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Abstract Senescent cells that accumulate with age 

have been shown to contribute to age-related diseases 

and organ dysfunction and have attracted attention as 

a target for anti-aging therapy. In particular, the use 

of senescent cell-depleting agents, or senolytics, has 

been shown to improve the aging phenotype in ani-

mal models. Since senescence has been implicated 

in the skin, particularly in fibroblasts, this study used 

aged human skin fibroblasts to investigate the effects 

of resibufogenin. A component of the traditional 

Chinese medicine toad venom, resibufogenin was 

investigated for senolytic and/or senomorphic activ-

ity. We found that the compound selectively caused 

senescent cell death without affecting proliferating 

cells, with a marked effect on the suppression of the 

senescence-associated secretory phenotype. We also 

found that resibufogenin causes senescent cell death 

by inducing a caspase-3-mediated apoptotic pro-

gram. Administration of resibufogenin to aging mice 

resulted in an increase in dermal collagen density and 

subcutaneous fat, improving the phenotype of aging 

skin. In other words, resibufogenin ameliorates skin 

aging through selective induction of senescent cell 

apoptosis without affecting non-aged cells. This tra-

ditional compound may have potential therapeutic 

benefits in skin aging characterized by senescent cell 

accumulation.
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Introduction

Senescent cells that have undergone repeated 

division show irreversible replicative arrest, a 

phenomenon first described as “cellular senescence” 

(Hayflick and Moorhead 1961). These cells, which 

have permanently stopped dividing, secrete a 

series of biologically active molecules, including 

inflammatory cytokines, growth factors, and matrix 

metalloproteinases: a characteristic known as the 

senescence-associated secretory phenotype (SASP) 

(Mamun et  al. 2022; Janson et  al. 2012). Senescent 

cell accumulation in aging tissues promotes 

premature aging and age-related diseases, such as 

chronic inflammation, liver fibrosis, atherosclerosis, 

insulin resistance, neurodegenerative diseases, and 

cancer (Tominaga 2015). In skin aging, SASP is 

caused by aging fibroblasts that accumulate in the 

epidermis, dermis, and subcutaneous adipose tissue 

(Velarde and Demaria 2016). The aging dermal 

layer contains an abundant extracellular matrix, 

composed of collagen and elastin, which contributes 
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to skin elasticity and maintains surface morphology. 

Abnormal extracellular matrix metabolism by 

senescent cells is one cause of skin aging, as the 

amount of matrix decreases with age, leading to loss 

of skin elasticity, delayed wound healing, and changes 

in surface morphology (Ezure et al. 2009; Xia et al. 

2015).

Therefore, senescent cell removal is a major 

focus in the anti-aging treatment of systemic organs, 

including the skin. Genetic mouse model studies, 

in which senescent cells were selectively removed, 

revealed that senescent cell accumulation in aged 

tissues promotes senescence-associated decline and 

disease (Baker at al. 2016). Furthermore, in animal 

models, the removal of senescent cells by cell-

removing chemical agents or genetic approaches 

improves healthy life expectancy and delays the 

development of aging phenotypes associated with 

functional impairment (Roos et  al. 2016; Xu et  al. 

2018).

To date, a few anti-aging compounds have been 

identified and their senescent cell elimination 

properties validated, including navitoclax (Chang 

et al. 2016), dasatinib and quercetin (D + Q) (Saccon 

et  al. 2021), and bis-2-(5-phenylacetamido-1,2,4-

thiadiazol-2-yl)ethyl sulfide (BPTES) (Johmura et al. 

2021). However, the safety of these newly developed 

agents has not been established, and serious side 

effects have been reported (Sharma et  al. 2020;   

Al-Asmakh et al. 2021).

One solution is identifying new anti-aging 

effects of pre-existing drugs, as they already have 

suitable safety profiles. For example, metformin, 

an antidiabetic drug, has anti-aging effects as well 

as affecting insulin resistance (Papanagnou et  al. 

