. This activates various signaling pathways, resulting in cellular structural 
collapse and the accumulation of oxidative stress within cells, ultimately causing photoaging1,7–9. Skin senescence 
is primarily characterized by the loss of skin structure and physiological functions, and it can be categorized 
into intrinsic senescence and extrinsic senescence10,11. Intrinsic senescence is typically associated with reduced 
synthesis of biological proteins and decreased hormone secretion. In contrast, extrinsic senescence, caused 
by air pollution and UVB-induced photoaging, significantly accelerates the skin senescence process12–14. The 
characteristics of photoaged skin include epidermal thickening and degradation of elastic fibers9. Additionally, 
UVB exposure can cause DNA damage and protein structure disruption in skin cells, leading to wrinkles, 
inflammation, and cancer15. Recent studies have shown that certain compounds, such as polyphenols, retinyl 
palmitate, and hydroquinone, can improve the symptoms of skin senescence. However, these compounds are 
often expensive and have side effects, such as skin irritation and allergic reactions13. Therefore, finding safe and 
effective alternative drugs to improve photoaging of the skin is of particular importance.

UVB-induced photoaging of the skin leads to DNA damage and activates inflammatory cytokines, which 
in turn activate various signaling pathways, resulting in skin damage and senescence16,17. Specifically, DNA 
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damage activates the ATM/ATR kinases and the p53/p21/CIP1 signaling axis18. p53 is a crucial participant in 
the DNA damage response (DDR), preventing uncontrolled cell growth and division, and inducing signaling 
through several downstream effector arms. Among these, p21 is one of the important targets of p5319. As a 
cyclin-dependent kinase (CDK) inhibitor, p21 plays a key role in regulating the G1/S checkpoint, causing cell 
cycle arrest. Persistent damage may ultimately lead to cellular senescence20. Characteristics of cellular senescence 
include cell cycle arrest, expression of the senescence-associated secretory phenotype (SASP), accumulation 
of p16INK4a, and activation of the mTOR signaling pathway21. mTOR is an evolutionarily conserved serine/
threonine kinase that integrates various extracellular and intracellular signals to maintain cellular homeostasis 
and metabolism. Aberrant activation of the mTOR signaling pathway is one of the key mechanisms leading to 
senescence22–25. Moreover, UVB promotes the secretion of various MMPs, particularly the overexpression of 
MMP-1, MMP-3, and MMP-9, which contribute to the degradation of type I collagen, leading to the destruction 
of the dermal and skin structure26,27. Concurrently, UVB upregulates pro-inflammatory cytokines such as TNF-
αand IL-6, activating the oxidative stress-sensitive NF-κB pathway. This further upregulates MMP-9 expression, 
ultimately contributing to the occurrence of photoaging28,29.

Vorinostat (suberoylanilide hydroxamic acid, SAHA) is a pan-HDAC (class I and II) inhibitor approved by 
the U.S. Food and Drug Administration (FDA) primarily for the treatment of advanced refractory cutaneous 
T-cell lymphoma30. As a chelator of the zinc ion in the active site of histone deacetylases (HDACs), SAHA is 
considered a promising anticancer chemotherapeutic agent. By inhibiting HDAC, SAHA blocks the deacetylation 
of histones, thereby altering chromatin structure and relieving transcriptional repression31. HDACs have 
been identified as potential drug targets for numerous diseases, including various cancers, fibrotic diseases, 
autoimmune and inflammatory diseases, and metabolic disorders32,33. However, reports on the role of SAHA in 
protecting the skin from UVB-induced photoaging are relatively limited.

This study aims to investigate the anti-senescence potential and underlying mechanisms of SAHA in UVB-
induced cellular and animal models. Initially, a HaCaT cell model was established to evaluate the alleviating 
effects of SAHA on UVB-induced cellular senescence and to screen potential associated signaling pathways. 
Subsequently, the therapeutic effects of SAHA were further validated in a UVB-induced photoaging model in 
the dorsal skin of BALB/c mice. Through these experiments, we aim to elucidate the potential mechanisms by 
which SAHA exerts its anti-senescence effects, providing novel therapeutic strategies for UVB-induced skin 
photoaging.