2022). Thus, we focused on drug repositioning. 

We hypothesized that drugs with known anti-

inflammatory effects may contain active compounds 

with senolytic and/or senomorphic properties. 

Therefore, we aimed to investigate the effects of 

resibufogenin (RBG) on senescent cells. RBG is 

a traditional natural medicine originating from 

frog poison, widely used in China, with reported 

cardiotonic, analgesic effects, and antitumor 

effects (Xie et  al. 2000; Wei et  al. 2019). Although 

its specific anticancer activity and mechanism of 

action are unknown, one theory suggests that it 

induces apoptosis in a caspase-dependent manner or 

through G1 phase arrest (Wang et al. 2010; Ichikawa 

et  al. 2015). As an underlying mechanism, RBG 

also induces PKC-dependent inhibition of GSK-3 

activation. Subsequently, this decreases growth factor 

β-activated kinase 1 (TAK1) levels and suppression 

of IκB kinase activity via suppression of constitutive 

nuclear factor-κB (NF-κB) activity and its target gene 

expression (Liu et al. 2018). Alternatively, regulation 

of the MAPK/ERK signaling pathway and production 

of reactive oxygen species have also been noted 

(Takaya et al. 2022, 2023).

Thus, in this study, we hypothesized that the effects 

of RBG on senescent cells would be similar to the 

effect on cancer cells. We investigated the selective 

apoptosis-inducing effect of RBG on aging dermal 

fibroblasts and subsequently evaluated its efficacy on 

aging skin in vivo.

Methods

The study protocol was reviewed and approved by 

the Institutional Animal Care and Use Committee of 

the Keio University School of Medicine [Approval 

Number: 13072-(2)]. All experiments were performed 

in accordance with the institutional guidelines on 

animal experimentation.

Cell culture

Normal human dermal fibroblasts (NHDF; C-12,300) 

were obtained from PromoCell GmbH (Heidelberg, 

Germany). The PromoCell strain was isolated from 

a 24-year-old (NHDF-c24, lot: 4081903.2) donor, 

gender unknown. Repetitive senescence (RS) was 

determined as a cell population doubling level of 40 

or greater and no cell proliferation for more than 2 

weeks, according to previous studies (Kamiya et  al. 

2021). For ionizing radiation-induced senescence, 

cells were irradiated with 10 Gy of X-rays using the 

AB-160 X-ray irradiation system (AcroBio, Tokyo, 

Japan) and observed 10 days later. Control (proliferat-

ing) cells were mock-irradiated; this involved removal 

from the incubator, transportation to the irradiator, 

and maintenance outside the irradiator for the same 

period as the irradiated cells. To confirm the arrest of 

cell division, cells were treated with the BrdUFlowEx 

FITC Kit (EXBIO Praha, a.s., Vestec, Czech Repub-

lic) and flow cytometer (BD Bio-sciences, Franklin 
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Lakes, NJ, USA), and processed and analyzed using 

FlowJo (version 10.2) according to the manufactur-

er’s protocol.

Senescence-associated β-galactosidase assay

Senescence-associated β-galactosidase (SA-βGal) 

activity in senescence-induced fibroblasts was 

assessed using the Senescence β-Galactosidase 

Staining Kit from Cell Signaling Technology 

(Danvers, MA, USA) according to the manufacturer’s 

protocol. Briefly, the growth medium was aspirated 

from the 24-well plate, the wells were washed once 

with phosphate-buffered saline (PBS), 250 µL of 

fixative solution (1X) was added to each well, and the 

plate was incubated at room temperature (20–25 °C) 

for 10 min. The solution was removed, the wells were 

washed twice with PBS, and 250 µL of 1X SA-βGal 

detection solution was added before incubation 

overnight in the dark at 37 °C. The detection solution 

was aspirated, washed once with PBS, and bright-

field images were taken using an upright microscope 

(NIKON ECLIPSE Ci-L; Nikon Instruments Inc, 

Melville, NY, USA), then PBS was added again.