Materials and methods
Chemicals and reagents
Vorinostat (SAHA) (S1047) was purchased from Selleck Chemicals (Shanghai, China). Hematoxylin–Eosin 
staining kit (Cat# G1120) was obtained from Solarbio (Beijing, China). Senescence-associated β-galactosidase 
(SA-β-Gal) Stain Kit (Cat# G1580) was purchased from Solarbio (Beijing, China). Trypsin EDTA digestion 
solution (T1300), l-Glutamine (G0200), and mixed solution of penicillin (P1400) were purchased from Soraibao 
(Beijing, China). FBS (C04011) was purchased from Via Cell (Shanghai, China). Insulin (S6955) were supplied 
by Selleck (Shanghai, China). 100% dimethyl sulfoxide (DMSO) (D8371) was purchased from Solarbio (Beijing, 
China). Mem medium (PM150410) was bought from Pricella (Wuhan, China), SweScript All-in-One First-
Strand cDNA Synthesis SuperMix for qPCR (G3337-50), and 2× SYBR Green qPCR Master Mix (G3326-1) 
were procured from Servicebio (Wuhan, China). Trizol Reagent (CW0580) was purchased from Cwbio 
(Jiangsu China). Cell Counting Kit-8 reagent (Cat# PF00004), HRP conjugated Goat Anti-Mouse IgG (H + L) 
(Cat#GB23301, 1:10,000) and HRP conjugated Goat Anti-Rabbit IgG (H + L) (Cat#GB23303, 1:10,000) were 
purchased from Servicebio (Wuhan, China). Antibody against GAPDH (Cat#ab181602, 1:2000) was purchased 
from Abcam (Shanghai, China). Anti-Rabbit-MMP1 (10371-2-AP, 1:1000), Anti-Rabbit-MMP3 (17873-1-AP, 
1:1000) and Anti-Rabbit-MMP9 (10371-2-AP, 1:1000) were purchased from Proteintech (Wuhan, China). 
Phospho-P38 MAPK (Thr180/Tyr182) Rabbit mAb (Cat #4511, 1:1500) and Phospho-NF-κB p65 (Ser536) 
(93H1) Rabbit mAb (Cat#3033 1:1500) were purchased from Cell Signaling Technology (Danvers, MA, United 
States). P16 (Cat#SR34-02, 1:1000) was purchased from Huabio (Hangzhou, China). Phospho-mTOR (Ser2448) 
(Cat#5536, 1:1000) was purchased from Cell Signaling Technology (Danvers, MA, United States). A Scientz03-II 
UV radiation system (312 nm, 60 W) (Xinzhi, Ningbo, China).

Cell culture
First, a complete medium containing 86% MEM medium (PM150410) (Pricella, Wuhan, China), 1% l-
glutamine, 1% Penicillin–Streptomycin Solution, and 12% FBS was used. HaCaT cells (CL-0090, Procell, 
Wuhan, China) were cultured in 6-cm dishes using 4 ml of the complete medium. The cells were digested in 
Trypsin–EDTA solution, 0.25% (Cat# T1300) (Solarbio, Beijing, China) for 7 min. The complete medium was 
added to terminate the digestion. The cells were centrifuged for 5 min at 1100 rpm, incubated at 37 °C with 5% 
CO2, and passaged every 48 h.

UVB-induced senescence of HaCaT cells
In this study, HaCaT cells were divided into three groups: the control group, the model group, and the SAHA 
group. The control group received no treatment. Prior to UVB irradiation, the culture medium was completely 
removed from the culture dishes. To ensure uniform irradiation and eliminate potential interference from 
medium components, the cells were gently rinsed twice with phosphate-buffered saline (PBS) to remove any 
residual medium and metabolic byproducts. During irradiation, a thin layer of PBS was maintained on the cell 
surface to prevent dehydration, as PBS exhibits minimal UVB absorption.

Studies have shown that UVB irradiation at 30–60 mJ/cm2 effectively induces photoaging in HaCaT cells, 
with 40 mJ/cm2 and 50 mJ/cm2 widely validated for successfully modeling UVB-induced photodamage34–37. 
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Furthermore, in our previous study, a comparison between single high-dose and dual low-dose UVB regimens 
revealed that the 40  mJ/cm2 (day 1) + 50  mJ/cm2 (day 2) combination most effectively induced SA-β-gal 
positivity while minimizing cytotoxicity20,34. Additionally, preliminary experiments further confirmed that this 
regimen robustly induced senescence-associated phenotypes with high reproducibility. Therefore, the 40 mJ/
cm2 + 50 mJ/cm2 UVB exposure protocol was adopted in this study.

Furthermore, to ensure the accurate and uniform delivery of the designated UVB doses (40 mJ/cm2 on the 
first day and 50 mJ/cm2 on the second day), the culture dish lids were removed during irradiation to prevent any 
potential absorption or reflection effects. In the model group, the cells were exposed to UVB at 40 mJ/cm2 and 
50 mJ/cm2 on the first and second days, respectively. In the SAHA group, following UVB irradiation, the cells 
were treated with SAHA. Subsequently, at 24 and 48 h post-irradiation, key indicators related to photoaging, 
inflammation, and cellular damage were analyzed.

Drug
Vorinostat (SAHA) (S1047, Selleck, Shanghai, China) was dissolved in 100% dimethyl sulfoxide (DMSO, 
Solarbio, Beijing, China) to prepare a 50 mM stock solution, aliquoted, and stored at − 80 °C. For in vitro assays, 
working concentrations (1–10 μM) were prepared by diluting the stock solution in complete cell culture medium, 
ensuring a final DMSO concentration of ≤ 0.1% (v/v).

Insulin (S6955, Selleck, Shanghai, China) was dissolved in sterile 0.01 M hydrochloric acid (HCl) to prepare a 
50 mM stock solution. For mTOR pathway activation, cells were treated with 10 nM insulin, prepared by diluting 
the stock solution in serum-free medium.

Cell viability test
In order to test cell viability, HaCaT cells were cultured at a density of 10,000 cells per well in 96-well plates 
containing 100 μl of complete medium. The experimental groupings are as described above in “UVB-induced 
senescence of HaCaT cells” section. First, the optical density (OD) of HaCaT cells treated with varying 
concentrations of SAHA was measured after 48 h. Cells without the drug served as the control group. Subsequently, 
the OD of the control vehicle group, the model group, and the SAHA groups with varying concentrations were 
tested at 48 h. At the testing time, 90% complete culture medium was mixed with 10% CCK-8 reagent and added 
to the cells in 96-well plates. The OD was evaluated to determine cell viability. The experiment was repeated three 
times, with three replicates each time.

Animals
In this study, 18 male BALB/c mice (10  weeks old) were obtained from Hunan Silaikejingda Experimental 
Animal Co., Ltd. (Changsha, China). The mice were housed under specific-pathogen-free (SPF) conditions at a 
controlled environment with a temperature of 23 ± 2 °C, relative humidity of 60%, and a 12-h light/dark cycle. 
They had free access to standard laboratory chow and sterile water. All experimental protocols were approved 
by the Animal Protection and Ethics Committee of Dali University (IACUC 2022-P2-21, Dali, Yunnan, China). 
All the methods were performed in accordance with the relevant guidelines and regulations. To minimize 
potential stress and movement during UVB irradiation, the mice were anesthetized by intraperitoneal injection 
of sodium pentobarbital (100 mg/kg) prior to exposure, ensuring consistent irradiation to the dorsal skin. After 
anesthetization, the back hair was removed using depilatory cream before the UVB exposure. The mice were 
randomly assigned to three groups (n = 6 per group): Sham group (PBS treatment), UVB group (750 mJ/cm2 
UVB exposure), and SAHA group (750 mJ/cm2 UVB exposure followed by treatment with 150 µl of 10 mM 
SAHA solution). On day 6, the mice were humanely euthanized under deep anesthesia induced by sodium 
pentobarbital (100 mg/kg, intraperitoneal), followed by cervical dislocation to ensure death. Skin tissue samples 
were then collected for further molecular and histological analysis.

Histological analysis
The skin tissues were rapidly frozen and fixed using an embedding agent. Subsequently, they were sectioned into 
8 μm slices. These sections were stained with hematoxylin–eosin (HE), SA-β-Gal, and Masson’s trichrome. HE 
staining kits were used to assess skin thickness in mice according to the manufacturer’s instructions. Sections 
stained with Masson’s trichrome were used to assess collagen fibers and were observed under a microscope as 
per the protocol. SA-β-Gal staining kits were used to assess the activity of SA-β-Gal. All methods were carried 
out in accordance with the reference methods cited above.

SA-β-Gal stain
The SA-β-Gal staining kit was used to determine the activity of SA-β-Gal at specific time points in cells and 
tissues. After washing once with PBS, the cells were fixed for 15  min at room temperature with a fixative. 
Subsequently, the cells were washed three times with PBS, each wash lasting 3 min. The 8 μm tissue sections 
were washed once with PBS and fixed with a fixative for 25 min at ambient temperature. The sections were then 
gently washed three times with PBS for 5 min each. The tissues were subsequently immersed in the SA-β-Gal 
staining solution and incubated at 37 °C for 48 h.

Immunoblotting
After processing the cell and animal samples, the protein content was detected using Western blotting. First, 
total protein from the cells or tissues was extracted using RIPA buffer. The protein concentration was then 
determined using the BCA Protein Assay Kit (Cat# PC0020) (Solarbio, Beijing, China). Electrophoresis was 
performed after adding sodium dodecyl sulfate (SDS) loading buffer and boiling the samples for 10 min. The 
proteins were subsequently transferred onto a polyvinylidene fluoride (PVDF) membrane (Cat# Pall_BSP0161) 
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(Bio-Rad, Shanghai, China), which was blocked with milk (5% skim milk) and incubated overnight at 4 °C with 
the corresponding primary antibody. The membrane was then washed with Tween-20 phosphate-buffered saline 
(TPBS) and incubated with a secondary antibody (diluted 1:10,000) for 1 h at room temperature on a shaker. 
The bands were visualized using electrochemiluminescence, and band intensities were quantified using ImageJ 
analysis software.

Real-time PCR analysis
Total RNA was extracted from the cells and mouse skin tissues using TRIzol reagent (Takara, Shiga, Japan). The 
RNA was then reverse transcribed into cDNA. For qPCR analysis, 1 μg of cDNA was used, with GAPDH or 18S 
rRNA as a control. The cycle threshold (CT) values were compared to determine the relative levels of cDNA. 
PCR primers for mouse and human genes were obtained from Qingdao Biotech (Table S1).