Cell viability assay

Senescent or normal human skin fibroblasts were 

plated in 96-well plates (5 ×  103 cells/well, n = 3) and 

maintained in 100 µL of medium. After 24  h, RBG 

(FUJIFILM Wako Pure Chemical Co., Osaka, Japan) 

or ABT-263 (AdipoGen Life Sciences Inc., San 

Diego, CA, USA) was administered to the medium 

at indicated concentrations (0.1, 0.5, 1, 2.5, and 5 

µmol/L). After 72 h of incubation, cell viability was 

analyzed using the CellTiter-Glo® 2.0 Cell Viability 

Assay (Promega, Madison, WI, USA). Relative 

viability was normalized to that of the dimethyl 

sulfoxide (DMSO) control, and quantification 

experiments were performed in triplicate.

Apoptosis assay

To confirm apoptosis of senescent cells, the cells were 

treated with RBG (5 µM) or ABT-263 (5 µM) for 72 h 

with concentrations and dosing timings determined 

from the results of the previous cell survival assay and 

previous literature (Wang et al. 2014). The cells were 

fixed with 4% paraformaldehyde and incubated for 

1 h at 37 °C after staining, according to the manual of 

the MEBSTAIN Apoptosis terminal deoxynucleotidyl 

transferase biotin-dUTP nick end labeling (TUNEL) 

Kit Direct (MBL, Nagoya, Japan). Counterstaining 

was performed using propidium iodide (5 µg/mL).

RNA extraction and reverse transcription

Total RNA was extracted from cells and tissues using 

the RNeasy mini kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Total 

RNA was mixed with random primers, reverse 

transcriptase, and deoxynucleotide mixture (Takara 

Bio). The mixture was incubated in a T100™ thermal 

cycler (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) at 25 °C for 5-min annealing, 55 °C for 10-min 

synthesis, and 80 °C for 10-min heat inactivation of 

reverse transcriptase to obtain cDNA.

Real-time quantitative polymerase chain reaction 

(RT-qPCR)

RT-qPCR was performed using the Applied 

Biosystems 7500 Fast Real-Time PCR System 

(Thermo Fisher Scientific). PCR was performed 

in two steps: holding reagents at 95  °C for 3  s 

(denaturation) and at 60  °C for 30  s (annealing and 

extension). A total of 40 cycles were performed 

and the fluorescence of each sample was measured 

at the end of each cycle. In the subsequent stage of 

melting curve analysis, the temperature was increased 

from 60 to 95  °C, and fluorescence was measured 

continuously. Gene expression was determined 

using primers for Il-6 (Hs00985639_m1), IL-1a 

(Hs00174092_m1), matrix metalloproteinase (MMP) 

3 (Hs00968305_m1), MMP9 (Hs00957562_m1), 

and tumor necrosis factor (TNF)-α(Hs02621508_s1) 

(all Thermo Fisher Scientific); PCR master mix [Cat. 

GAPDH (Hs02786624_g1)] was used as a control 

gene sample for normalization. Gene expression 

levels in the proliferating cell population were used 

as baseline values, and fold change values were 

determined using the 2-ΔΔCT method.

Enzyme-linked immunosorbent assay (ELISA)

The senescent cell model was prepared as described 

above and the medium was changed to a serum-

free medium containing antibiotics. After 24  h, the 
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conditioned medium was collected and analyzed 

using the following ELISA kits according to the 

manufacturer’s protocol: Human IL-1α Quantikine 

ELISA Kit (DLA 50), Human IL-8 Quantikine 

ELISA Kit (D8000C), Human Total MMP-3 DuoSet 

ELISA (DY513), and Human MMP-9 DuoSet ELISA 

(DY911) (all from R&D Systems, Inc, Minneapolis, 

MS, USA).

Western blotting

Total protein was extracted from cells and tissues 

using RIPA buffer (FUJIFILM Wako Pure Chemical 

Co.) according to the manufacturer’s protocol. 

Each sample (30  µg) was electrophoresed on 10% 

polyacrylamide gels (Mini-PROTEAN® TGX™ 

Precast Gels, Bio-Rad Laboratories, Inc, CA, USA) 

and transferred to a Trans-Blot Turbo Transfer 

System (Bio-Rad). After blocking with 3% fat-free 

milk at room temperature (20–25 °C) for 1 h, the cells 

were incubated overnight at 4 °C with the following 

primary antibodies diluted in blocking solution with 

shaking: p16 (ab108349, 1:200 dilution, Abcam), p21 

(ab220206, 1:100 dilution, Abcam), Bcl-xL (1:200 

dilution, Cell signaling), pro caspase-3 antibody 

(ab32150, 1:200 dilution, Abcam), cleaved caspase-3 

antibody (ab32042, 1:100 dilution, Abcam), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH 

1:2000 dilution; Santa Cruz, Santa Cruz, CA, USA) 

washed three times with Tri Buffered Saline + Tween 

20. Then, the slides were incubated with goat anti-

rabbit IgG H&L (HRP) (ab205718; Abcam, 1:5000) 

for 1 h at 37 °C. After washing, the bands were treated 

with an electrochemiluminescence detection kit 

(Pierce Biotechnology, Rockford, IL, USA) for 3 min, 

and the chemiluminescence imager (ImageQuant 

LAS4000mini; GE Healthcare, Chicago, IL, USA) 

was used to obtain images of the bands. Image 

analysis was performed using ImageJ (Version 1.53p; 

NIH, Bethesda, MD, USA). Each experiment was 

repeated three times.

In vivo mouse assay

Male Institute of Cancer Research (ICR) mice (80–90 

weeks, 20 ± 2  g, SPF) were obtained from Sankyo 

Laboratories (Tokyo, Japan). All procedures were 

performed according to the ARRIVE guidelines and 

approved by the Animal Ethics Committee of Keio 

University School of Medicine. Mice were kept under 

specific pathogen-free conditions with a constant 

12-h light/dark cycle with free access to a standard 

diet and water. Anesthetic inhalation (isoflurane) and 

other necessary efforts were made to alleviate animal 

suffering in the study.

ICR mice were randomly divided into two 

groups (n = 4): a negative control group (vehicle) 

and an RBG group (10 mg/kg RBG). RBG was dis-

solved in saline containing DMSO (5%, v/v) and 

Tween-80 (2%, v/v); RBG concentrations and the 

administration protocol followed those used with-

out adverse events in a previous study (Gao et  al. 

2022). After an overnight fast, mice were admin-

istered RBG intraperitoneally (ip), and negative 

controls received the same amount of vehicle. The 

mice were euthanized after receiving one dose each 

for 12 consecutive days. Dorsal skin was collected 

and analyzed. After overnight fixation in 4% PFA 

and embedding in paraffin, specimens were sliced 

into 7-µm-thick sections and stained with Masson 

trichrome (MT). To quantify collagen density, the 

background of MT images was subtracted (n = 3–5, 

at least three microscopic fields of view per group) 

and the color deconvolution plug-in of ImageJ soft-

ware was used. Specifically, the RGB images were 

separated into three 8-bit background images of 

each color, and then the blue component was evalu-

ated. A square region of interest (ROI) (0.01  mm2) 

was randomly assigned to a subbasal area that did 

not contain skin appendages, and the density of 

integration was measured as the sum of pixel values 

within the ROI.