Statistical analysis
The differences between the treatment groups were compared using the Student’s t-test. One-way ANOVA was 
used to assess variance, followed by Bonferroni post hoc testing to evaluate differences between groups. A p 
value < 0.05 was considered statistically significant, p < 0.01 was considered moderately significant, and p < 0.005 
was considered highly significant. Statistical analyses were performed on data from at least three independent 
experiments, and the results are presented as means ± SD.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Result
SAHA alleviated UVB-induced senescence in HaCaT cells
To evaluate the anti-senescence effect of SAHA supplementation on UVB-induced senescence in HaCaT cells, 
we measured the expression levels of SA-β-gal, one of the most commonly used markers for detecting cellular 
senescence. The results showed that in the control group, SA-β-gal positive cells were less than 5%. In the UVB 
group, SA-β-gal positive cells significantly increased to over 60%. In the SAHA treatment group, with increasing 
doses of SAHA, the percentage of SA-β-gal positive cells significantly decreased, approaching a level similar to 
the control group, around 5% (Fig. 1a,b). Subsequently, we assessed cell viability at different concentrations of 
SAHA. The results indicated that starting from 1 μM, there was a decline in cell viability, suggesting a notable 
cytotoxic effect (Fig. 1c). Research has shown that UVB-induced photoaging can lead to reduced cell viability, 
delayed cell proliferation, and other cellular issues. Therefore, we further examined the impact of SAHA on 
HaCaT cell viability under UVB radiation. The findings demonstrated that as the UVB radiation intensity 
increased, cell viability gradually decreased. Notably, supplementation with 1 μM SAHA mitigated the UVB-
induced reduction in cell viability (Fig.  1d). Based on the SA-β-gal staining results and cell viability assays, 
we ultimately selected 1 μM SAHA as the optimal concentration for subsequent studies. Since senescent cells 
typically express high levels of the proteins p16, p53, and p21, we utilized Western blotting and qPCR to assess 
the expression of these proteins and their corresponding genes in HaCaT cells induced by UVB over different 
time points. We found that compared to the control group, the level of p16 protein in the UVB group slightly 
increased at 24 h and significantly increased at 48 h. In contrast, in the SAHA-treated group, the p16 protein level 
significantly decreased at 48 h (Fig. 1e,f). Additionally, qPCR results showed that the mRNA expression levels of 
p53 and p21 were significantly higher in the UVB group compared to the control group. However, in the SAHA-
treated group, the mRNA expression levels of p53 and p21 were significantly suppressed (Fig. 1g,h). Collectively, 
these results suggest that SAHA has a promising effect in alleviating UVB-induced photoaging in HaCaT cells.

SAHA inhibits the UVB-induced mTOR signaling pathways
In Fig. 1, we observed that SAHA alleviated the expression of senescence biomarkers (SA-β-gal, p16, p53, and 
p21), thereby mitigating UVB-induced photoaging in HaCaT cells. Next, we explored the mechanism by which 
SAHA alleviates photoaging in HaCaT cells. Research has shown that the mTOR pathway plays a crucial role 
in the regulation of senescence. Therefore, we assessed the expression levels of mTOR protein using Western 
blotting. The results indicated that the expression of phosphorylated mTOR (p-mTOR) was higher in the UVB 
group compared to the control group. In contrast, the SAHA-treated group exhibited a significant reduction in 
p-mTOR expression compared to the UVB group (Fig. 2a–c). Interestingly, when a specific mTOR chemical 
activator, insulin, was present, the percentage of SA-β-gal positive cells in the insulin-treated group significantly 
increased by over 30%, and the anti-senescence effect of SAHA was notably reduced (Fig. 2e,f). Subsequently, 
we measured the phosphorylation level of mTOR protein. In the insulin-treated group, insulin restored mTOR 
phosphorylation, resulting in elevated p-mTOR protein levels (Fig. 2b–d). These findings suggest that SAHA 
mitigates UVB-induced photoaging by reducing mTOR activity.

SAHA inhibit UVB-induced inflammatory responses in HaCaT cells
Senescent cells and tissues tend to secrete a large number of pro-inflammatory cytokines, activating the NF-
κB signaling pathway. Additionally, excessive UVB exposure to skin cells generates a significant amount of 
intracellular reactive oxygen species (ROS), which can lead to an inflammatory cascade response in photoaging, 
such as the tumor necrosis factor-α (TNFα)-induced inflammatory pathway via activation of nuclear factor-κB 
(NF-κB). Inflammation is both a trigger and a marker of photoaging. Therefore, we assessed the expression levels 
of NF-κB protein in HaCaT cells using Western blotting. We found that the expression level of phosphorylated 
NF-κB protein was significantly higher in the UVB group compared to the control group. In the SAHA-treated 
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group, the expression level of p-NF-κB was significantly reduced compared to the UVB group (Fig.  3a,b). 
Subsequently, we examined the expression of downstream inflammatory factors in the NF-κB signaling pathway. 
The results showed that, compared to the control group, the levels of IL-1β, IL-6, IL-8, MCP-1, and TNF-α were 
significantly elevated in the UVB group. In contrast, the mRNA levels of these five inflammatory factors returned 
to normal following SAHA treatment (Fig. 3c–g). Collectively, these findings suggest that SAHA can mitigate 
UVB-induced photoaging by inhibiting the NF-κB signaling pathway.