Immunohistochemistry

Paraffin-embedded specimens were sliced into 

7-µM-thick slices, mounted on glass slides, and 

allowed to dry overnight. They were immersed in 

xylene for 3  min 5 times and hydrated with 100%, 

90%, 80%, and 70% ethanol and milliQ water. To 

block nonspecific binding sites, slides were incubated 

with 2% goat serum in PBS for 1 h at room tempera-

ture (20–25 ℃). The slides were then incubated with 

the primary antibody p16ink4a (ab108349, Abcam, 

1:200) overnight at 4  °C. After washing three times 

with PBS, the slides were incubated with a 1:1000 
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dilution of Alexa Fluor 488 conjugated goat anti-

rabbit antibody (Thermo Fisher Scientific) in PBS 

for 1 h at room temperature (20–25 °C). After wash-

ing three times with PBS, ProLongGold anti-fading 

with 4′,6-diamidino-2-phenylindole (DAPI) Inclu-

sion Medium (ThermoFisher Scientific) was used for 

nuclear contrast staining. The staining was performed 

using ProLong Gold anti-fading with 6-diamidino-

2-phenylindole (DAPI) Inclusion Medium (Ther-

moFisher Scientific).

Statistical analysis

Statistical analyses were performed using the Graph-

Pad Prism (version 5.0; San Diego, CA, USA) or 

SPSS 22.0 (Chicago, IL, USA) software. One-way 

analysis of variance and Tukey’s post hoc test were 

used to compare differences between three or more 

groups. Statistical significance was set at P < 0.05.

Fig. 1  Effects of anti-aging drugs on aging human skin fibro-

blasts. A SA-β-gal staining image. bar = 100 μm. B Percentage 

of SA-β-gal positive cells. C Percentage of BrdU-positive cells 

determined by flow cytometry. D  Comparison of expression 

of senescence-associated proteins p16 and p21. E  Effects of 

ABT-263 and resibufogenin on cell removal. After induction 

of cellular senescence, cells were treated with the indicated 

concentrations of each drug for 72 h (n = 4). Cell viability was 

measured to determine the effect of the senescent cell removal 

agents. All experiments were performed independently in trip-

licate. *p < 0.05. RS replicative senescence; RaS ionizing radia-

tion-induced senescence



 Biogerontology

1 3
Vol:. (1234567890)

Results

RBG eliminates senescent cells

Initially, we induced senescence in human skin fibro-

blasts using replicative senescence (RS) and ionizing 

radiation-induced senescence (RaS). An increase in 

SA-β-gal positive cells (Fig. 1A, B) and a significant 

decrease in bromodeoxyuridine (BrdU) absorption 

(mitotic potential) (Fig.  1C) was observed. We also 

observed a significant increase in the expression of 

senescence-related proteins, such as p16 and p21, in 

these senescence-induced cells (Fig.  1D). The cyto-

toxic effect of RBG was compared to that of ABT-

263, known to target senescent cells. After 48  h of 

treatment with 2.5 and 5 µM RBG, there was a sig-

nificant reduction in the viability of two senescent 

cell types, with no effect on the viability of proliferat-

ing cells (Fig. 1E). The dose response curve showed a 

biphasic dose response: a typical closed curve.

RBG suppresses SASP

The effects of RBG on SASP-related cytokines and 

chemokines were tested. qRT-PCR revealed that 

SASP-related cytokines IL-1a, IL-6, and TNF-α, 

and mRNA expression of SASP molecules, includ-

ing MMP-3 and MMP-9, were elevated in aging skin 

fibroblasts. This expression was not significantly 

altered in the control group, whereas treatment with 

RBG significantly decreased this expression in both 

treatment groups (Fig.  2A, B). ELISA also showed 

that the secreted levels of cytokines of IL-1a, IL-6, 

MMP3, and MMP9 were significantly decreased after 

RBG treatment (Fig. 2C, D).

RBG promotes apoptosis of senescent cells

To determine whether RBG affects the apoptotic 

pathway in the removal of senescent cells, we per-

formed an apoptosis assay after RBG treatment. We 

found that, for young cells, RBG treatment did not 

increase the number of TUNEL-positive cells; how-

ever, in senescent cells, a large number of TUNEL-

positive apoptotic cells were observed (Fig. 3A). To 

investigate RBG involvement in apoptosis in detail, 

we examined the levels of cleaved caspase-3 (apop-

tosis-promoting marker) and Bcl-XL (anti-apoptotic 

protein) in senescent cells treated with RBG. RBG 

induced increased cleaved caspase-3 levels, an apop-

totic protein in senescent cells (Fig. 3B). These results 

indicate that RBG-induced senescent cell death is 

likely through caspase-3-dependent apoptosis.