SAHA can inhibit UVB-induced photoaging in mouse skin
We have confirmed that SAHA can alleviate UVB-induced senescence in HaCaT cells. To evaluate whether 
SAHA has an effect on reducing UVB-induced photoaging in vivo, we established a skin damage model in 
BALB/c mice using UVB radiation. The results indicated that, compared to the control group, mice in the UVB 
group developed noticeable erythema and scarring on their backs after UVB exposure. In contrast, the SAHA-
treated group showed accelerated skin recovery and reduced skin damage compared to the UVB group (Fig. 4a). 
Additionally, we performed H&E staining on the back skin of BALB/c mice to further assess skin damage. 
We observed that after UVB exposure, the epidermal layer of the back skin in BALB/c mice was significantly 
thickened, and inflammatory factors were markedly increased. Following SAHA treatment, the symptoms of 
epidermal thickening and increased inflammatory factors were effectively improved (Fig. 4b,c). Subsequently, we 
performed senescence staining on frozen sections of mouse back skin. The results showed that the skin tissue in 
the UVB group exhibited intense blue staining, while the blue staining in the SAHA-treated and control groups 
was reduced (Fig.  4d). Additionally, we investigated the protein expression of p16 and the mTOR signaling 
pathway in the skin. The UVB group showed higher levels of p16 and mTOR protein expression compared to 
the control group, while SAHA significantly reduced the elevated expression of these proteins triggered by UVB 

Fig. 1.  SAHA alleviated UVB-induced senescence in HaCaT cells. (a,b) Images and percentages of SA-Gal-
positive treated with plus various vorinostat concentrations in 48 h. n = 3 biological replicates for each group. 
(Scale bar: 50 μm). (c) Effect of SAHA on the viability of HaCaT cells. n = 3 biological replicates for each 
group. (d) Effect of SAHA on the viability of HaCaT cells after UVB irradiation. n = 3 biological replicates for 
each group. (e) p16, and GAPDH protein levels of HaCaT treated with UVB irradiation plus 1 µM SAHA in 
Days 1 and 2. n = 3 biological replicates for each group. (f) Relative protein level ratio of p16/GAPDH. (g,h) 
mRNA expression of p53, p21,18S and GAPDH of UVB irradiation and in combination with 1 µM SAHA were 
measured by RT‒qPCR in 48 h. n = 3 biological replicates for each group. The data was expressed as mean ± SD, 
*p < 0.05, **p < 0.01, and ***p < 0.001. CTL: the control group; UVB: the model group; UVB + SAHA: the 
treatment group. −: untreated; +: treatment.
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(Fig. 4e–g). Our study demonstrates that SAHA can mitigate UVB-induced skin damage and alleviate UVB-
induced photoaging of the skin tissue.

SAHA treatment alleviates UV-B-induced collagen fiber damage in skin tissue
Studies have shown that UVB primarily degrades type I collagen and inhibits its synthesis by upregulating the 
expression of matrix metalloproteinases (MMPs) such as collagenase (MMP-1), matrix metalloproteinase-3 
(MMP-3), and gelatinase (MMP-9). Therefore, we assessed the protein expression of MMPs in HaCaT cells 
using Western blotting. The results indicated that, compared to the control group, the expression levels of MMP-
1, MMP-3, and MMP-9 were significantly elevated at 48 h in the UVB group. In contrast, the expression levels 
of MMP-1, MMP-3, and MMP-9 were significantly reduced at 48 h in the SAHA-treated group compared to 
the UVB group (Fig. 5a–d). Subsequently, we observed collagen fiber arrangement in skin tissue using Masson’s 
staining. We found that collagen fibers were organized in a well-aligned manner in the SAHA-treated group. 
However, under UVB exposure, collagen fibers in the skin tissue were significantly reduced compared to the 
SAHA group, indicating collagen degradation (Fig. 5e,f). Additionally, we assessed the protein expression of 
MMPs in mouse skin tissue. Consistent with the in vitro results, MMP-9 levels increased after UVB irradiation, 
and this increase was reversed by SAHA treatment (Fig. 5g,h). The results indicate that SAHA can inhibit the 
upregulation of expression of MMPs protein induced by UVB in both cells and mice, and alleviate the reduction 
of collagen fibers in UVB-exposed mouse skin.

Discussion
This study aims to elucidate the effects of SAHA on UVB-induced HaCaT cell and skin aging, as well as its 
underlying molecular mechanisms, to validate SAHA as an effective anti-senescence skin agent. Our findings 
demonstrate that SAHA significantly alleviates UVB-induced photoaging in HaCaT cells and mouse skin 

Fig. 2.  SAHA inhibits the UVB-induced mTOR signaling pathways. (a) HaCaT treated with UVB irradiation 
plus 1 µM SAHA in Days 1 and 2. Representative images of immunoblotting of p-mTOR, and GAPDH. n = 3 
biological replicates for each group. (c) Relative protein level ratio of p-mTOR/GAPDH. (b) HaCaT treated 
with UVB irradiation or plus 1 μM SAHA or notand insulin or not for 1 and 2 days. Representative images of 
immunoblotting of p-mTOR, and GAPDH. n = 3 biological replicates for each group. (d) Relative protein level 
ratio of p-mTOR/GAPDH. (e,f) SA-β-Gal positive representative images and statistical charts of HaCaT after 
different concentrations of drug in 48 h (Scale bar: 50 μm). The data was expressed as mean ± SD, *p < 0.05, 
**p < 0.01, and ***p < 0.001. CTL: the control group; UVB: the model group; UVB + SAHA: the treatment 
group. −: untreated; +: treatment.
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by modulating the NF-κB and mTOR signaling pathways, providing an alternative strategy for combating 
exogenous skin aging. Specifically, SAHA treatment significantly reduced senescence-associated β-galactosidase 
(SA-β-gal) activity, downregulated the expression of key senescence markers such as p16 and p21, and mitigated 
UVB-induced inflammatory responses by inhibiting the expression of pro-inflammatory cytokines including 
IL-1β, IL-6, and TNF-α. Histological analysis further revealed that SAHA preserved skin structural integrity by 
reducing epidermal thickening and preventing collagen degradation, indicating its protective effect on the skin 
through the downregulation of matrix metalloproteinases (MMP-1, MMP-3, and MMP-9). These results suggest 
that SAHA exerts its protective effects against UVB-induced photoaging by modulating key molecular pathways 
associated with senescence and inflammation, highlighting its potential as a therapeutic intervention to prevent 
and ameliorate skin aging.

Notably, the selection of UVB irradiation intensities for both in vivo and in vitro models was based on our 
prior research experience and extensive preliminary experiments conducted before the formal study20,34. These 
preliminary studies allowed us to optimize UVB parameters, ensuring the reproducibility and reliability of 
the photoaging model. In the in vitro model, HaCaT keratinocytes were exposed to 40  mJ/cm2 and 50  mJ/
cm2 UVB. This dose range has been widely validated in multiple studies and is capable of effectively inducing 
key photoaging characteristics, including increased senescence-associated β-galactosidase (SA-β-gal) activity, 
upregulation of matrix metalloproteinases (MMPs), and DNA damage38,39. Moreover, this dose range ensures 
the induction of cellular senescence without excessive cytotoxicity, thereby preserving the feasibility of 
subsequent molecular mechanism analyses. In contrast, in vivo experiments required a significantly higher 
UVB dose of 750 mJ/cm2 due to the intrinsic photoprotective properties of intact skin tissue. Specifically, the 
stratum corneum acts as a protective barrier that partially absorbs and scatters UVB, reducing its penetration 
depth37. Therefore, to achieve a photoaging phenotype in BALB/c mice comparable to that observed in vitro, 
we selected 750  mJ/cm2 UVB irradiation. Our prior research have demonstrated that UVB doses 750  mJ/
cm2 effectively induce hallmark photoaging features in murine skin, such as epidermal thickening, dermal 
collagen degradation, enhanced oxidative stress, and increased pro-inflammatory cytokine expression20,34. We 
determined 750 mJ/cm2 as the optimal dose to ensure successful induction of photoaging while minimizing 
tissue necrosis or irreversible damage. To further enhance the clinical relevance of this study, future research 
should explore chronic UVB exposure models in mice to better simulate long-term photodamage. Additionally, 
incorporating human skin organoid models or ex vivo skin cultures could more accurately replicate the three-
dimensional microenvironment of the skin in vitro, thereby bridging the gap between monolayer cell cultures 
and whole-animal models.

Upon exposure to UVB radiation, DNA damage occurs within epidermal cells, leading to the activation of 
complex repair mechanisms40. These mechanisms are responsible for detecting and eliminating UVB-induced 
DNA damage, such as thymine dimers, to prevent the accumulation of genetic abnormalities41. Effective DNA 

Fig. 3.  SAHA inhibit UVB-induced inflammatory responses in HaCaT cells. (a) Western blotting of p-p65 
and GAPDH protein levels in HaCaT cells treated with UVB irradiation plus 1 µM vorinostat or not on 
Days 1 and 2. n = 3 biological replicates for each group. (b) Relative protein level ratio of p-p65/GAPDH. 
(c)–(g) Relative gene expression was normalized to that of GAPDH or 18 s, and the genes IL-1β, IL-6, IL-8, 
MCP-1 and TNF-α as detected by RT‒qPCR in 48 h. n = 3 biological replicates for each group. The data was 
expressed as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001. CTL: the control group; UVB: the model group; 
UVB + SAHA: the treatment group. −: untreated; +: treatment.
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Fig. 4.  SAHA can inhibit UVB-induced photoaging in mouse skin. (a) The images of the back of BALB/C 
mice. n = 6 biological replicates for each group. (b) HE staining (Magnification: 100× and 200×. Scale bars: 
200 μm). (c) Skin thickness analysis. (d) SA-β-Gal staining of each group of tissues (Magnification: 100× 
and 200×. Scale bars: 200 μm). (e) Representative images from p16, p-mTOR, and GAPDH Western blot 
assays. n = 3 biological replicates for each group. (f,g) Quantification of relative protein levels. The data was 
expressed as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001. CTL: the control group; UVB: the model group; 
UVB + SAHA: the treatment group. −: untreated; +: treatment.
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repair is crucial for maintaining the integrity and function of epidermal cells. UVB radiation also triggers a series 
of responses in epidermal cells as protective mechanisms against photodamage. These responses include the 
activation of inflammation, oxidative stress, and senescence-associated cellular pathways, aimed at mitigating 
the harmful effects of UVB exposure and promoting cell survival. However, prolonged or excessive UVB 
exposure may overwhelm these protective mechanisms, leading to the accumulation of damage and the onset of 
photoaging41. Our study demonstrates that under UVB radiation, the accumulation of senescent cells increases 
in HaCaT cells and mouse skin, further triggering the process of photoaging. However, supplementation with 
SAHA can effectively alleviate cellular senescence and inhibit UVB-induced photoaging. Therefore, repairing 
and recovering from UVB-induced epidermal cell damage is necessary. Effective repair mechanisms can ensure 
the restoration of cellular homeostasis and prevent further deterioration of skin health.