RBG treatment results in dermal collagen thickening 

and increased subcutaneous fat

To investigate the skin rejuvenating effects of RBG 

in  vivo, RBG was administered intraperitoneally to 

older male ICR mice. Consequently, histologically, 

there was a statistically significant thickening of col-

lagen fibers in the dermis and subcutaneous adipose 

tissue (Fig. 4A).

To observe the effect of RBG on the removal of 

senescent cells in the dermis, p16-positive cells were 

also observed. The results showed that RBG treat-

ment significantly reduced p16-positive (senescent) 

cells (Fig. 4B).

Discussion

Senescent cells accumulation in the skin has gained 

much attention, as it is hypothesized to induce skin 

aging, via cell immortalization and accelerated fibro-

sis due to SASP. Senotherapy, including senolytics 

and/or senomorphics, selectively targets senescent 

cells to reduce their detrimental effects. In skin aging, 

the treatment of senescent fibroblasts with ABT-263 

and BPTES, typical senolytic drugs, suppresses the 

aging phenotype (Kim et  al. 2022). However, since 

the safety of these drugs is not yet understood, drug 

repositioning, to utilize the effects of existing drugs 

and senolytics, and developing new drugs are both 

important.

In this study, we focused on RBG, a component 

of toad venom that is a traditional natural medicine. 

Fig. 2  Effect of resibufogenin on SASP suppression. A, 

B Effect of resibufogenin on SASP genes. Relative mRNA lev-

els of SASP-related genes as measured using RT-qPCR. Data 

were normalized against mRNA obtained from young cells; 

GAPDH was used as an endogenous control. C, D  ELISA 

assay to determine the effect of resibufogenin on SASP 

proteins. Data are expressed as mean ± SEM. All experi-

ments are performed independently in triplicate. *p < 0.05. 

SASP  senescence-associated secretory phenotype; RS  replica-

tive senescence; RaS  ionizing radiation-induced senescence; 

RBG resibufogenin

◂
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Toad venom has been used in China for hundreds of 

years to treat various diseases (Li et  al. 2021a, b). 

Over the past decade, a growing number of studies 

have shown that toad venom components can be uti-

lized in the development of potential cancer therapeu-

tics. The primary antitumor mechanisms identified 

include induction of apoptosis or/and autophagy, cell 

cycle arrest, inhibition of cell metastasis, reversal of 

drug resistance, and inhibition of cancer cell growth. 

A recent study showed that RBG exerts anti-tumor-

igenic and anti-glycation effects in breast cancer via 

the inhibitory effect of miR-143-3p on hexokinase 

2 expression, offering new therapeutic possibilities 

(Guo et al. 2022). Furthermore, RBG causes ferropto-

sis, mainly in a glutathione peroxidase 4 inactivation-

dependent manner, thereby exerting antitumor activ-

ity (Lu et al. 2018). Therapeutic approaches to cancer 

share similarities with senotherapy as they specifi-

cally target abnormal cells; these findings support 

RBG application as a senolytic drug.

In this study, we found that RBG had both seno-

lytic and senomorphic effects on senescent fibro-

blasts. Our findings showed that RBG induced 

caspase-3-mediated apoptosis in a senescent cell-

specific manner. Previous studies have demonstrated 

that RBG effectively inhibited cell proliferation and 

induced apoptosis and caspase-3 and caspase-8 activ-

ity in MGC-803 cells, supporting our results (Coppe 

et al. 2010). However, while these results suggest that 

the anticancer effect of RBG induces gastric cancer 

cell death via the PI3K/AKT/GSK3β signaling path-

way, our study did not show the involvement of these 

pathways (data not shown), suggesting further study 

is needed into the mechanism behind RBG-induced 

senescent cell apoptosis.