UVB radiation-induced skin senescence involves a complex molecular cascade, including key signaling 
molecules such as Activator Protein-1 (AP-1), NF-κB, and autophagy. The NF-κB signaling pathway plays a crucial 
role in the inflammatory response, inducing the production of the inflammatory enzyme Cyclooxygenase-2 
(COX-2) and the release of inflammatory cytokines. The increase in these pro-inflammatory cytokines further 
stimulates the production of ROS, creating a vicious cycle that damages skin tissue cells and induces their 
excessive secretion of matrix metalloproteinases (MMPs), leading to collagen degradation and skin photoaging42. 

Fig. 5.  SAHA treatment alleviates UVB-induced collagen fiber damage in skin tissue. (a)–(d) Representative 
images from MMP1, MMP3, MMP9, and GAPDH Western blot assays in Hacat cells treated with UVB 
irradiation plus 1 µM vorinostat or not on Days 1 and 2. n = 3 biological replicates for each group. (e) 
The images of Masson staining. (Magnification: 200×. Scale bars: 200 μm). (f) Collagen fiber analysis. (g) 
Representative images from MMP9, and GAPDH Western blot assays in mice. n = 3 biological replicates 
for each group. (h) Quantification of relative protein levels. The data was expressed as mean ± SD, *p < 0.05, 
**p < 0.01, and ***p < 0.001. CTL: the control group; UVB: the model group; UVB + SAHA: the treatment 
group. −: untreated; +: treatment.
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Therefore, anti-inflammatory approaches may be an effective therapeutic strategy to prevent UVB-induced 
skin senescence. Autophagy is a crucial lysosomal degradation mechanism that maintains cytoplasmic quality 
by eliminating protein aggregates and damaged organelles8. The regulation of autophagy involves a complex 
signaling network, including mTOR and AMPK pathways, which modulate senescence and lifespan25,43. In this 
study, we found that the application of SAHA significantly reduced the expression of pro-inflammatory factors 
such as TNF-α, IL-6, IL-8, IL-1, and MCP-1 in human keratinocytes. Western blot results showed that UVB 
radiation activated the NF-κB and mTOR signaling pathways, while SAHA supplementation effectively inhibited 
the expression of NF-κB and mTOR. Interestingly, when we added the mTOR activator insulin, the therapeutic 
effects of SAHA were attenuated. This indicates that the mTOR pathway plays a crucial role in the mechanism 
of action of SAHA. Recent studies have also shown that UVB can activate the mTORC2/Akt/IKKα signaling 
cascade, enhancing NF-κB activation44, which is consistent with our findings. These results suggest that the 
application of SAHA may help repair UVB-induced skin photoaging damage mediated by inflammation and 
senescence by inhibiting the harmful NF-κB and mTOR signaling pathways. Thus, SAHA could be a potential 
therapeutic strategy for UVB-induced skin senescence.

A prominent feature of photoaging is the decrease in collagen content within the skin, a process regulated 
by various complex signaling pathways45,46. Collagen is a key substance that maintains skin softness and 
firmness, but its levels gradually decline with senescence8,47. UVB exposure increases the expression of matrix 
metalloproteinases (MMPs) in the skin. MMPs are zinc-containing endopeptidases responsible for degrading 
extracellular matrix (ECM) proteins, such as collagen, fibronectin, elastin, and proteoglycans, which is a 
major cause of photoaging48. MMPs, including MMP-1, MMP-9, and MMP-6, play important roles in normal 
physiological processes, but their dysregulation is closely associated with skin senescence49. Therefore, inhibiting 
MMP activity can mitigate UV-induced photoaging. In this study, we found that SAHA treatment significantly 
reduced the UVB-induced upregulation of MMP-1, MMP-9, and MMP-6, thereby preventing excessive collagen 
degradation and slowing the skin senescence process. Additionally, prolonged UV exposure increases the 
thickness of the skin epidermis, and the rupture of collagen fibers leads to weakened skin structure1,50. Our 
research indicates that SAHA supplementation not only alleviates epidermal thickening but also increases 
the number of elastic fibers, resulting in a more ordered and compact arrangement of collagen fibers, thereby 
maintaining the structural integrity of the skin. These findings strongly suggest that SAHA has the potential to 
promote the repair of photoaged cells and slow collagen degradation. By modulating MMP expression levels, 
SAHA offers a promising therapeutic approach for improving UV-induced photoaging.