In addition, we observed inhibition of SASP, sup-

pressing senescence. Activated SASPs include a vari-

ety of chemokines, inflammatory cytokines, growth 

factors, and matrix-restructuring enzymes that affect 

the microenvironment (Birch and Gil 2020), all of 

which were suppressed by RBG treatment. Further-

more, administration of RBG to aging mice reversed 

the aging phenotype by increasing collagen density 

in the dermis and increasing subcutaneous fat. This 

phenomenon, attributed to the reduction of p16-posi-

tive senescent cells within the dermis, suggested that 

RBG could be a potential anti-aging drug candidate 

in the context of geriatric medicine.

Moreover, hormetin, which uses a potential toxin 

to produce biologically beneficial effects through 

activating one or more stress response pathway (Cala-

brese et al. 2019), may explain the anti-aging effects 

of resibufogenin. Constituents of some medicinal 

plants used in traditional Chinese medicine and Indian 

Ayurvedic medicine are claimed to have hormesis-

induced anti-aging effects (Rattan and Clark 1994). 

For example, sertasterol and peoniflorin have cytopro-

tective effects and induce synthesis of heat shock pro-

teins (HSP) in human cells (Westerheide et al. 2004). 

Ashwagandha (Withania somnifera) leaf extract also 

induces HSP synthesis in mammalian cells. Increased 

HSP levels, the main activator of hormesis, may pre-

vent protein denaturation; increased proteasome activ-

ity in cells treated with mild heat shock is involved 

in the removal of damaged proteins (Beedholm et al. 

2004; Rattan 2005). The heat shock-induced hormesis 

Fig. 2  (continued)
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Fig. 3  Resibufogenin induces apoptosis specifically in senes-

cent cells. A Observation of apoptosis by TUNEL assay. Bar 

= 100  μm. B  Comparison of expression of proteins associ-

ated with apoptosis. GAPDH was used as endogenous control. 

All experiments are performed independently in triplicate. 

*p < 0.05. SASP  senescence-associated secretory phenotype; 

RS  replicative senescence; RaS  ionizing radiation-induced 

senescence; RBG resibufogenin
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Fig. 4  Resibufogenin improves the skin phenotype of aging mice. A Comparison of histological images by Masson Trichrome stain-

ing. Bar = 200 μm. B Immunofluorescence staining of p16 positive cells. bar = 100 μm. *p < 0.05. RBG resibufogenin
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effect on senescence is accompanied by stress kinase 

activation and increased Na-K-ATPase sodium pump 

activity (Nielsen et al. 2006). Therefore, future investi-

gation of the hormesis effect of RBG via these mecha-

nisms may help to explain the anti-aging effect on skin 

discovered in this study.

The anti-aging effects of RBG observed in our study 

indicate its role in the regulation of inflammation and 

the immune system; we identified its novel senolytic/

senomorphic properties via apoptosis by caspase-3 in 

this study. Additional investigations are needed to fully 

characterize the mechanisms of its senolytic/senomor-

phic effects. Although fibroblasts, the most abundant 

cells in the dermis, were targeted in this study, the 

effects of RBG on other skin component cells, such as 

keratinocytes, follicular system cells, and macrophages, 

are not clear. Furthermore, since only male mice were 

used in this study to avoid hormonal effects, addi-

tional experiments are needed to examine the effects 

on female mice. In addition, further studies are needed 

to investigate the effects on other organs, side effects 

of administration, in  vivo anti-aging activity, and the 

effects of long-term course of RBG administration.

Conclusion

The selective clearance of senescent dermal 

fibroblasts and inhibition of SASP by RBG were 

demonstrated in this study. Thus, this compound may 

provide an effective option for treating skin aging due 

to senescent fibroblast accumulation.
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