SAHA has been extensively studied in dermatological conditions, such as cutaneous T-cell lymphoma, 
melanoma, and psoriasis. In the treatment of cutaneous T-cell lymphoma, SAHA has demonstrated clinical efficacy 
in malignant cutaneous T-cell lymphoma cell lines isolated from patients. Additionally, the combination of SAHA 
and quercetin significantly enhanced apoptosis in cutaneous T-cell lymphoma51,52. These findings demonstrate 
the potential efficacy of SAHA for skin conditions. Interestingly, our study demonstrates that SAHA exhibits 
effective therapeutic effects in UVB-induced photoaging models of HaCaT cells and mouse skin. Additionally, in 
keratinocytes (KCs), SAHA reduces psoriatic-like features, decreases epidermal thickness, and inhibits epidermal 
proliferation53. In our study, we found that SAHA effectively alleviated UVB-induced damage, accelerated the 
recovery of damaged skin, and reduced epidermal thickness, consistent with the above findings. Therefore, our 
research provides a new strategy for alleviating UVB-induced photoaging through the anti-senescence agent SAHA.

The current research aims to investigate the potential of SAHA in alleviating UVB-induced photoaging in HaCaT 
cells and mouse skin. Our data indicate that SAHA effectively mitigates UVB-induced cellular and skin senescence 
phenomena, with a significant improvement in photoaging. Specifically, SAHA appears to exert its therapeutic 
effects by inhibiting the NF-κB and mTOR signaling pathways. This suggests that SAHA may be a potential tool for 
controlling UVB-induced photoaging. However, despite SAHA’s demonstrated benefits, there are some limitations 
to consider. While inhibiting NF-κB and mTOR signaling pathways is beneficial for alleviating UVB-induced 
photoaging, senescence is regulated by a complex network of signals, including telomere loss, epigenetic changes, 
protein homeostasis disruption, and stem cell depletion. Therefore, relying solely on the inhibition of specific 
signaling pathways may not be sufficient to comprehensively address photoaging. Future research should further 
explore the specific mechanisms of SAHA in the treatment of UVB-induced photoaging, particularly its effects on 
other senescence-related signaling networks. Additionally, investigating how to optimize SAHA’s application for 
more comprehensive anti-senescence effects is an important direction for future studies.

Another important consideration in this study is that UVB-induced skin photoaging is a rapidly progressing 
process, and our research primarily focuses on evaluating the intervention effects of SAHA during the early stages 
of UVB-induced photoaging. We chose 6 days as the experimental time point because, within a short period after 
UVB exposure, the skin exhibits significant acute damage responses, such as the activation of aging markers and 
the initiation of inflammatory responses. According to literature reports, these early changes usually reach their 
peak within 24 h to 1 week post-UVB exposure, making 6 days an ideal time window to effectively assess the initial 
regulatory effect of SAHA on UVB-induced skin photoaging20,54–56. Additionally, we only observed the impact of 
SAHA on UVB-induced mouse skin photoaging with a 6-day window because, during the experiment, we observed 
that the skin tissue on the back of the mice had largely recovered by day six. Therefore, we did not extend the SAHA 
treatment duration further. However, we recognize that the long-term and complex nature of anti-aging effects 
means that short-term experiments may not fully reflect the comprehensive impact of the intervention throughout 
the aging process. Although we observed significant physiological and molecular-level changes in the short term, 
aging is a multi-dimensional and progressive biological process, involving cellular damage, gene expression 
regulation, tissue degeneration, and other aspects57,58. Consequently, based on our current experimental design, 
the results may only reflect the intervention effects at the early stages and cannot fully reveal the long-term impact 
of treatment on the aging process. To address this limitation, we suggest that future research extend the observation 
period to explore the long-term effects and mechanisms of anti-aging interventions. For example, a 6-month 
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or longer animal experimental cycle could be used to more comprehensively evaluate the lasting impact of the 
intervention on aging-related physiology, tissue structure, cellular functions, and molecular biomarkers. Moreover, 
long-term experiments will also help verify whether the anti-aging effects we have currently observed can resist 
ongoing internal and external environmental stressors (such as chronic oxidative stress and inflammation), which 
are considered to play key roles in the aging process25,59. We believe that extending the experimental duration 
will provide more comprehensive data, helping us understand the persistence and sustainability of anti-aging 
interventions at both the physiological and molecular levels.

This study aims to elucidate the effects and molecular mechanisms of SAHA on UVB-induced HaCaT cell and 
skin senescence, in order to validate SAHA as an effective anti-senescence agent for the skin. Our findings indicate that 
SAHA effectively alleviates UVB-induced photoaging in HaCaT cells and mouse skin through the NF-κB and mTOR 
signaling pathways, providing an alternative strategy for addressing exogenous skin senescence.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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